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Abstract

The Kamieniec Metamorphic Belt belongs to the Variscan Belt of Europe as the NE
part of the Bohemian Massif. It comprises a supracrustal succession dominated by
micaschists that has not been yet recognized as a high-P, low-T (HP-LT) metamor-
phic unit. Our work demonstrates the significance of metapelites in the study of HP
metamorphism of the NE part of the Bohemian Massif. To reconstruct the P—T his-
tory of the Kamieniec Metamorphic Belt, we have investigated three samples using
independent geothermobarometric techniques including phase diagram modelling,
Si** content in white mica and quartz-in-garnet elastic barometry. Two samples con-
tain mineral assemblages bearing a record of HP metamorphism followed by an LP
event. The oldest assemblage is mostly preserved in the first generation of garnet and
it comprises phengitic white mica and rutile. In one of the investigated samples, we
also recognized chloritoid and inferred pseudomorphs after lawsonite composed of
quartz, clinozoisite associated with margarite. The third of the investigated samples
is strongly retrogressed and only contains the relics of phengitic white mica. All three
samples contain a younger mineral assemblage comprising white mica with low Si*t
content and ilmenite. Mineral equilibria modelling indicates the P—T conditions of
the HP event culminated at ~15.5-18 kbar and ~470-570°C, while the LP episode
occurred at ~5-7 kbar and ~530-570°C. The Raman shift measured in quartz inclu-
sions in garnet in samples with a well-preserved record of the HP stage points to
their entrapment at pressures between 11 and 16 kbar. The quartz inclusions within
the strongly retrogressed micaschist sample exhibit Raman shifts corresponding to
the LP episode at ~5-8 kbar. Discrepant results obtained for one of the samples
are discussed in detail. Our investigations show that the supracrustal succession of
the Kamieniec Metamorphic Belt contains a record of HP—LT metamorphism typi-
cal for subduction systems. A recently established tectonic model for the crystal-
line complexes exposed in the Bohemian Massif suggests that they were formed via

the collision of the Saxothuringian, Tepld—Barrandian, and Brunovistulian domains.
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1 | INTRODUCTION

Numerous occurrences of high-P, low-T (HP-LT) terranes
within collisional orogenic belts indicate that the exhumation
of subducted continental crust is a natural consequence of the
continental collision. The exact mechanism of exhumation
can be deciphered by studying the metamorphic conditions
recorded within the exhumed fragments of the subducted
continental crust. The common mineral assemblages in supra-
crustal successions related to HP—LT metamorphism involve
chloritoid, phengite, and lawsonite (e.g. Aguilar et al., 2020;
Martin et al., 2014; Negulescu et al., 2009; Tsuchiya &
Hirajima, 2013). However, these minerals are often prone
to later metamorphic overprint and may be poorly preserved
in exhumed rock complexes. For example, lawsonite, which
has been reported from several HP—LT terranes including, for
example, the Cyclades (Philippon et al., 2013), Sanbagawa
metamorphic belt (Ueno, 2001), and Tian Shan (Orozbaev
et al., 2015), is rarely preserved during retrograde metamor-
phism, predominantly surviving in the form of pseudomorphs
(e.g. Hamelin et al., 2018; Orozbaev et al., 2015). In some
cases, the growth of lawsonite can only be deduced from min-
eral equilibria modelling (e.g. Cruciani et al., 2013). Despite
its poor preservation potential, owing to the diagnostic P—
T conditions of its formation, lawsonite may be used as a
proxy for tracing palaeo-subduction zones, which precede
collisional events leading to the formation of orogenic belts
(e.g. Poli & Schmidt, 1995; Tsujimori & Ernst, 2014). As
phengite and chloritoid are more often preserved as either in-
clusions or matrix minerals (e.g. Chu et al., 2009; Negulescu
et al., 2009), their occurrences, corroborated by the presence
of lawsonite pseudomorphs, may serve as a good indicator of
HP and LT metamorphism.

The Variscan Belt of Europe extends from the Iberian
Massif in the SW to the Bohemian Massif in the NE, and
is a result from collisional events related to the conver-
gence between the Gondwana and Laurussia plates, in-
cluding the entrapped Armorican Terrane Assemblage
(e.g. Franke et al., 2017). This collage of metamorphic ter-
ranes was formed during Devonian to Carboniferous times.
Reconstructing the geodynamic evolution of an orogenic belt
largely builds on the recognition of fossil subduction zones,
which often preserve records of HP-LT metamorphism.
Recently, several such metamorphic terranes have been

Therefore, we interpret the Kamieniec Metamorphic Belt as representing fragments
of the Saxothuringian crust that experienced cold extrusion from below the Tepla—

Barrandian domain in front of the rigid Brunovistulian indenter.

Bohemian Massif, HP metapelites, phase diagram modelling, P-T path, quartz-in-garnet barometry

recognized in various sectors of the Variscan Belt of Europe,
including the Saxothuringian of the Bohemian Massif (e.g.
Jerabek et al., 2016).

In this paper, we examine the micaschists from the
Kamieniec Metamorphic Belt (KMB), located within the
NE Bohemian Massif in Poland. We describe, for the first
time, the occurrence of HP-LT metamorphism in this part
of the Variscan Belt of Europe. To document HP-LT meta-
morphism, we use a combined approach that includes phase
diagram modelling, conventional geothermobarometry in-
cluding Si** content in white mica and pressure estimates
based on the Raman shift of quartz inclusions in garnet.
Furthermore, chloritoid inclusions and highly phengitic
composition of some white mica along with presumed pseu-
domorphs after lawsonite supports the HP history of the
inspected samples. The new results on the pressure and tem-
perature history of the HP—LT micaschists of the KMB are
discussed in the framework of tectonic models for the NE
sector of the Variscan Belt of Europe.

2 | GEOLOGICAL BACKGROUND

Metamorphic complexes in the Bohemian Massif have been
interpreted as resulting from the long-lasting, Andean-type
convergence of the Saxothuringian, Tepld—Barrandian,
and Brunovistulian domains (e.g. Schulmann et al., 2009).
However, unravelling the history of the north-easternmost
fragment of the Variscan Belt of Europe, and in particular the
Fore-Sudetic Block, is made difficult by scarce outcrops of
crystalline rocks, which, particularly within the Fore-Sudetic
Block, only locally emerge from below the Mesozoic and
Cenozoic cover (Figure 1). The KMB (Figure 1) is one of
the most easterly located exposures of crystalline rocks in
the Variscan Belt of Europe. This part of the Fore-Sudetic
Block comprises fragments of the East and Central Sudetes,
which are interpreted as belonging to the Brunovistulian
and Saxothuringian crustal domains respectively (e.g.
Aleksandrowski & Mazur, 2002; Franke et al., 1993; Mazur
et al., 2015; Oberc-Dziedzic et al., 2003; Oberc-Dziedzic
et al., 2018; Schulmann & Gayer, 2000). Micaschists with
small intercalations of felsic and mafic metavolcanics, par-
agneisses, quartzites, graphite schists, marbles, and eclogites
are predominantly exposed in the KMB (Figure 1b and c).
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FIGURE 1 Geological sketch map of the Sudetes after Mazur et al., (2005). The inset a shows the location of the study area within the

Bohemian Massif. Insets b and ¢ show geological sketch maps of the northern (b) and central (c) part of the Kamieniec Metamorphic Belt with
samples location marked. Abbreviations: NM, NiedZzwiedZ massif; DMC, Doboszowice Metamorphic Complex; NZ, Niemcza shear zone; Pth

— Paczkoéw thrust; Nth — Nyznerov thrust; OSD, Orlica—Snieznik dome; SBF, Sudetic Boundary Fault; ISF, Intra-Sudetic fault; SMB, Staré Mésto
belt; STS, Saxo-Thuringian suture. Abbreviations in inset a: MGH, Mid-German Crystalline High; MO, Moldanubian zone; OFZ, Odra Fault Zone;
MS, Moravo-Silesian zone; NP, Northern Phyllite zone; RH, Rhenohercynian zone; SX, Saxothuringian zone; EFZ, Upper Elbe fault Zone, ISF,

Intra-Sudetic fault

Based on micropaleontological evidence, Neoproterozoic to
Cambrian age was established for the protolith of this suprac-
rustal succession (Gunia et al., 1979). This is in agreement
with the protolith age of an orthogneiss from the neighbouring
Doboszowice Metamorphic Complex (Figure 1), which in-
truded the volcano-sedimentary succession at 488.4 + 6.2 Ma
(Mazur et al., 2010). It is also confirmed by recently pub-
lished results of detrital zircon geochronology of micaschists
from the KMB suggesting latest Neoproterozoic maximum
age of deposition of these rocks (Jastrzgbski et al., 2020).
The whole succession was deformed and metamorphosed
during the Variscan collision of the Brunovistulian and
Saxothuringian microplates (Mazur & Jozefiak, 1999; Mazur
& Puziewicz, 1995).

The age of metamorphism and related deformation is
constrained in the central part of the Fore-Sudetic Block
by AP Ar dating of hornblende, yielding c. 376 Ma
and 331.9 + 1.7 Ma for hornblende-bearing rocks from
the Kamieniec Metamorphic Belt and the neighbouring
Niemcza Shear Zone respectively (Steltenpohl et al., 1993).

Furthermore, chemical U-Th-total Pb electron probe mi-
croanalysis (EPMA) monazite geochronology data indi-
cate an important regional tectono-metamorphic event at c.
330 Ma (Jastrzebski et al., 2020). The volcano-sedimentary
succession of the KMB was intruded by syntectonic gran-
itoids. Similar rocks, exposed in the neighbouring Niemcza
Shear Zone, have been dated at c. 340-330 Ma by U-Pb and
Pb—Pb methods on zircons (Oliver et al., 1993; Pietranik
et al., 2013). Therefore, the Variscan tectonothermal activity
in this area covers a time span from c¢. 376 Ma to c. 330 Ma.

The metamorphic record in the KMB has been stud-
ied by means of conventional geothermobarometry
(Dziedzicowa, 1973; Dziedzicowa, 1987; Nowak, 1998 and
Jozefiak, 2000). Nowak (1998) investigated rocks in the
vicinity of Kamieniec Zabkowicki and demonstrated that
garnetiferous micaschists contained a record of a clockwise
P-T path with a peak pressure of 11-12 kbar at 400-430°C,
followed by a temperature peak of ~580°C at ~7.5 kbar.
Jozefiak (2000) estimated peak metamorphic conditions pre-
served in micaschists at ~540-590°C and ~7.5-10.5 kbar.
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However, Jézefiak (2000) postulated even higher P-T con-
ditions, in the range from 610 to 630°C and from 10 to 13
kbar, for micaschists enveloping eclogites. The peak meta-
morphic event was followed by decompression to ~3-5 kbar
and ~550°C (Jézefiak, 2000; Nowak, 1998). Nowak (1998)
documented rare occurrences of lawsonite pseudomorphs
preserved in garnet grains from micaschists of the KMB.
Moreover, Achramowicz et al. (1997) and Bakun-Czubarow
(1998) described eclogite lenses exposed in the southern part
of the KMB, with preserved mineral assemblages pointing to
metamorphism at ~575°C and ~15 kbar. Therefore, we have
performed new phase diagram modelling combined with
quartz-in-garnet elastic barometry to resolve the discrep-
ancy between the P-T conditions deciphered from eclogite
lenses and surrounding, presumably lawsonite pseudomorph-
bearing micaschists of the KMB.

According to Mazur and J6zefiak (1999), the Kamieniec
Metamorphic  Belt, together with the neighbouring
Doboszowice Metamorphic Complex, comprises refolded
tectonic units interpreted as a nappe pile. The base of
the refolded nappe pile is defined by the Paczkéw thrust,
which separates it from the underlying metabasites of the
NiedzwiedZ Massif (Mazur & Jézefiak, 1999). It is believed
that the Paczkéw thrust represents a northern continuation of
the Nyznerov thrust, separating the metamorphic complexes
of the Central and East Sudetes (Skacel, 1989) and in terms
of crustal domains the Brunovistulian and Saxothuringian
microplates(Figure 1).

3 | SAMPLES AND METHODS

To characterize the metamorphic history of the studied mi-
caschists from the KMB, we conducted a detailed study of
three samples. Sample PKOO7 was collected in the northern
part of the study area, in the vicinity of Stolec (Figure 1b),
while samples PK028 and PK033 were collected from the
southern part of the KMB, in the vicinity of Kamieniec
Zabkowicki (Figure 1c). The bulk rock compositions of the
samples were obtained from inductively coupled plasma
mass spectrometry (ICP-MS) analysis and are presented in
Table 1.

Mineral analyses were carried out at the Inter-Institutional
Analytical Laboratory for Minerals and Synthetic Substances,
Faculty of Geology, University of Warsaw, using a Cameca
SX100 electron microprobe equipped with four wavelength-
dispersive spectrometers. Standard operating conditions
were: acceleration voltage 15 kV, beam current 10 nA (mus-
covite, biotite, chlorite, feldspars, staurolite, garnet), 20 nA
(ilmenite), and beam diameter ~3—-5 um. Natural and syn-
thetic silicate and oxide minerals were used for calibration.
The microprobe data were normalized and formulae were
calculated as follows: for biotite and muscovite to 12 oxygens

TABLE 1 Bulk rock composition of the studied samples from the
KMB determined with ICP-MS spectrometry

Sample PK007 PK028 PK033
Si0, 62.41 51.65 61.56
ALO, 19.41 22.96 19.72
Fe,0; 6.69 1057 6.97
MgO 1.68 1.92 1.69
Ca0 0.57 141 0.61
Na,0O 1.10 1.76 0.83
K,0 3.51 6.06 3.98
TiO, 0.85 1.05 1.08
P,0s 0.12 0.07 0.19
MnO 0.34 0.15 0.18
Cr,0; 0.01 0.014 0.02
LOI 3.10 2.10 2.90
Sum 99.79 99.71 99.73

(total Fe as FeO), for garnet to 12 oxygens (total Fe as FeO),
for chlorite to 14 oxygens (total Fe as FeO), for chloritoid
and feldspars to 8 oxygens, for staurolite to 46 oxygens, for
epidote for 12.5 oxygens (total Fe as Fe,0;), for ilmenite to
3 oxygens and to 2 cations (Fe*™ was estimated following the
procedure of Droop, 1987). All mineral abbreviations are after
Whitney and Evans (2010), while the abbreviation p.f.u. de-
notes per formula unit. Abbreviations for garnet species are:
Xam = [FeACa +Fe + Mg + Mn)] * 100, X,,, = [Mg(Ca + Fe
+ Mg +Mn)] * 100, X, = [CaACa + Fe + Mg + Mn)] * 100,
Xps = [IMn/(Ca + Fe + Mg + Mn)] * 100. Albite content in
plagioclase is calculated as X5, = [Na/(Ca + Na + K)] * 100.
XMg in staurolite, chloritoid, and biotite is calculated as =
Mg/(Fe + Mg). Representative chemical analyses of mineral
phases are presented in Tables 2-8. Element-distribution
maps of garnet grains were generated using WDS stage scans
for Fe, Mg, Ca, and Mn. The mapping was conducted with a
focussed beam using step sizes of 2—10 pum, beam currents
of 50-200 nA, and dwell times of 30-50 ms. X-ray chemi-
cal maps for samples PK0OO7 and PK033 were measured at
the Laboratory of Scanning Electron Microscopy, Institute
of Geological Sciences, University of Wroctaw, using JEOL
JSM-IT500LA. X-ray chemical maps for sample PK028 were
obtained at the Inter-Institutional Analytical Laboratory for
Minerals and Synthetic Substances, Faculty of Geology,
University of Warsaw, using a ZEISS SIGMA VP.

P-T paths for the investigated samples were calculated
using the bulk rock compositions, garnet crystal chemistry,
and the semi-automated routine of Moynihan and Pattison
(2013). The method includes several steps:

1. calculation of an isochemical phase diagram for bulk
rock compositions,
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TABLE 3 Representative EMP analyses of chlorite, chloritoid, and epidote-zoisite grains in investigated micaschists (oxides in wt.%, cation in

a pfu). Xg, = Fe/(Fe + Mg)

Mineral chlorite chlorite chlorite chlorite chloritoid chloritoid chloritoid chloritoid
Sample PKO007 PKO007 PKO007 PKO007 PKO007 PKO007 PKO007 PKO007
Sio, 25.25 25.38 25.32 29.58 26.35 26.47 25.77 26.09
TiO, 0.11 0.10 0.09 0.05 0.00 0.00 0.00 0.00
Al,O4 22.47 22.94 22.52 23.37 41.89 41.15 42.00 41.64
Cr,04 0.01 0.02 0.05 0.03 0.00 0.00 0.00 0.00
FeO 24.67 24.89 23.24 24.52 25.30 26.36 26.29 25.73
MnO 0.19 0.20 0.38 0.37 0.80 0.60 0.79 1.04
MgO 13.29 13.34 16.11 7.16 2.23 2.50 2.21 2.48
CaO 0.10 0.10 0.04 0.20 0.00 0.00 0.00 0.01
Na,O 0.00 0.00 0.01 0.03 0.35 0.00 0.01 0.02
K,O 0.05 0.01 0.02 0.88 0.26 0.00 0.00 0.11
Total 86.13 86.98 87.77 86.19 97.18 97.08 97.07 97.12
Si 5.39 5.36 5.27 6.21 2.07 2.09 2.04 2.06
Ti 0.02 0.02 0.01 0.01 0.00 0.00 0.00 0.00
Al 5.65 5.71 5.53 5.78 3.87 3.83 3.92 3.87
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Fe’* 4.40 4.40 4.05 4.30 1.66 1.74 1.74 1.70
Mn 0.03 0.04 0.07 0.07 0.05 0.04 0.05 0.07
Mg 4.23 4.20 5.00 2.24 0.26 0.29 0.26 0.29
Ca 0.02 0.02 0.01 0.04 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.01 0.03 0.11 0.00 0.00 0.01
K 0.03 0.00 0.01 0.47 0.05 0.00 0.00 0.02
OH 16.00 16.00 16.00 16.00 0.00 0.00 0.00 0.00
Total 35.78 35.76 35.96 35.14 8.08 8.00 8.01 8.02
Xre 0.51 0.51 0.45 0.66 0.86 0.86 0.87 0.85

2. finding isopleths corresponding to the core composition of
garnet grains and bulk rock composition; their interception
is used as an input into the next step of calculations,

3. setting starting point for P-T path calculation (see point 2)
outside of the garnet stability field but close to the garnet
core isopleth intersection.

The calculations were performed using the Theriak-
Domino software package (de Capitani & Petrakakis, 2010)
with the Holland and Powell thermodynamic data set (1998
with updates to solution models through 2010), and appro-
priate mixing models in the system SiO,-TiO,—-Al,Oz—
FeO-MgO-MnO-Ca0O-Na,0-K,0-H,0 (KNCFMASHT).
The solid solution models used in this study are white
mica (Coggon & Holland, 2002), garnet and biotite (White
et al., 2007), staurolite, chlorite and chloritoid (Holland &
Powell, 1998), plagioclase (Holland & Powell, 2003), il-
menite (White, Powell, Holland, & Worley, 2000), and
clinopyroxene (Green et al., 2007). Additionally, rutile and
lawsonite were modelled as pure phases. Pure quartz and

H,O phases were added in excess to ensure their presence in
all computations.

The first two analysis steps enabled us to characterize
the stability field of garnet and the co-existing mineral as-
semblage at the onset of garnet growth. This allowed for
validating the mineral assemblages observed in the sam-
ples and served as a test for the performance of the chosen
set of solid solution models. For P-T path calculations,
we chose garnet with the highest MnO content in the core,
which were usually among the largest grains in the anal-
ysed population. The strategy relies on an assumption that
the rock was not fractionated at the onset of garnet crys-
tallization (Evans, 2004; Gaidies et al., 2006), and, there-
fore, the early-formed garnet grains should have the highest
MnO content (e.g. George & Gaidies, 2017). Consequently,
investigating such garnet grains allowed us to study in de-
tail the whole history of the garnet growth including its
earliest stages.

In sample PK028, garnet are up to 3 cm in diameter, and
we were able to extract several grains from the rock matrix
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chloritoid chloritoid chloritoid chloritoid chloritoid mineral clinozoisite clinozoisite Zoisite
PKO007 PKO007 PKO007 PKO007 PKO007 sample PKO007 PK028 PK028
26.35 26.03 26.39 25.65 25.90 Sio, 38.65 37.30 37.70
0.00 0.08 0.00 0.06 0.07 TiO, 0.15 0.07 0.04
41.89 41.31 41.05 41.81 41.51 AlLO4 30.34 24.53 25.14
0.00 0.00 0.00 0.00 0.00 Fe,04 5.69 10.50 11.95
25.29 26.30 26.27 25.88 26.02 MnO 0.39 0.12 0.10
0.80 0.79 0.60 0.90 1.31 MgO 0.05 0.08 0.07
2.23 223 2.48 2.59 1.96 CaO 23.96 21.20 21.78
0.00 0.06 0.01 0.11 0.21

0.35 0.24 0.24 0.09 0.06

0.26 0.03 0.06 0.03 0.06

97.17 97.07 97.10 97.12 97.10 Total 99.23 93.81 96.77
2.07 2.06 2.08 2.03 2.05 Siy 6.06 6.43 6.37
0.00 0.01 0.00 0.00 0.00 Tiy 0.02 0.01 0.01
3.88 3.85 3.82 3.89 3.88 Al 5.61 4.99 5.01
0.00 0.00 0.00 0.00 0.00 Fe, 0.34 0.68 0.76
1.66 1.74 1.73 1.71 1.72 Mn, 0.05 0.02 0.01
0.05 0.05 0.04 0.06 0.09 Mg, 0.01 0.02 0.02
0.26 0.26 0.29 0.31 0.23 Ca2 4.03 3.92 3.94
0.00 0.01 0.00 0.01 0.02

0.11 0.07 0.07 0.03 0.02

0.05 0.01 0.01 0.01 0.01

0.00 0.00 0.00 0.00 0.00

8.08 8.05 8.05 8.04 8.02 Total 16.12 16.07 16.12
0.86 0.87 0.86 0.85 0.88

and cut them approximately through their centre. In samples
PKO007 and PKO033, the diameter of garnet grains is 2 mm at
maximum, and we analysed their chemical composition in
thin sections. Therefore, we might have not always analysed
the true core of the garnet grains in these samples. However,
these measurements produced P-T conditions close to the
lower limit of the garnet stability field within 1% volume
garnet growth contour for samples PKO0O7 and PK033 and
within 1 to 3% volume growth contours for sample PK028,
which supported using them as representative for the onset of
garnet growth.

In the third step, a Matlab script of Moynihan and Pattison
(2013), which internally called the Theriak-Domino software
(de Capitani & Petrakakis, 2010), searched the P-T space
trying to find the closest match between the modelled and
measured garnet compositions, using sample bulk compo-
sitions. The script required a starting point for calculations,
which should be located outside the garnet stability field, as
close as possible to the calculated P-T conditions at the onset
of garnet growth (Moynihan & Pattison, 2013). The script

continually determined the effective matrix composition
(e.g. Evans, 2004; Gaidies et al., 2008; Konrad-Schmolke
et al., 2005), which was used in calculations for each step of
garnet growth. The process was repeated for all data points
along the inspected garnet profiles, from core to rim, result-
ing in reconstructed P-T paths. Classic geothermobaomet-
ric calculations were made using PTQuick software package
(Simakov & Dolivo-Dobrovolsky, 2009).

Raman spectroscopy has been used to measure the wave-
number shift of quartz inclusions entrapped in garnet host.
This work has been performed at two institutes. Sample PK028
was analysed with Raman spectrometer (DILOR LabRam
with built-in Olympus BX 40 microscope) in the Institute of
Geochemistry and Petrology, Eidgendssische Technische
Hochschule Ziirich (ETHZ), Switzerland. The grating was
set to 1,800 grooves/mm, CCD sensor has a resolution of
1152 x 298 pixels (the focal length is ~40 cm which results
in a spectral resolution of 1.3 cm™"). The laser wavelength is
532.14 nm (max. 500 mW laser power at the source generated
by a diode-pumped solid-state lasers). Direct measurements



s |
1 of
WI LE Y HiSi et e e reey

SZCZEPANSKI ET AL.

TABLE 4 Representative EMP analyses of white mica flakes in investigated micaschists (oxides in wt.%, cation in a pfu). bg - matrix,

grt_inc - inclusions in garnet, ph - phengite, ms - muscovite, pg - paragonite, mg - margarite. Xy, = Fe/(Fe + Mg)

Sample  PK007b PKO007b PK007b PKO007b PKO007b PKO007b PKO007b PKO007b PKO007b PKO007b PK007b PK028B PK028B PK028B PKO028B
Mineral ph Ph ph ph ph ms ms ms ms pg pg ph ph ph ph
Point bg Bg bg bg grt_inc  bg bg bg bg grt inc grt inc bg bg bg grt_inc
SiO, 51.41 51.82 51.97 51.33 51.40 45.75 45.75 46.26 46.66 46.43 48.82 51.27 51.97 50.76 49.94
TiO, 0.24 0.28 0.27 0.21 0.20 0.44 0.44 0.45 0.32 0.09 0.08 0.26 0.12 0.09 0.30
AlL)O4 28.99 28.69 30.29 30.41 27.66 36.83 36.83 36.16 35.43 38.83 39.25 27.38 27.12 26.41 27.25
Cr,04 0.03 0.01 0.01 0.03 0.01 0.00 0.00 0.02 0.04 0.02 0.02 0.04 0.00 0.01 0.02
FeO 2.34 2.57 1.73 1.87 3.06 1.10 1.10 0.99 1.36 0.70 0.24 2.67 2.46 3.40 4.11
MnO 0.08 0.00 0.00 0.00 0.02 0.07 0.07 0.06 0.02 0.04 0.02 0.03 0.00 0.06 0.04
MgO 2.29 2.68 2.17 1.95 2.47 0.40 0.40 0.61 0.92 0.06 0.04 2.92 3.28 3.12 2.43
CaO 0.04 0.00 0.00 0.05 0.10 0.02 0.02 0.00 0.00 0.46 0.21 0.01 0.05 0.04 0.00
Na,O 0.62 0.57 0.68 0.69 0.37 1.27 1.27 1.19 1.15 6.88 6.50 0.29 0.28 0.36 0.42
K,0 9.03 9.13 9.35 9.58 9.67 9.83 9.83 9.85 10.14 0.73 0.56 10.23 10.13 10.35 9.70
H,0 4.54 4.57 4.62 4.58 4.50 4.54 4.54 4.54 4.54 4.63 4.74 4.41 4.40 4.44 432
Total 99.61 100.32  101.09 100.70  99.46 100.25 100.25  100.13 100.58  98.87 10048  99.51 99.81 99.04 98.53
Si 3.40 3.41 3.38 3.36 343 3.05 3.02 3.06 3.08 3.00 3.08 343 3.46 3.43 3.39
Ti 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.00 0.00 0.01 0.01 0.01 0.02
Al 2.26 222 2.32 2.35 2.17 2.85 2.87 2.82 2.76 2.96 2.92 2.16 2.13 2.10 2.18
Cr 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 0.00
Fe?* 0.13 0.14 0.09 0.10 0.17 0.06 0.06 0.06 0.08 0.04 0.01 0.15 0.14 0.19 0.23
Mn 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 0.00
Mg 0.23 0.26 0.21 0.19 0.25 0.05 0.04 0.06 0.09 0.01 0.00 0.29 0.33 0.31 0.25
Ca 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.00
Na 0.08 0.07 0.09 0.09 0.05 0.17 0.16 0.15 0.15 0.86 0.80 0.04 0.04 0.05 0.06
K 0.76 0.77 0.78 0.80 0.82 0.82 0.83 0.83 0.85 0.06 0.05 0.87 0.86 0.89 0.84
H 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 1.97 1.95 2.00 1.96
Total 8.88 8.89 8.89 8.90 8.91 9.01 9.01 9.00 9.03 8.97 8.88 8.92 8.90 8.99 8.93
Xke 0.37 0.35 0.31 0.35 0.41 0.54 0.61 0.48 0.45 0.86 0.75 0.34 0.30 0.38 0.49
Ms 90 92 90 89 94 83 84 85 85 6 5 96 95 94 93

Pg 9 8 10 10 6 17 16 15 15 90 93 4 4 5 7

Mg 0 0 0 0 1 0 0 0 0 3 2 0 0 0 0

of laser power were performed with a coherent LaserCheck
hand-held device. The output laser power was measured to be
19.7 mW under 100X objective after the application of laser
filters. All three samples PK028, PK033, and PK0O07 were an-
alysed with Raman spectroscopy (Qontor Raman spectrometer,
Renishaw) at Institute of Geological Sciences, University of
Wroctaw, Poland. The grating was set to 1,200 grooves/mm,
CCD sensor has a resolution of 1024 X 256 pixels, and the spec-
tral resolution is 1.3 cm™'. The laser wavelength is 785 nm. The
laser source energy is 100 mW and we used less than 25% of the
input energy to reduce heating effect. Considering the amount
of energy lost through the optic system, the energy reaching the
thin-section surface should be less than ~20 mW. An unstrained
gem-quality quartz crystal was used as standard. The PK028
was measured in the two different laboratories for comparison

purposes, and although we did not measure exactly the same
quartz inclusions, similar statistical distributions (max and
mean) of the Raman shifts were achieved.

4 | PETROGRAPHY AND
MINERAL CHEMISTRY

4.1 | Sample PK007

The micaschist sample PK0O7 displays millimetre-sized gar-
net porphyroblasts in a schistose matrix mainly consisting
of quartz, K-white mica (muscovite, phengite), biotite, and
chlorite. Accessory minerals are paragonite, margarite, rutile,
ilmenite, zircon, and apatite.
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PKO028B PK028B PK028B PKO028B PK028B PK028B PK028B PK028B  PK028B PK028B PK033 PKO033 PKO033 PK033 PK033 PKO033
ms ms ms ms ms ms pg pg pg pg ms ms ms ms ph ph
grt_inc_
grt inc grt_inc grt inc bg bg bg pg grt inc_pg grt inc_pg grt inc_pg bg bg bg bg bg bg
50.48 47.84 47.75 48.06 46.09 47.05 4736 48.08 48.06 47.73 4738 4738 4627  46.76 4898 50.21
0.26 0.58 0.31 0.01 0.26 0.00 0.08 0.08 0.14 0.07 0.42 0.39 0.14 0.45 0.31 0.35
29.22 32.49 32.46 33.50 35.99 34.43 39.65 39.85 39.22 38.76 3403 3416 3680  36.52 30.68 30.24
0.00 0.02 0.01 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.12 0.04 0.30 0.10 0.00 0.16
3.80 3.13 2.85 1.68 1.47 1.75 0.69 0.72 0.73 1.28 1.88 1.28 0.87 0.93 1.74 1.57
0.00 0.00 0.00 0.10 0.06 0.05 0.03 0.04 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.03
2.07 1.21 1.14 1.16 0.56 0.79 0.06 0.12 0.07 0.17 1.38 1.05 0.42 0.46 1.89 2.15
0.00 0.04 0.00 0.00 0.00 0.00 0.14 0.15 0.22 0.12 0.00 0.01 0.02 0.00 0.03 0.00
0.36 1.00 0.81 0.14 0.34 0.17 6.17 6.64 6.77 7.70 0.63 0.57 1.20 1.20 0.61 0.56
9.99 9.40 9.78 10.75 10.88 11.13 1.48 0.72 1.32 0.53 9.95 10.06  9.33 9.44 9.81 9.82
4.36 4.42 442 4.45 4.41 4.36 4.69 4.66 4.74 4.73 4.54 4.51 4.54 4.57 4.47 4.53
100.54  100.13  99.53 99.85 100.06  99.73 100.37  101.08 101.29 101.13 100.36  99.45 99.89 100.43  98.52 99.62
3.36 3.19 3.20 3.20 3.07 3.15 3.02 3.03 3.04 3.03 3.13 3.15 3.05 3.07 3.29 3.33
0.01 0.03 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.02 0.01 0.02 0.02 0.02
2.29 2.55 2.56 2.63 2.82 2.71 2.98 2.96 2.92 2.90 2.65 2.68 2.86 2.83 243 2.36
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.00 0.01
0.21 0.17 0.16 0.09 0.08 0.10 0.04 0.04 0.04 0.07 0.10 0.07 0.05 0.05 0.10 0.09
0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.21 0.12 0.11 0.12 0.06 0.08 0.01 0.01 0.01 0.02 0.14 0.10 0.04 0.05 0.19 0.21
0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.05 0.13 0.11 0.02 0.04 0.02 0.76 0.81 0.83 0.95 0.08 0.07 0.15 0.15 0.08 0.07
0.85 0.80 0.84 0.91 0.92 0.95 0.12 0.06 0.11 0.04 0.84 0.85 0.79 0.79 0.84 0.83
1.93 1.96 1.98 1.97 1.96 1.95 1.99 1.96 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
8.90 8.96 8.97 8.94 8.97 8.95 8.93 8.89 8.96 9.02 8.98 8.95 8.97 8.96 8.94 8.92
0.51 0.59 0.58 0.45 0.59 0.55 0.86 0.78 0.87 0.81 0.43 0.41 0.54 0.53 0.34 0.29
94 86 88 98 96 98 13 7 11 4 91 92 84 84 91 92
6 14 12 2 4 2 85 92 87 95 9 8 16 16 9 8
0 0 0 0 0 0 1 1 2 1 0 0 0 0 0 0

In the rock matrix, millimetre-thick, strongly elon-
gated quartz lenses alternate with laminae composed of
muscovite, rare biotite, and chlorite. However, refolded
quartz lenses and white mica plates oblique to the pene-
trative foliation are also preserved throughout the sample,
giving rise to two sets of foliations (S1 and S2, Figure 2a
and b). Similarly two foliations may also be preserved
in garnet porphyroblasts (Figure 2c). Therefore, we in-
terpret the domains exhibiting the folded foliation S1 as
microlithons, while the penetrative, younger foliation S2
represents cleavage domains. We suggest that the S2 foli-
ation was reactivated forming a complex planar structure
(S2+43), which is indicative of non-coaxial ductile defor-
mation postdating folding. This conclusion is confirmed
by occurrences of kinematic indicators, including S-C type

structures and asymmetric sigma-type pressure shadows
around plagioclase and garnet porphyroblasts, that can be
observed in rock sections cut parallel to mineral lineation
and perpendicular to the S2+43 planes.

Subhedral garnet porphyroblasts range from 0.2 up
to 2 mm in size, and they commonly contain polyminer-
alic inclusions comprising chloritoid, K-white mica and
paragonite (Figure 3a) as well as margarite, clinozoisite,
and quartz (Figure 3b and c). We interpret the latter type
of polymineralic inclusions potentially as pseudomorphs
after lawsonite that could have been produced according to
the following mineral reaction (Chatterjee, 1976; Gomez-
Pugnaire et al., 1985):

SLws = 2Czo + Mrg + 2Qz + 8H, 0.
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TABLE 5 Representative EMP analyses of plagioclase grains in investigated micaschists (oxides in wt.%, cation in a pfu)
Sample  PKO007 PK007 PKO007 PKO007 PK007 PK007 PK007 PK007 PK007 PK028
SiO, 62.53 64.50 65.81 63.34 62.72 63.23 62.77 68.61 68.12 74.53
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AlL,O; 23.07 21.76 20.83 23.34 23.24 22.97 23.72 19.26 19.30 15.79
FeO 0.80 0.17 0.17 0.15 0.20 0.06 0.00 0.04 0.20 0.62
CaO 4.18 2.36 1.74 4.40 423 3.85 4.75 0.11 0.10 1.62
Na,O 10.07 11.26 10.91 9.58 9.73 9.79 9.54 11.62 11.41 7.82
K,O0 0.03 0.10 0.05 0.07 0.07 0.09 0.05 0.03 0.06 0.04
Total 100.68 100.15 99.51 100.88 100.19 99.99 100.83 99.67 99.19 100.42
Si 2.77 2.85 291 278 278 2.80 2.76 3.01 3.00 3.19
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.20 1.13 1.09 1.21 1.21 1.20 1.23 0.99 1.00 0.80
Fe?* 0.03 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.02
Ca 0.20 0.11 0.08 0.21 0.20 0.18 0.22 0.01 0.01 0.07
Na 0.86 0.96 0.94 0.82 0.84 0.84 0.81 0.99 0.97 0.65
K 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total 5.06 5.07 5.02 5.02 5.04 5.03 5.03 4.99 4.99 4.74
Ab 81 89 92 79 80 82 78 99 99 90
An 19 10 8 20 19 18 22 1 1 10
Or 0 1 0 0 0 0 0 0 0 0

Garnet grains in the PK007 sample typically exhibit com-
plex chemical zonation (Figures 4a, 5a-c and Table 2), with
bell-shaped spessartine profile in their core (X, decreas-
ing from ~23 to ~10), sharp spessartine increase in the inner
rim (X ~15), followed by a decrease towards the outer rim
(Xps ~9). The variation in spessartine content is coupled
with a gradual core-to-rim increase in almandine content
(Xam from ~57 to ~72). Grossular concentration displays
relatively low value in the inner core (X, ~12.5 to ~17.5),
which increases outwards in the most part of the outer core
and rim (X, from ~18 to ~20). However, the grossular con-
centration decreases rapidly at the interface between outer
core and inner rim, as well as in outer rim (Xgrs ~14 and ~10,
respectively, Figure 4a). We interpret the described chemical
zonation as having formed in response to two distinct stages
of garnet growth. We use Grtl to denote the garnet forming
the internal parts of garnet grains, and Grt2 for garnet rims.
Interestingly, Grtl entraps rutile inclusions, while Grt2 con-
tains mostly ilmenite inclusions, indicating that these gar-
net types were equilibrated under different P-T conditions
(Figures S1 and S2). This conclusion is also confirmed by
the occurrence of polymineral clinozoisite, margarite, and
quartz inclusions within Grtl, which we have interpreted as
presumed pseudomorphs after lawsonite (Figure 3b and c).
Furthermore, chloritoid inclusions form blasts with grain
size of up to 100 microns (Figure 3a), showing quite uniform
chemical composition characterized by X(cld) = Fe/(Mg +
Fe) ranging from 0.79 to 0.88 (Table 3). Additionally, rare

chlorite inclusions were documented in both Grtl and Grt2
(Table 3).

K-white mica may be divided into highly abundant low
Si** grains for which Si** content ranges from 3.0 to 3.20
p.f.u. and a less common set displaying phengitic composition
with Si** content ranging from 3.25 to 3.45 p.f.u. (Figure 6,
Table 4). The phengitic white mica were documented in rock
matrix, mostly in the microlithons, but also in the cleavage
domains, and as inclusions in the core parts of garnet grains
(Grtl). Low Si** K-white mica grains occur abundantly in
the matrix of the investigated sample, often within the cleav-
age domains, and they are also preserved as inclusions in the
Grt2.

Plagioclase occurs in the matrix, generally forming small
grains reaching up to 0.03 mm in diameter as well as porphy-
roblasts with diameter of up to 0.5 mm. Small matrix grains
display an oligoclase composition, with maximum 22 mol%
of X, (Table 5), and porphyroblasts show albitic cores, with
oligoclase rims, which are well developed in the pressure
shadows.

Small biotite flakes were documented as inclusions in
Grt2 as well as matrix grains in the PKOO7 micaschist sam-
ple. Biotite is characterized by Xy, varying from 0.29 to 0.52
(Table 6).

Based on textural observations, we distinguish two min-
eral assemblages in PKOO7: the M1 assemblage represented
by Grtl and Cld + Ph + Pg + [Lws] 4+ Chl +Rt + Qz predomi-
nantly forming inclusions in Grtl. Mineral phases reported in
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PKO028 PK028 PKO028 PK028 PK028
60.55 63.34 62.58 65.20 67.75
0.00 0.00 0.00 0.00 0.00
24.15 23.09 23.46 22.02 20.64
0.06 0.07 0.07 0.09 0.13
5.74 4.37 5.08 3.06 1.27
8.05 9.01 8.61 9.92 10.59
0.13 0.15 0.18 0.09 0.20
98.68 100.03 99.98 100.38 100.58
2.72 2.80 2.77 2.86 2.95
0.00 0.00 0.00 0.00 0.00
1.28 1.20 1.23 1.14 1.06
0.00 0.00 0.00 0.00 0.01
0.28 0.21 0.24 0.14 0.06
0.70 0.77 0.74 0.84 0.89
0.01 0.01 0.01 0.01 0.01
4.99 4.99 4.99 5.00 4.97
71 78 75 85 93

28 21 24 15 6

1 1 1 1 1

square brackets represent presumed pseudomorphs. Phengitic
white mica, chlorite, and rutile are also present in the matrix
of the inspected sample. The M2 assemblage represented by
Grt2 and Ms + Bt + Pl+ Chl +Ilm + Qz is observed in the
rims of Grt2 grains as well as in the matrix.

42 | SAMPLE PK028
The micaschist sample PK028 consists of garnet porphyro-
blasts in a schistose matrix mainly composed of quartz, K-
white mica, biotite, and plagioclase. Accessory minerals are
paragonite, rutile, ilmenite, epidote, zircon, and apatite.

The rock matrix displays quartz lenses and laminae that
alternate with muscovite-dominated laminae. White mica
plates oriented obliquely to the penetrative foliation are rarely
preserved in the quartz-rich laminae. Therefore, we interpret
the quartz-rich domains as microlithons with preserved older
foliation (S1), while the muscovite rich as penetrative and
younger cleavage domains (S2). In contrast to sample PK007,
only S1 foliation is preserved within garnet porphyroblasts
(Figure 24d).

The inspected garnet, reaching 3 cm in diameter, display
a weakly developed bell-shaped spessartine profile in the
inner part (decrease in Xg, from ~5 to ~1), followed by
its gradual increase within the inner rim (Xg,, to ~5), and
a relatively sharp drop towards the outer rim (Xg, to ~1,
Figures 4b, 5d-f and Table 2). Grossular content roughly
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PKO033 PKO033 PKO033 PKO033 PKO033
62.26 60.23 63.67 64.55 68.75
0.00 0.00 0.00 0.00 0.00
24.00 25.09 22.74 22.28 19.52
0.28 0.09 0.15 0.03 0.17
5.44 6.76 3.84 3.43 0.14
8.46 7.66 9.56 9.69 11.57
0.06 0.08 0.07 0.07 0.05
100.50 99.91 100.03 100.05 100.20
2.75 2.68 2.81 2.84 3.00
0.00 0.00 0.00 0.00 0.00
1.25 1.32 1.18 1.16 1.00
0.01 0.00 0.01 0.00 0.01
0.26 0.32 0.18 0.16 0.01
0.72 0.66 0.82 0.83 0.98
0.00 0.01 0.00 0.00 0.00
4.99 4.99 5.01 4.99 4.99
74 67 81 83 99

26 33 18 16 1

0 1 0 0 0

mimics the spessartine concentration, exhibiting the high-
est concentration in the inner core (Xg, = 24), gradually
dropping towards the outer core (Xg,, to ~15), and show-
ing a sharp increase in the inner rim (Xg, to ~25), and a
decrease towards the outer rim (Xg, to 18). A generally
stable pyrope content is observed in the core parts (Xp,,
~5-7) and it gradually increases towards the rim (Xp,, to
~10). Almandine is characterized by a fairly stable con-
centration in the inner core (X,;, ~68), which increases
towards the outer core (X,;, to ~78), decreases towards
the inner rim (X, to ~62) and again increases towards the
outer rim (X,;, ~68). Furthermore, compositional maps
reveal that garnet rims display oscillatory zoning, which is
particularly well pronounced for grossular and slightly less
prominent for the spessartine component (Figure 5d and
e). The grossular and spessartine oscillatory zoning pat-
terns are euhedral and parallel to crystal faces pointing to
the observed zoning being a growth feature. Interestingly,
garnet in PK028 sample commonly contain rutile and il-
menite inclusions that are typically in contact. However,
a close inspection of their textural position shows that il-
menite fills cracks in garnet grains and in some cases also
replaces rutile needles that are cut by cracks (Figure 2e). It
suggests that ilmenite post-dates rutile and is either a prod-
uct of retrogression or a fluid-mediated phase introduced
to garnet after its crystallization. These two alternative sce-
narios could not be resolved based solely on the inspec-
tion of SEM images. However, we ruled out the possibility
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TABLE 6 Representative EMP analyses of dark mica flakes in investigated micaschists (oxides in wt.%, cation in a pfu). Xg, = Fe/(Fe + Mg)

Sample PK007 PK007 PKO007 PKO007 PK007 PKO028B
Si0, 35.18 352 35.67 35.71 35.46 37.81
TiO, 1.42 1.74 1.64 2.26 24 1.18
Al Oy 18.12 18.61 19.36 19 19.15 19.86
Cr,03 0.01 0.05 0.04 0.05 0.01 0
FeO 20.73 21.18 20.47 20.59 20.75 17.04
MnO 0.08 0.07 0.18 0.04 0.04 0.11
MgO 9.03 8.51 8.62 8.18 7.79 11.32
CaO 0.04 0.02 0 0.04 0.05 0.07
Na,O 0.01 0.05 0.16 0.06 0.04 0.03
K,O 9.03 9.38 9.31 9.21 9.34 9.45
H,O 3.85 3.88 3.93 3.92 3.94 4.08
Total 97.5 98.69 99.38 99.06 98.97 100.95
Si 2.78 2.77 2.78 2.80 2.79 2.84
Ti 0.09 0.10 0.10 0.13 0.14 0.07
Al 1.69 1.73 1.78 1.76 1.78 1.76
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe** 1.37 1.39 1.33 1.35 1.37 1.07
Mn 0.01 0.01 0.01 0.00 0.00 0.01
Mg 1.07 1.00 1.00 0.96 0.92 1.27
Ca 0.00 0.00 0.00 0.00 0.00 0.01
Na 0.00 0.01 0.02 0.01 0.01 0.00
K 0.91 0.94 0.93 0.92 0.94 0.90
H 3.67 3.66 3.67 3.67 3.69 3.66
Total 7.92 17.96 17.93 17.85 17.87 17.87
Xre 0.56 0.58 0.57 0.58 0.60 0.46

that ilmenite could be produced at the expense of garnet as
there is no change of garnet chemical composition around
ilmenite inclusions.

White mica flakes show a wide range of Si** content
from 3.01 to 3.40 cations p.f.u. (Figure 6), while Na* varies
from 0.10 to 0.90 cations p.f.u. (Table 4). Paragonite oc-
curs mostly as inclusions in garnet grains (Figure 5f) and
exhibits Na/(Na + K) ratio between 0.84 and 0.95 (Table 4).
Phengitic mica are preserved both in the matrix and as in-
clusions in garnet grains. The phengitic mica in the matrix
are usually parallel to the older foliation planes (S1), but
they are also found within cleavage domains (S2). They are
characterized by Si** content ranging from 3.25 to 3.40 cat-
ions p.f.u. White mica with low Si** content occur mostly in
the matrix ranging in Si** content from 3.01 to 3.22 cations
p-f.u. We suggest that the nearly continuous composition
range of white mica from muscovite to phengite observed
in this sample might have resulted from Si*" modification
owing to, for example, dissolution-transport-precipitation,
similarly to metapelites from the Longmen Shan in China
(Airaghi et al., 2017).

PK028B PK028B PKO028B PK028B PKO033 PKO033
36.95 37.45 36.43 35.21 355 35.76
1.17 1.23 2.95 2.67 2.53 2.52
19.62 19.74 17.89 18.54 18.9 18.47
0 0.15 0.05 0.02 0.03 0
16.55 16.36 18.73 19.47 19.28 19.9
0.1 0.15 0.16 0.09 0.29 0.12
10.87 11.06 9.93 9.66 8.86 8.42
0.02 0.01 0.03 0.05 0 0.04
0.06 0.02 0.05 0.05 0.17 0.04
9.65 9.7 9.42 9.55 9.21 9.14
4 4.04 3.97 3.93 3.92 39
98.99 99.91 99.61 99.24 98.69 98.31
2.84 2.85 2.82 2.74 2.78 2.82
0.07 0.07 0.17 0.16 0.15 0.15
1.78 1.77 1.63 1.70 1.75 1.72
0.00 0.01 0.00 0.00 0.00 0.00
1.06 1.04 1.21 1.27 1.26 1.31
0.01 0.01 0.01 0.01 0.02 0.01
1.25 1.25 1.15 1.12 1.04 0.99
0.00 0.00 0.00 0.00 0.00 0.00
0.01 0.00 0.01 0.01 0.03 0.01
0.95 0.94 0.93 0.95 0.92 0.92
3.67 3.67 3.67 3.67 3.67 3.67
17.90 17.87 17.86 17.96 17.88 17.82
0.46 0.45 0.51 0.53 0.55 0.57

Plagioclase either forms inclusions in garnet or occurs as
matrix grains reaching up to 0.04 mm in diameter. Plagioclase
grains in PK028 sample exhibit chemical compositions from
albite (X, = 6) in the core to oligoclase (X, = 28, Table 5)
in the rims. Zoisite inclusions were documented within gar-
net grains with a size reaching up to 5-10 microns, mostly in
association with quartz and paragonite (Figure 3d).

Based on textural setting, we distinguish two mineral as-
semblages in this micaschist sample. The M1 assemblage
represented by Grt and Ph + Pg + Rt + Qz in garnet grains,
and the M2 assemblage comprising Ms + Bt + Pl+ Ilm +
Qz and observed in the matrix of the investigated micaschist.

43 | Sample PK033

Sample PK033 is a micaschist composed of garnet, musco-
vite, biotite, staurolite, plagioclase, quartz, and accessory
ilmenite, apatite, tourmaline, and secondary chlorites. In
contrast to samples PK0O07 and PKO028, the inspected mi-
caschist PK033 is characterized by a single set of planar
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analyses of ilmenite grains in investigated Sample PKO007 PKO007 PK007 PKO007 PK028 PK028 PKO028 PKO033

micaschists (oxides in wt.%, cation in a pfu) Point grt_inc grt_inc bg bg grt_inc grt_inc bg bg
Sio, 0.28 0.04 0.03 0.03 0.02 0.00 0.02 2.14
TiO, 51.54 51.64 53.49 53.52 47.20 52.59 51.80 49.67
AL Oy 0.00 0.00 0.02 0.00 0.00 0.04 0.00 1.47
FeO 45.05 45.37 41.72 42.51 45.50 44.49 32.78 44.23
MnO 1.96 2.16 3.02 3.53 1.67 1.26 11.21 2.82
MgO 0.05 0.03 0.04 0.02 0.01 0.00 0.09 0.15
CaO 0.14 0.14 0.00 0.00 0.10 0.00 0.02 0.71
Total 99.03 99.38 98.33 99.60 94.51 98.38 95.92 101.19
Si 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.05
Ti 0.99 0.99 1.03 1.02 0.95 1.02 1.03 0.92
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Fe’ 0.95 0.94 0.90 0.90 091 0.96 0.72 0.89
Fe’ 0.01 0.03 0.00 0.00 0.11 0.00 0.00 0.02
Mn 0.04 0.05 0.07 0.08 0.04 0.03 0.25 0.06
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

structures consisting of millimetre-thick quartz-laminae al-
ternated with laminae composed of muscovite, rare biotite,
and rare chlorite. Garnet forms anhedral to subhedral grains
ranging from 0.5 to 2.0 mm in diameter and its composition
is shown in Figures 4c and 5f-h and Table 2. The inspected
garnet grains display a weakly developed bell-shaped spes-
sartine profile (X, decreasing from ~20 to 13) and gen-
erally U-shaped almandine profile (X,;,, increasing from
~57 to ~71). Grossular content is characterized by slightly
depleted core (X ~11), enriched inner rim (X, ~20), and
strongly depleted outer rim (X, ~6), while pyrope content
is generally low and shows a weak increase towards the rim
(X,y increases from ~6 to ~9).

Garnet porphyroblasts commonly contain abundant
ilmenite and staurolite inclusions. The ilmenite inclu-
sions are typically arranged in sigmoidal inclusion trails
preserved across the whole grains, while the staurolites
are mostly found in garnet rims (Figure S3). Sigmoidal
ilmenite inclusion trails indicate that garnet grains grew
continually during non-coaxial deformation. This conclu-
sion is additionally reinforced by frequent asymmetric,
sigma-type pressures shadows developed around garnet
grains.

K-white mica is dominated by the low Si*t variety
with Si** content ranging from 3.05 to 3.15 cations p.f.u.
However, there is also a much less common group for
which Si** content ranges from 3.28 to 3.33 cations p.f.u.
(Figure 6, Table 4). A few white mica grains with low Si**
content are characterized by Mg2+ and Fe*" concentrations,

similar to phengitic mica (Table 4). This may indicate that
these grains partially lost Si*t during the late LP metamor-
phic episode.

Plagioclase generally forms small grains ranging from
0.05 mm to 0.2 mm in diameter. In terms of chemical
composition, plagioclase grains range in composition
from oligoclase to andesine with maximum 36 mol% An
(Table 5).

Staurolite forms both inclusions within garnet as well as
abundant matrix grains. The staurolite grains in the matrix
are elongated parallel to the penetrative foliation and range
in length from 0.05 to 0.6 mm. It is characterized by Xy,
between 0.10 and 0.13 (Table 8). We have also observed
sigmoidal inclusion trails of ilmenite within staurolite
crystals.

Small biotite flakes were documented in the matrix of
the inspected PKO033 micaschist sample. Biotite compo-
sition is characterized by Xy, varying from 0.43 to 0.45
(Table 6).

Based on textures and mineral composition, we distin-
guish two mineral assemblages in the PK033 sample. The
M1 assemblage is represented by the occasional phengitic
white mica (Ph), with relatively high Sitt corresponding
to a possible high-P history of the rock. The M2 assem-
blage comprises Grt + Ms + Bt + St 4+ Pl+ Chl +IIm +
Qz. The sigmoidal ilmenite inclusions preserved both in
the garnet and staurolite blasts testify to their syndefor-
mational growth with respect to non-coaxial deformation
phase.



SZCZEPANSKI ET AL.

1of
—I—WI LEY—jyisinyensie GEOLOGY|

cro
88°0
LT'6C
000
00
00°0
6¢0
01°0
(44
06°LT
010
8L
8L°96
000
€00
000
760
ev'o
el
8Sv¢
0$°0
61°8¢
€€0Md

170
68°0
Ic6c
000
000
000
€0
7o
68°C
LO81
€10
99°L
c0°L6
000
000
000
80
8¥'0
ev'el
1ss
£9°0
SS°LT
€€0Md

(N0
060
LE6C
000
000
000
43
01°0
¥6'C
8181
90°0
LL'L
1S°L6
10°0
000
000
LLO
ev'o
@
N2%Y
0€°0
€6°LT
€60 d

170
68°0
SI'6c
000
€00
100
€0
S1o
88°C
L6'LT
80°0
89°L
SL96
100
90°0
€00
80
£9°0
oyl
08¢
6£0
19°L¢
€€0Md

€ro
L80
9C°6¢
000
000
000
[0
Sro
6LC
€6°L1
(N0
88°L
0I'L6
000
000
000
00°T
90
10°Cl
69vS
90
(4514
€€0Md

cro
88°0
£0°6C
000
10°0
10°0
01°0
600
L8C
06°LT
(N0
G8'L
0°L6
000
200
200
L60
6¢£0
121!
6SvS
87°0
1T°8¢C
€€0Md

110
68°0
9v'6¢
000
200
000
8¢°0
0ro
86°C
cI'8l
(N0
SL'L
8°L6
000
€00
000
60
144\
£8°Cl
6C°SS
90
G8'LT
€€0Md

cro
88°0
8C°6¢
000
200
000
6¢0
01°0
L8C
L6'LT
60°0
8L
oI'L6
000
€00
000
¥76'0
10
gecl
08'vS
S0
81'8¢
€60 d

cro
88°0
8C°6C
000
000
000
00
Iro
88°C
66'L1
60°0
L
LI'L6
100
000
000
L60
S¥0
9¢CI
98'vS
70
11°8C
€603 d

€10
L8°0
(414
000
€00
000
(440
600
L8T
00°81
80°0
€6°L
65°L6
000
S00
100
10°1
LEO
gecl
06'vS
8¢°0
s8¢
€60 d

01°0
060
SI'6c
000
00
10°0
€0
L00
°6'C
Y6'LI
ST°0
CLL
L8°96
000
€00
€00
6L0
6C0
121!
ELYS
Lo
YL'LT
€60 d

<o
88°0
90°6¢
000
10°0
000
LEO
800
8LC
A
170
88°L
Sv'96
000
10°0
000
060
€0
L6'TT
8EYS
S0
(4514
€60 d

<o
880
6C°6¢
000
000
000
8¢°0
cro
06'C
€0'81
€ro
YL'L
0€°L6
100
000
10°0
16°0
IS0
Sy'cl
86175
19°0
LT
€60 d

170
68°0
§T6C
000
700
000
9¢0
170
66'C
16°L1
91°0
99°L
€C°L6
10°0
80°0
000
88°0
LY'0
98°CI
19°%S
LLO
SS'LT
€60 d

w_zvm
a1y
[e10],
S

eN
6]
SN
upN
+mon~
v

1L

1S
[e10],
o™
O%®N
fele)
OSIN
OUN
02d
fouv
‘oL
‘ors
Jdureg

(BN + o)/ = *¥x "(nyd & ur uOIIED “94"IM UT SOPIXO0) €O ISTYOSLITW PAESISIAUT UT SUTeIS 9)I[0Ine)s Jo sasATeue JINH 2Aneuasardoy] § A 1AV L



SZCZEPANSKI ET AL.

15
1of
METAMORPHIC GEOLOGY. WILEY:

PKOO7

FIGURE 2 Photograph (a) and microphotograph (b) showing two sets of foliations preserved in sample PKOO7. The older planar structure S1
is refolded. (c) Microphotograph showing a complex garnet porphyroblast in sample PKO07 with inclusion trails composed of rutile corresponding
to S1 foliation (blue dashed lines) in its inner part (Grtl), and S2 foliation (red dashed lines), composed of mostly ilmenite, preserved in its rim part
(Grt2) and also in the matrix of the rock. (d) Backscattered electron image showing inclusion trails preserved in garnet porphyroblast from sample
PKO028: S1 folded foliation (blue dashed lines). (e) Backscattered electron image showing ilmenite replacing primary rutile inclusions in a garnet
porphyroblast from sample PK028
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5 | PHASE EQUILIBRIA AND P-T
EVOLUTION

5.1 | Sample PK007

An isochemical phase diagram calculated based on bulk
rock composition reveals two regions of intersecting
isopleths constructed for the garnet core composition:
(I) ~18 kbar and ~470°C and (II) ~5 kbar and ~520°C
(Figure S4, green circle). However, only the first region
is located within the stability field of Grt + Ph +Pg +
Cld + Lws + Chl + Rt + Qz, which is compatible with
the inclusion set observed in the inspected garnet grains.
Therefore, we chose 440°C and 20 kbar as a starting
point for our P-T path calculation for Grtl (Figure S4).
In sample PK0O7, garnet are characterized by major com-
positional changes over very short distance between their
core and rim parts. Therefore, it is problematic to model
the entire P-T history along the garnet profiles from this
sample using the approach proposed by Moynihan and
Pattison (2013), as the applied search routine is not ca-
pable of accommodating large differences in P-T space
(see Catlos et al., 2018). Thus, we decided to separately
model the P-T history of the core (Grtl) and rim (Grt2)
parts. The obtained P-T paths and a comparison of ob-
served and modelled garnet chemical profiles are pre-
sented in Figure 7.

FIGURE 3 Backscattered

electron images showing the textures of
polymineralic inclusions in garnets: (a)—(c)
from sample PK0O7. (a) Polymineralic
inclusion consisting of Ctd + Ms + Pg; (b)
polymineralic inclusions composed of Mg
+ Qz + Czo; (c) Polymineralic inclusion
composed of Czo + Qz, (d) Polymineralic
inclusion composed of Zo + Pg + Qz

The generally prograde P-T path for Grtl is rather ir-
regular. It starts at 468°C and 18.1 kbar and ends at 490°C
and 18.3 kbar resulting in a temperature increase of ~22°C
and pressure variations of 0.9 kbar (Figure 7a). According
to thermodynamic modelling, the core part of garnet grain
(Grtl) in this sample was equilibrated within the stability
field of Grt + Ph + Pg + Cld + Lws + Chl +Rt + Qz,
which is consistent with the observed set of inclusions and
presumed Lws pseudomorphs preserved in garnet grains
(Figure 8).

Results of thermodynamic modelling clearly indicated
that during the HP stage lawsonite should be present in a
relatively small amount, only slightly exceeding 2 vol%.
Furthermore, Xy, of chloritoid should fall in the range of
0.1-0.14, which agrees well with the observed composition
of this mineral (Figures 8d,e and 9b).

The effective bulk rock composition calculated at the
end of Grtl growth was used as an input for reconstructing
of P-T conditions during Grt2 growth (Table 9). The cal-
culated isochemical phase diagram (Figure S5) shows that
garnet compositional isopleths intercept at both high-P and
low-P portion of the analysed P-T space (19 kbar at 480°C
and 5.2 kbar at 535°C). However, only the low-P intersec-
tion is located within the ilmenite stability field and out-
side the stability fields of rutile, lawsonite, and chloritoid.
Thus, the low-P field is in agreement with the observed
set of mineral inclusion preserved in Grt2. Therefore, we
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FIGURE 4 Chemical zoning of representative garnet grains. (a) Sample PK007, (b) sample PK028, (c) sample PK033. X, = Fe(Fe + Mg)

chose 532°C and 5.18 kbar as a starting P-T condition for
calculations performed for Grt2 growth (Figure S5, green
circle). The reconstructed prograde P-T path is located
in low-P region of the analysed P-T space at 538-568°C
and 5.7-7.1 kbar (Figure 7a). As a result, the core of Grt2
was equilibrated in the stability field of Grt + Pl + Bt +
Ms + Chl + Ilm (Figure 9d). This mineral assemblage is
compatible with commonly preserved ilmenite inclusions
in Grt2, as well as plagioclase observed in the matrix of
the sample. Pressure and temperature differences during
the transition between Grtl and Grt2 yield ~13 kbar and
~50°C (Figure 7a). According to our thermodynamic mod-
elling, the simplest explanation for strongly limited garnet
growth at the transition between Grtl and Grt2 is that re-
constructed P-T path is nearly parallel to garnet vol% iso-
pleths (Figure 9c). A fast decompression rate may be an
additional factor suppressing garnet growth at this stage.
Unfortunately, this is only a speculation as the grains of
both garnet types are too small to be separately dated to
test this hypothesis.

The P-T path reconstructed based on the Grt2 composi-
tion ends in the stability field of P12 + Grt + Bt + Ms + Chl
+ Ilm (Figure 9f). However, the reconstructed P—T path may
constitute an incomplete record of garnet growth. A careful
inspection of the chemical profiles shows a slight spessartine
increase in the outer rim (Figure 4a), and garnet grains from

this sample show very irregular shapes (Figure 5a, S1 and
S2). Both observations are indicative of partial garnet resorp-
tion, which could be responsible for the partial dissolution of
garnet grains.

5.2 | Sample PK028

Two regions (I and II) of intersecting isopleths for the garnet
core composition can be observed in an isochemical phase
diagram calculated using the bulk rock composition of sam-
ple PKO28 (Figure S6). The high-P and low-T region I is lo-
cated outside the stability fields of lawsonite, chloritoid, and
ilmenite and within the stability field of rutile. Region II is
located outside the stability field of rutile, while this mineral
commonly forms inclusions in garnet grains in this sample.
Therefore, we use as the initial condition for P—T calculations
point at 373°C and 13.5 kbar, which is located close to region
I of intersecting isopleths (Figure S6, green circle).

The chemical profile of the analysed garnet grain
(Figure 4b) is characterized by fluctuations in grossular
and almandine composition in particular. Therefore, we
decided to use a simple linear regression model to smooth
our data. This approach helps to maintain computational
stability and faster fits with the search routine of the pro-
gram. Furthermore, as is shown by Catlos et al. (2018) has
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FIGURE 5
(f)—(h) sample PK033

no influence on the shape of the calculated P-T path. A
comparison of the observed and smoothed garnet chemical
profile is presented in Figure S7e. The obtained P-T path
and a comparison of observed and modelled garnet chemi-
cal profiles are presented in Figure 10.

The first point calculated in the modelled P-T path is lo-
cated at 502°C and 14.8 kbar, within the stability field of Grt
+ Bt + Pg + Ms + Chl + Cpx + Rt + Qtz—a mineral assem-
blage that, besides clinopyroxene, is observed in the thin section
(Figure 11a and b). The reconstructed P-T path ends at 15.6
kbar and 567°C, in the stability field of Grt + Pl + Bt + Ms +
Cpx + Rt + Qtz (Figure 11d). An isochemical phase diagrams
calculated for this P-T space suggest that the investigated sam-
ple resided outside the chloritoid and ilmenite stability fields
during garnet crystallization (Figure 11). Si** content in white
mica should fall in the range of 3.28 to 3.28 (Figure 11c and
S7a). Furthermore, paragonite mode should evolve from 8 vol%
at the onset and the final stages of garnet formation reaching 15
vol% during growth of outer core and inner rim (Figure S7b).
This explains the occurrence of relatively abundant paragonite
inclusions documented in garnet (Figure 5f). According to the
model predictions, clinopyroxene reached a maximum modal
percentage of 9.5 vol% at the beginning of garnet growth and

high

X-ray intensity

low

X-Ray maps showing zoned garnet porphyroblasts from the inspected mica schists. (a)—(c) Sample PK007; (d)—(f) sample PK028;

dropped to ~4.5 vol% when garnet growth ceased (Figure S7d).
This poses a question concerning clinopyroxene traces or its
decomposition products preserved in the garnet. We speculate
that the breakdown of clinopyroxene might have resulted in ad-
ditional paragonite and plagioclase inclusions relatively abun-
dantly preserved in garnet porphyroblasts according to one or
more of the following reactions:

Jd + Qtz = Ab,

5Jd + 6Czo + 2H,0 = 4Grs + 5Pg + Qtz,

Jd + 2Czo = An + Grs + Pg,
6Jd + 6Czo + 2H,0 = Ab + 4Grs + 5Pg.

Interestingly, the results of thermodynamic modelling
clearly indicate that at the beginning of garnet formation the
only stable Ti-bearing phase is rutile, while at the final stages
of garnet crystallization ilmenite is formed (Figure S7c). All
these modelling results are in agreement with the observed set
of mineral inclusions and their textural relations observed in
garnet grains.
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5.3 | Sample PK033

The isochemical phase diagram constructed for sample PK033
shows two regions of intercepting isopleths that correspond
to the garnet core composition: (I) 18 kbar and 470°C and
(II) 4.8 kbar and 518°C (Figure S8). Only the second region
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FIGURE 6 Compositional variations of white micas in the
investigated mica schists from the Kamieniec Metamorphic Belt
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is located within the stability field of the mineral assemblage
comprising Grt + Ms + Bt + Pl + Chl + IIm + Qz that is
observed both in the matrix and as inclusions in the garnet
grains. Therefore, we chose 496°C and 3.5 kbar as a starting
point for the P-T path calculation (Figure 12a, green circle).
The obtained P-T path and a comparison of observed and
modelled garnet chemical profiles are presented in Figure 12.

The obtained, generally prograde path ranges in the P-T
space from ~4.7 kbar and ~530°C to ~5.3 kbar and 550°C,
resulting in a pressure variation of 0.6 kbar and a tempera-
ture increase of ~20°C (Figure 12a). According to thermo-
dynamic modelling, the rims of garnet grains in this sample
were equilibrated within the stability field of Grt + Ms + Bt
+ P1+ St + Chl + Ilm + Qz (Figure 13). This is in accordance
with both the set of inclusions observed in the rim parts of
garnet grains and the mineral assemblages documented in the
matrix of the inspected sample.

This sample contains a few white mica grains with a rel-
atively high Si** content ranging from 3.28 to 3.33 cations
p.f.u. For a crystallization temperature of 450-500°C, these
grains could be equilibrated at pressures of up to 16-18.5
kbar (Figure 13c). At these P-T conditions, a stable mineral
assemblage comprises Grt + Pg + Ms + Lws + Chl + CId
+ Rt + Qz. We did not manage to document the mentioned
HP mineral assemblage in this sample. However, according
to the thermodynamic modelling, the amount of both par-
agonite and chloritoid should not exceed 5-8 vol% each.
Furthermore, lawsonite volume should be less than 1.5 vol%

0.8 (b) Grtl Grt2
0.6
— modeled observed
X — Alm (]
g 047 — Prp o
= e Sps e
Grs
0.2
0.0

10 12 14 16 18 20
sampling points

FIGURE 7 Results of thermodynamic modelling for sample PKOO7: (a) reconstructed P-T path, (b) modeled versus measured chemical

profiles in garnet. A core to rim sector of the profile was analysed. Numbers on X axis denote consecutive sampling points in garnet grain. Profile

length 0.47 mm
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at 500°C, and at 550°C this mineral phase is not stable. The
relatively minor amounts of these HP minerals could easily
be obliterated during retrogression.

To reconstruct the P-T history of the investigated samples
from the KMB, we have also applied a method proposed by
Evans (2004) and the thermodynamic database of Berman
(file JUN92d.bs, Berman, 1988) as well as the brute force
method of Vrijmoed and Hacker (2014). In the case of the
brute force method we utilized the same set of activity models
as for the method proposed by Moynihan & Pattison, 2013.
Results of these calculations can be found in the supplemen-
tary file (Figures S9-S14). These calculations demonstrate
that regardless of the thermodynamic database, solid solution
model for minerals and the modelling approach used, both
the shape and location of the calculated P-T paths are similar.

6 | QUARTZ-IN-GARNET RAMAN
BAROMETRY

Fully entrapped quartz inclusions in crack-free garnet host
have been measured with Raman spectroscopy. The thick-
nesses of the thin sections were between 40 and 60 pm and
the radii of the inclusions were typically between 2 and
5 um (Figure S15). The distance between the inclusion and
the thin-section surface was at least 10 um as estimated
by focusing on the thin-section surface and then gradually
moving downward to focus on the inclusion. The wave-
number shifts of the 128 and 464 cm™' bands compared
to a quartz standard were used to infer the residual quartz
inclusion pressure. The maximal wavenumber shift of
464 cm~! band was 5.7 cm™! for sample PK028, 4.5 cm”!
for PK007 and 1.6 cm™' for PK033. The wavenumber dif-
ferences of Raman peaks between pressurized quartz in-
clusion and quartz standard are provided in supplementary
material (Supplementary Tables) together with calculated
residual pressure based on the calibrations from Schmidt
and Ziemann (2000). The converted pressures based on
128 and 464 cm™ peaks were very consistent for all the
three samples (Figure 14a). The converted maximal re-
sidual pressures were 6.4 kbar for sample PKO028, 5.0
kbar for PK0OO7, and 1.8 kbar for PK033 (Tables S1-S3).
For PK028, the highest residual inclusion pressure was
found at the rim of the garnet, while the highest pressure
at the garnet core was ~0.5 kbar lower than at the rim. For
PKO033, no difference in residual quartz inclusion pressure
was observed between the garnet core and rim. For sample

PKO007, it was difficult to distinguish the true core and rim
due to small size of garnet transected within the thin sec-
tion. Meanwhile, quartz inclusions were not abundant in
the studied thin section of PK0O07. Therefore, we could not
confirm whether there was any systematic difference be-
tween the residual quartz inclusion pressure between the
garnet core and rim of PKOO7. In all the three samples,
a wide scatter of residual pressures from negative to the
maximal pressure was observed.

We used the 1D isotropic elastic model from Guiraud
and Powell (2006) to recover the entrapment pressure con-
ditions as shown in Figure 14. A MATLAB script was used
to solve the equation iteratively. The PVT relationship for
quartz was based on the EoS of curved alpha—beta transi-
tion by Angel et al. (2017) and for almandine/grossular/py-
rope garnet it was based on Milani et al. (2015). Spessartine
garnet was based on Gréaux and Yamada (2014). The vol-
ume of garnet mixture was calculated based on the molec-
ular percentage of garnet endmembers. Using the maximal
quartz inclusion pressure to recover the entrapment pres-
sure conditions, the results show that at ~500-550°C, the
entrapment pressure is ~15-16 kbar for PK028 rim, ~14—
15 kbar for PK028 core, ~12—14 kbar for PK007, and ~7-8
kbar for PK033 (Figure 14b).

7 | CLASSICAL
GEOTHERMOBAROMETRY BASED
ON WHITE MICA AND GARNET
CHEMISTRY

According to thermodynamic modelling, the core and rim
parts of garnet grains in the sample PK0O7 were formed in
contrastingly different P-T conditions. This is confirmed by
the diverse inclusion sets preserved in various parts of these
garnet grains, including white mica. The muscovite grains
in both PK007 and PK028 samples display variable chemi-
cal composition, varying from phengite to K-white mica
with low Si** content and paragonite. In the sample PK033,
white mica shows a rather homogenous composition typical
for K-white mica with mostly low Si*' content (Table 4).
However, we also documented a few grains showing a more
phengitic composition (Table 4). To estimate the P-T condi-
tions of white mica formation in all the analysed samples,
we have applied Si** in phengite geobarometer (Kamzolkin
etal., 2016) coupled with Ti** in white mica geothermometer
(Wu & Chen, 2015). The advantage of these tools is that they

FIGURE 8 Phase diagram modeling results for sample PKOO7 using the core composition of Grtl and bulk rock composition (a) isochemical

phase diagram (b) isopleths shown for mole fraction of almandine (red), grossular (blue), and spessartine (purple). Mole fraction isopleths are

shaded using 0.01 intervals. The stability fields of garnet, clinopyroxene, chloritoid, lawsonite, plagioclase, ilmenite and rutile are additionally

shown. (c) Compositional isopleths of Si** in K-white mica (pfu, based on 11 oxygens). d) Compositional isopleths of the X, in chloritoid. e)

vol% isopleths for lawsonite. Yellow areas mark the intersection of isopleths
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are based on the composition of the same mineral. However,
the Ti*" in white mica geothermometer was calibrated for a
low-P mineral assemblage comprising ilmenite and silliman-
ite, and the latter mineral is not present in the inspected sam-
ples. Therefore, we have supplemented these calculations by
applying two calibrations for the garnet-muscovite geother-
mometer formulated for metapelites metamorphosed at high
pressures (Green & Hellmann, 1982; Hynes & Forest, 1988).
The results of geothermobarometric calculations are pre-
sented in Figure 15.

The PK007 and PK028 samples are characterized by the
occurrence of two groups of white mica. The groups consid-
erably differ by Si** content. In the micaschist PK007, the
most common white mica flakes are characterized by rela-
tively low Si** contents, testifying to equilibration pressures
of max ~3-7 kbar, while phengitic white mica crystallized
predominantly at ~15-21 kbar depending on the applied cal-
ibration of geothermobarometers (Figure 15a). The grains
with the lowest Si** content were mostly documented in the
cleavage zones as well as in Grt2, that is, in the rim parts
of the garnet grains. Conversely, phengitic white mica grains
were mostly documented in the microlithons as well as in
Grtl, that is, in the core parts of garnet grains. In PK028,
the phengites most commonly crystallized at ~15-23 kbar,
while less abundant low Si** white mica were equilibrated at
max ~10 kbar (Figure 15b). In the PK033 sample, most white
mica grains were formed at pressures ranging from 5 to 8
kbar. However, a few grains were also equilibrated at higher
pressures of ~15—17 kbar (Figure 15¢). We suggest that the
observed bimodal distribution of Si** content in white mica
may be a record of LP overprint of earlier HP metamorphic
event. The LP event is not recorded by garnet but is preserved
in white mica (Figures 8c, 9e, 11c, 13c).

Results of classical geothermobarometry clearly indi-
cate that two compositional groups of white mica that were
formed at strikingly different P-T conditions are present
in the investigated samples. This is especially obvious for
sample PKOO7 for which the estimated P-T conditions of
white mica crystallization are quite consistent with the
formation conditions of two garnet generations (Grtl and
Grt2) as based on thermodynamic modelling. Importantly,
especially in the case of the sample PK007 phengitic white

mica were observed exclusively in Grtl, while low Si*t
muscovites were documented in Grt2. However, compar-
ison of the results obtained using classical geothermo-
barometry and thermodynamic modelling suggests that
muscovite—garnet geothermometer in calibration of Green
and Hellmann (1982) and Ti-in-muscovite geothermome-
ter of Wu and Chen (2015) may overestimate temperatures.
As a consequence, the predicted pressure based on these
geothermometers are also overestimated. The two K-white
mica compositional groups are also present in the remain-
ing two samples PK028 and PK033. In PK028 low Si**
mica group equilibrated at pressures not exceeding 10 kbar
is particularly interesting. Its occurrence implies a signif-
icant pressure drop to values of ~3—-10 kbar after garnet
formation.

The pressure estimates based on classical geothermoba-
rometry are in good agreement with inferences drawn from
the Raman data and the calculated isochemical phase dia-
grams. The only notable discrepancy is that white mica with
high Si** content observed in samples PK00O7 and PK028 ex-
hibit pressures higher by ~2—4 kbar as compared to the P-T
estimates based on garnet zoning.

8 | DISCUSSION
8.1 | Peak metamorphic conditions and
implications for regional geology

The Kamieniec Metamorphic Belt has not been, up to now,
recognized as bearing a pervasive imprint of HP-LT meta-
morphism. HP metabasites have been described in the KMB
(Achramowicz et al., 1997; Bakun-Czubarow, 1998), but
until recently little attention had been paid to the associated
widespread metapelites and their high-P record. Our work
demonstrates the significance of metapelites in the study of
HP metamorphism of the KMB. Our data indicate that rocks
of the KMB experienced a T/P gradient in the range between
25 and 38°C/kbar on their prograde path. Using the lithostatic
pressure approach and taking an average density of 2.7 g/cm3
for the overburden, the obtained peak pressures correspond
to a geothermal gradient of ~6.9—-10.4°C/km. These very low

FIGURE 9 Phase diagram modeling results for sample PK0O7 using the rim composition of Grtl and fractionated rock composition (a)—

(c), the core composition of Grt2 (d)—(e), and the rim composition of Grt2 (f). (a) Isopleths shown for mole fraction of almandine (red), grossular

(blue), and spessartine (purple). Mole fraction isopleths are shaded using 0.01 intervals. The stability fields of garnet, clinopyroxene, chloritoid,

lawsonite, plagioclase, ilmenite and rutile are shown. (b) Compositional isopleths of the Xy, in chloritoid (solid line), and vol% isopleths of

lawsonite (dashed line). (c¢) vol% isopleths of garnet. (d) Isopleths shown for mole fraction of almandine (red), grossular (blue), and spessartine

(purple) with shading that spans two contour intervals of 0.01 mole fraction. The stability fields of garnet, clinopyroxene, lawsonite, plagioclase,

staurolite, ilmenite and rutile are shown. (¢) Compositional isopleths of Si** in K-white mica (pfu, based on 11 oxygens). (f) Isopleths shown for

mole fraction of almandine (red), grossular (blue), and spessartine (purple) with shading that spans two contour intervals of 0.01 mole fraction.

The stability fields of garnet, clinopyroxene, chloritoid, lawsonite, plagioclase, ilmenite and rutile are shown. Yellow areas mark the intersection of

isopleths
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TABLE 9 Bulk and garnet (Mod - modelled) compositional data (mol%) calculated using the MP13 method. For comparison given is also
observed (Obs) compositional data for garnet used in modelling

PKO007 inner =~ PKO007 outer =~ PKO0O7 inner =~ PKO007 outer  PK028 PKO028 PKO033 PKO033
Sample core core rim rim core rim core rim
No 1 12 1 8 1 18 1 21
XMod_alm 59.9 68.5 67.3 76.9 72.5 79.8 66.3 70.7
XMod_prp 3.1 4.1 4.7 7.7 2.3 5.0 4.1 6.7
XMod_sps 22.6 9.9 13.2 2.5 4.4 0.3 17.2 12.6
XMod_grs 14.4 17.4 14.8 13.0 20.8 14.9 12.4 10.0
XObs_alm 58.9 67.3 66.4 71.6 67.6 68.1 59.9 71.1
XObs_prp 33 4.4 44 8.1 4.6 12.1 6.0 9.1
XObs_sps 14.7 18.2 14.4 10.6 233 18.6 14.4 6.5
Obs_Xgrs 23.1 10.1 14.8 9.7 4.5 1.3 19.8 13.4
SiO, 61.16 60.53 60.47 59.57 49.78 46.14 60.75 60.51
Al,O5 22.22 21.80 21.76 21.17 26.03 23.61 22.85 22.69
TiO, 0.63 0.63 0.63 0.63 0.77 0.77 0.81 0.81
FeO 4.63 4.23 4.19 3.54 7.57 4.83 5.03 4.87
MgO 2.46 2.44 2.43 2.38 2.77 2.63 2.49 2.48
MnO 0.08 0.05 0.04 0.01 0.01 0.00 0.08 0.05
CaO 0.54 0.43 0.42 0.26 1.40 0.66 0.60 0.57
Na,O 2.11 2.11 2.11 2.11 3.31 3.31 1.60 1.60
K,O 4.44 4.44 4.44 4.44 7.50 7.50 5.03 5.03
() PK028 0.8 (b)
23 L S
°
cec e *
0.6
é N modeled observed
g — S — Am e
2 13 2 047 — Ppe
o — — Sps °
o Grs
8 0.2
o O o o o °* et )
o e
3 0.0 A coreﬁﬁ PSP SR B Tifth
400 450 500 550 600 650 0 2 4 6 8 10 12 14
Temperature [°C] sampling points

FIGURE 10 Results of thermodynamic modelling for sample PK028: (a) reconstructed P-T path; (b) Modeled versus measured chemical
profile in garnet. A core to rim sector of the profile was analysed. Numbers on X axis denote consecutive sampling points in garnet grain. Profile

length 13 mm
values of geothermal gradient and the presumed presence of The investigated samples from the Kamieniec
lawsonite indicate that the KMB was formed under P-T con- Metamorphic Belt exhibit similar mineralogy and micro-

ditions typical of a subduction zone. structures, but record different aspects of the P-T history
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(a) Isochemical phase diagrams for sample PK028 calculated for core composition of the analysed garnet grain. (b) Modelled

isopleths for core composition of garnet shown for mole fraction of almandine (red), grossular (blue), and spessartine (purple). Mole fraction

isopleths are shaded using 0.01 intervals. Additionally are shown stability fields of garnet, clinopyroxene, chloritoid, lawsonite, plagioclase,

ilmenite and rutile. (c) Compositional isopleths of Si** in K-white mica (pfu, based on 11 oxygens). (d) Modelled isopleths for the rim composition

of garnet shown for mole fraction of almandine (red), grossular (blue), and spessartine (purple) with shading that spans two contour intervals of

0.01 mole fraction. Additionally are shown stability fields of garnet, clinopyroxene, chloritoid, lawsonite, and plagioclase. Yellow areas mark the

intersection of isopleths

revealed by garnet composition, Si** in phengite and quartz
inclusion pressure. The micaschist PK028 sample bears a
clear imprint of HP metamorphism, which resulted in crys-
tallization of HP mineral phases such as phengitic white
mica and rutile. The sample also contains K-white mica
with a very low Si** content and ilmenite, which both un-
avoidable attest to low-P overprint. On the other hand, the

PKO033 sample is characterized by a well-preserved record of
LP metamorphism, which is manifested by white mica with
low Si** content, staurolite and ilmenite. This micaschist
sample also contains a few phengitic white mica grains that
we interpreted as relics of HP conditions. The sample PK0O7
clearly bears a record of HP metamorphism overprinted by
an LP event, with both metamorphic stages accompanied
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FIGURE 12 Results of thermodynamic modelling for sample PK033: (a) reconstructed P-T path, (b) Modeled versus measured chemical

profile in garnet. A core to rim sector of the profile was analysed. Numbers on X axis denote consecutive sampling points in garnet grain. Profile

length 0.36 mm

by garnet growth. The early, core-forming garnet generation
embeds a HP mineral assemblage represented by phengitic
white mica, chloritoid, rutile needles, and inferred lawsonite
pseudomorphs. The late, rim-forming garnet generation con-
tains mostly ilmenite and white mica with a low Si** content.
Consequently, comparison of results of classical geothermo-
barometry and thermodynamic modelling demonstrates that
most probably all the investigated samples from the KMB
share the same or a similar metamorphic evolution that in-
cludes the HP/LT episode at ~15-18 kbar and ~470-570°C,
followed by decompression to ~5-7 kbar and ~530-570°C
(Figure 16a). We suggest that the late non-coaxial shearing
at LP conditions could be responsible for the observed dif-
ferences in metamorphic record and, locally, for an almost
complete obliteration of the HP event products. The LP
overprint is best recorded in sample PK033, which contains
garnet with ilmenite forming sigmoidal inclusion trails and
staurolite preserved in the rims of garnet grains. The obser-
vations testify to a low-P origin for garnet in this sample and
also demonstrate their syntectonic character. In contrast, the

coarse-grained sample PK028 shows barely noticable traces
of deformation structures developed at low pressure and,
thus, the LP overprint is weak. These observations also point
to the heterogeneous nature of the late non-coaxial shearing
in the KMB.

The crustal complexes of the Bohemian Massif have
been recently considered as having formed in response
to underthrusting of the Saxothuringian crustal domain
beneath the Tepla—Barrandian domain and their subse-
quent collision with the Brunovistulian microcontinent
(e.g. Chopin et al., 2012; Mazur et al., 2012; Schulmann
etal., 2009). This explanation was proposed for the Sudetes,
which are located south of the Sudetic Boundary Fault
(Figure 1). However, a similar model could be offered for
the Fore-Sudetic Block, which hosts the KMB. Recent in-
vestigations indicate that crustal complexes of the Central
Sudetes, including the KMB, may represent the eastern-
most extent of the Saxothuringian crust (e.g. Jastrzgbski
et al., 2020; Mazur et al., 2012; Oberc-Dziedzic et al., 2018;
Szczepanski et al., 2019; Tab aud et al., 2021). The KMB

FIGURE 13

(a) Isochemical phase diagram for sample PK033 calculated for the core composition of the investigated garnet. (b) Modelled

isopleths for core composition of garnet shown for mole fraction of almandine (red), grossular (blue), and spessartine (purple). Mole fraction

isopleths are shaded using 0.01 intervals. Additionally are shown stability fields of garnet, clinopyroxene, chloritoid, lawsonite, plagioclase,

staurolite, ilmenite and rutile. (c) Compositional isopleths of Si** in K-white mica (pfu, based on 11 oxygens). (d) Modelled isopleths for rim

composition of garnet shown for mole fraction of almandine (red), grossular (blue), and spessartine (purple) with shading that spans two contour

intervals of 0.01 mole fraction. Stability fields of garnet, clinopyroxene, chloritoid, lawsonite, plagioclase, ilmenite and rutile are additionally

shown. (e) Compositional isopleths of the #Mg in staurolite. Yellow areas mark the intersection of isopleths
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(a) Quartz inclusion residual pressures converted from Raman spectroscopic data of the 128 and 464 cm’! bands. Experimental

calibration from Schmidt and Ziemann (2000) is used assuming quartz inclusions to be under hydrostatic stress condition. (b) Calculated quartz

inclusion pressure isomekes for observed garnet composition as host. The background isopleths show the calculated residual quartz inclusion

pressures as a function of entrapment P-T conditions. The maximal quartz inclusion pressures from (a) are used to obtain the entrapment P for

each sample. Additionally shown are P-T paths reconstructed based on garnet zoning. The discrepancy between the entrapment pressures of

quartz inclusion and the pressures based on garnet growth modelling is within 2 kbar for sample PK033 and PK028. For sample PK007, the peak

pressure predicted from garnet growth modelling is ca. 5~6 kbar higher than the quartz entrapment pressure

can be considered as a portion of the Saxothuringian crust
that has experienced metamorphism typical of subduction
zones. Taking into account available tectonic models, we
suggest that the observed metamorphic record most prob-
ably resulted from collision and underthrusting of the
Saxothuringian crust below the Brunovistulian microcon-
tinent (Figure 16b). The record of this collisional event
can be found in the Brunovistulian domain as relatively
abundant Upper Devonian supra-subduction metavolca-
nics, which are interpreted as relics of a volcanic arc, and
quartzitic metasandstones exposed in the East Sudetes,
which might have been derived from erosion of supra-
subduction volcanic complexes (JanouSek et al., 2014;
Szczepanski, 2007). The underthrusted and mechanically
weakened Saxothuringian crust was folded in front of the
rigid Brunovistulian intender as depicted by the numerical
models of Maierova et al. (2014). To describe the origin and
structure of the crustal complexes exposed in the Bohemian
Massif, the authors proposed either gravity-driven or fold-
dominated deformation scenarios. In the first scenario, high
heat production and a relatively slow convergence rate of
colliding crustal blocks led to high-T conditions of meta-
morphism, mechanical weakening of the material resulting
in gravitational instability, and, as a consequence, vertical

exchange of crustal complexes. In the second scenario, low
heat production due to a low concentration of felsic rocks in
the underthrusted crust coupled with a rapid convergence
resulted in crustal-scale folding and extrusion of the rocks
even from the low crustal levels. In such scenario, the ana-
lysed rock complexes may have experienced cold extrusion
from depth corresponding to pressures of ~18 kbar and
temperatures below ~500°C (Maierova et al., 2014). This
generally seems to be the case of the crustal complexes lo-
cated east of the Géry Sowie Massif, including the KMB.
The numerical model of Maierova et al. (2014) shows that
folding is the main mechanism responsible for exhumation
of crustal material in the fold-dominated scenario. This is in
agreement with our observations indicating that folding in
the KMB already started during the HP episode, as shown
by small-scale folds preserved in garnet porphyroblasts
from sample PK028, and continued in the shallow crustal
levels, as shown by microstructures preserved in the PK007
sample. The thermodynamic modelling presented in our
study established that the non-coaxial shearing recognized
in the inspected samples operated at pressures of ~3-5 kbar.
Hence, the folding processes were also active after exten-
sive exhumation, potentially driven by the mechanical insta-
bility due to the overthickened rock complexes.
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FIGURE 15 Results of geothermobarometric calculations for sample: (a) PK007, (b) PK028 and (c) PK033. KIK - Si** in phengite
geobarometer (Kamzolkin et al., 2016). WC - Ti*" in white mica geothermometer (Wu & Chen, 2015). Garnet-muscovite geothermometer in
calibration of HF - Hynes and Forest (1988) and GH - Green and Hellmann (1982)

Summing up, we postulate that the KMB may represent
an allochtonous fragment of the Saxothuringian domain.
Most probably owing to relatively fast convergence rate and
low heat production, this portion of the Saxothuringian crust
underwent folding and cold extrusion from below the Tepla—
Barrandian in front of a rigid indenter represented by the
Brunovistulian microcontinent (Figure 16).

8.2 | Stability and preservation of high-P
quartz inclusions in garnet

The recovered entrapment pressures based on quartz-in-
garnet Raman barometry for sample PK028 and PK033 are

very close to the predicted pressures from thermodynamic
modelling being within ~1-2 kbar (Figure 14). However, for
sample PKO0O7, the maximal entrapment pressure recovered
by quartz inclusions is ~4-5 kbar lower than the peak meta-
morphic pressure recovered by thermodynamic modelling
of garnet growth (see Figure 14). It is noted that we have
imposed strict selection rules and thick sections in search-
ing for the quartz inclusions: for example, the inclusions are
isolated and close to spherical with radii less than 2 to 5 pm
and depth more than two to three times the inclusion radius
(Mazzucchelli et al., 2018; Zhong et al., 2019). Therefore,
residual pressure modifications due to inclusion shape and
proximity to thin-section surface are not likely to be respon-
sible for the systematic lower entrapment pressure and the
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FIGURE 16
the investigated samples. The solid lines mark the part of the P-T

(a) Summary of inferred P-T paths calculated for

path reconstructed based on garnet composition, while dashed lines
mark the P-T path portions reconstructed based on other minerals
(mainly white mica composition); The solid blue line shows the P-T
path reported for HP eclogites from the Kamieniec Metamorphic Belt
(Bakun-Czubarow, 1998); (b) Tectonic model (not to scale) showing
a possible mechanism of exhumation of the KMB mica schists. The
dashed line illustrates the present erosion level

wide scattering of the measured residual inclusion pressure
shown in Figure 14.

The effect of elastic anisotropy of quartz inclusion on
residual stress has been studied in, for example, Murri
et al. (2018), Bonazzi et al. (2019), and Zhong et al., (2021).
For a quartz inclusion entrapped in almandine garnet at ~15
kbar and 500°C, the residual differential stress ¢,—c, of the
quartz inclusion after exhumation is predicted to be minor
(<1 kbar). Because the residual stress state of quartz inclu-
sion is relatively close to hydrostatic, the applications of

experimental calibration between Raman shift and pressure
(Schmidt & Ziemann, 2000), and the 1D isotropic elastic
model (Guiraud & Powell, 2006) are suitable in this case.
Therefore, elastic anisotropy of quartz inclusions alone can-
not fully explain the observed discrepancy between the pres-
sure estimates based on the Raman spectroscopy and mineral
equilibria.

Similar magnitudes of pressure discrepancy have been
reported for high-P rocks in, for example, Stak eclogite
(Himalaya), Kulet whiteschist (Kazakhstan) etc. (Korsakov
et al., 2010; Kouketsu et al., 2016). It has been inferred that
viscous creep may have occurred during isothermal decom-
pression at high temperature (>750~800°C), which par-
tially relaxed the residual quartz inclusion pressure (Zhong
et al., 2018). However, in our case the maximal temperature
recorded is less than 550°C. The extrapolation of the alman-
dine garnet flow law to such low-T7 conditions yields unrealis-
tically long characteristic viscous relaxation times (>10° Ma)
for GPa level differential stress (Dabrowski et al., 2015; Karato
et al., 1995; Zhong et al., 2020). Therefore, it is unlikely that
the residual stress relaxation observed in our study can be re-
lated to a time-dependent viscous creep of the garnet host.

The effect of garnet growth overstepping has been studied
in, for example, Spear et al., (2014) and Castro and Spear
(2017) to explain the discrepancy between the P-T estimates
based on equilibrium thermodynamic modelling and Raman
elastic barometry. In these cases, the pressure corresponding
to the intersection of garnet compositional isopleth based on
equilibrium model is generally lower than the Raman barom-
etry results. In our sample PKO007, it is the opposite in that the
Raman barometry results are lower than the intersecting pres-
sure of garnet compositional isopleths. For sample PK033
and PKO028, the intersecting pressure of garnet compositional
isopleths is ~2-3 kbar and ~1-2 kbar lower than the predicted
entrapment pressure of quartz inclusion respectively. This de-
gree of pressure discrepancy is similar to the reported values
in Spear et al., (2014). The same sized discrepancy in the
order of 2 kbar has also been reported in Thomas and Spear
(2018), where the experimentally synthesized garnet shows a
higher entrapment condition based on quartz inclusions than
the imposed experimental pressure condition.

The samples studied here all exhibit strong shearing de-
formation. Although garnet is a rigid mineral that has high
yield strength, it has been demonstrated to exhibit plastic be-
haviour under high differential stress at ~600°C (Hawemann
et al., 2019). A potential alternative explanation for the large
pressure discrepancy for PKOO7 is that the externally im-
posed shear deformation after the formation of garnet por-
phyroblasts may result in a partial release of the overpressure
in quartz inclusions during decompression (quartz pressure
is reset). This may partially be supported by the presence of
grains with negative Raman shift (negative pressure) in all the
three investigated samples (Figure 14a). The peak negative
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pressures of these samples approach ~1.5—1.8 kbar. Its mag-
nitude is above the uncertainty of Raman spectroscopy (<0.2
kbar). It is speculated that pressure release may have occurred
during the syntectonic isothermal decompression process ac-
companied with shear deformation. If this is true, the quartz
inclusion pressure may potentially have been reset to lower
pressure condition where the elastic isomeke corresponds to
anegative value (Kouketsu et al., 2014). Further investigation
on, for example, dislocation density around quartz inclusions
in garnet could be performed to confirm if this is the case.
Here, it does not influence the conclusion that the rock has
undergone high-P event due to the other evidences pointing
to high-P condition, for example, the high Si** content in
white mica, equilibrium modelling of garnet growth, and the
high residual quartz pressure from sample PK028.

Another potential explanation for the lower quartz en-
trapment pressure recovered from sample PKOO7 is that
most quartz inclusions from this sample are found in the
garnet mantle and rim. The garnet grains are typically small
(<0.4 mm) so that it is difficult to distinguish whether the
quartz inclusions are from the ‘true’ core part or the ‘appar-
ent’ core part by cutting the garnet grain through the mantle
or rim. Quartz inclusions in the core part of the observed
small garnet grains are rare. Therefore, it is also possible
that most of the quartz inclusions obtained from sample
PKO007 have been measured from the garnet mantle and rim
(or apparent garnet core in 2D section due to the cutting
plane not passing through the garnet core), which were
formed after the decompression as shown in Figure 14.
If this is the case, the recovered entrapment pressure for
sample PK0OO7 may only represent the decompressed value
during or after exhumation.
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SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section.

Figure S1. X-Ray maps illustrating chemical zoning of a
garnet porphyroblast from sample PK007. Comparison of
Fe and Ti maps indicate that Grtl (cores of inspected garnet
grains) contains rutile, while Grt2 (rims of inspected garnet
grains) comprise mostly ilmenite. Note the sharp variation
of the chemical composition from Grtl to Grt2, especially
for Mn.

Figure S2. X-Ray maps illustrating chemical zoning of a
garnet porphyroblast from sample PK0O07. Comparison of
Fe and Ti maps indicate that Grtl (cores of inspected garnet
grains) contains rutile, while Grt2 (rims of inspected garnet
grains) comprise mostly ilmenite.

Figure S3. SEM images of garnet grains from sample PK033.
Note that inclusions in garnet grains are represented by il-
menite and staurolite. [Imenite and staurolite are also present
in the matrix of the inspected sample.

Figure S4. Isochemical phase diagram for sample PK0O7
calculated for the bulk rock composition. Mole fraction iso-
pleths of almandine (red), grossular (blue), and spessartine
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(purple) for Grtl are shown. Orange line shows lower limit
for garnet stability.

Figure S5. Isochemical phase diagram for sample PKO0O7
calculated for the effective bulk rock composition after Grtl
growth. Mole fraction isopleths of almandine (red), grossular
(blue), and spessartine (purple) are shown. Orange line shows
the lower limit for garnet stability.

Figure S6. Isochemical phase diagram for sample PK028 cal-
culated for the effective bulk rock composition. Mole fraction
isopleths of almandine (red), grossular (blue), and spessar-
tine (purple) are shown. Orange line shows the lower limit
for garnet stability.

Figure S7. Changes of vol% of selected minerals along the
modelled P-T path for sample PK028: (a) paragonite and K-
white mica. (b) Garnet, clinopyroxene, plagioclase. (c) Rutile
and ilmenite. (d) Modelled PT path, (e) compositional tran-
sect across garnet in sample PK028. Color circles are the
garnet composition obtained using an electron microprobe;
black lines show the smoothed fit of the electron microprobe
data and are compositions used in the modeling program.
Figure S8. Isochemical phase diagram for sample PK033
calculated for the effective bulk rock composition. The mea-
sured garnet core isopleths are shown for mole fraction of
almandine (red), grossular (blue), and spessartine (purple).
Orange line shows lower limit for garnet stability.

Figure S9. Results of thermodynamic modeling for sample
PKO007 using fractionation model proposed by Evans (2004).
Black circles mark intersection of garnet isopleths. (a) Garnet
isopleths and phase stability limits calculated for the unfraction-
ated rock composition and the core composition of garnet grains.
(b) chloritoid stability field and isopleths for Xy, in chloritoid
for unfractionated rock composition. (c) Garnet isopleths and
garnet vol% isopleth calculated for end of Grtl crystallization,
(d) garnet isopleths and phase stability limits calculated for the
onset of Grt2 crystallization. (e) Garnet isopleths and ilmenite
stability limit calculated for end of Grt2 crystallization. (f) Si in
white mica isopleths and reconstructed PT path.

Figure S10. Results of thermodynamic modeling using
fractionation model proposed by Evans (2004) for sample
PKO028. Black circles mark intersection of garnet isopleths.
(a) Garnet isopleths and (b) phase stability limits calculated
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for unfractionated rock composition and core of garnet grains.
(c) Garnet isopleths and phase stability limits calculated for
fractionated rock composition and garnet rims. (d) Si in white
mica isopleths and two possible reconstructed P-T path.
Figure S11. Results of thermodynamic modeling using
fractionation model proposed by Evans (2004) for sample
PKO033. Black circles mark intersection of garnet isopleths.
(a) Garnet isopleths and phase stability limits calculated for
unfractionated rock composition and core of garnet grains.
(b) Garnet isopleths and phase stability limits calculated for
fractionated rock composition and garnet mantle. (c) Garnet
isopleths and phase stability limits calculated for fraction-
ated rock composition and garnet rims. (d) Si in white mica
isopleths, staurolite stability field and reconstructed P-T
path.

Figure S12. Results of thermodynamic modeling using the
brute force method proposed by Vrijmoed and Hacker (2014)
for sample PKO007.

Figure S13. Results of thermodynamic modeling using the
brute force method proposed by Vrijmoed and Hacker (2014)
for sample PK028.

Figure S14. Results of thermodynamic modeling using the
brute force method proposed by Vrijmoed and Hacker (2014)
for sample PK033.

Figure S15. Photomicrographs of quartz inclusions from
sample PK028.

Table S1. Summary of Raman shifts and residual pressures
for quartz inclusions from sample PK0O7.

Table S2. Summary of Raman shifts and residual pressures
for quartz inclusions from sample PK028.

Table S3. Summary of Raman shifts and residual pressures
for quartz inclusions from sample PK033.
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