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Abstract

The metamorphic conditions and evolution of the Palaeozoic-Mesozoic metamorphic complex
of Medvednica Mountain (Zagorje-Mid-Transdanubian zone, Croatia) are still a matter of debate.
The results of the investigation of five samples of metapelitic schists with the mineral associa-
tion of quartz, white mica and chlorite are presented. The studied schists are part of the conti-
nental margin of Adria and were metamorphosed under upper greenschist- to amphibolite-facies
conditions. The focus of this study is a sample representing the highest metamorphic grade that
additionally contains chloritoid blasts. Pressure-temperature pseudosection modelling together
with classical geothermobarometric calculations yielded peak metamorphic conditions of 0.94
+0.05 GPa and 550 + 20 °C for chloritoid schist. Monazite in-situ U-Th-total Pb electron micro-
probe dating indicates two metamorphic events at 167 + 2 Ma and 143 + 2 Ma, which are inter-
preted as the time of monazite growth during two distinct metamorphic phases. The formation
of the chloritoid paragenesis is related to the older event (around 167 Ma) and linked with the
Middle Jurassic subduction-accretion processes of Neotethys-derived ophiolitic lithologies. The
younger metamorphic event (around 143 Ma) is related to the obduction of ophiolites onto the

barometry, monazite

continental margin of Adria.

1. INTRODUCTION

The study is focused on the metasedimentary succession of the
Palaeozoic-Mesozoic metamorphic complex (PMMC) of Med-
vednica Mountain (Mt.) north of the city of Zagreb. The investi-
gated metasediments are part of the Jadar-Kopaonik thrust sheet
(BASCH, 1983a,b; KARAMATA, 2006; SCHMID et al., 2008)
(Fig. 1), which originated at the continental margin of the Adria
microplate promontory and are located along the present day con-
tact of the Tisia and Adria microplates (SCHMID et al., 2008;
2020, SCHEFER et al., 2010 and references therein). Between
these microplates, the opening and extension of the Neotethys
occurred from the Middle Triassic to the Middle Jurassic, during
which time intra-oceanic subduction occurred (BABIC et al.,
2002; PAMIC, 2002; KARAMATA, 2006; SCHMID et al., 2008;
2020; SEGVIC et al., 2014; 2020). This subduction was followed
by an accretion process and the subsequent obduction of Neo-
tethys crust resulting in the formation of ophiolites (West Vardar
ophiolites sensu SCHMID et al., 2008; 2020, and references
therein) at the continental margin of Adria (CMA). Geochemis-
try and mineralogy of metasediments usually provide valuable
information on the nature of the protolith and its metamorphic
evolution. Therefore, we conducted a petrochronological study
on the metasedimentary succession of the PMMC to better un-
derstand its evolution. The study primarily focuses on a sample
containing chloritoid as an index mineral of the highest metamor-
phic grade in metasediments on Medvednica Mt.

Chloritoid schists of Medvednica Mt. were earlier reported
by VRAGOVIC & MAJER (1979a,b), who described the petrog-

raphy and presented the chemical whole-rock compositions of
their samples but without stating either a stratigraphic correlation
or position within the PMMC of Medvednica Mt. MISUR et al.
(2013) presented petrographic and whole rock analyses of the
chloritoid schist from the southeastern slopes of Medvednica Mt.

We aimed to distinguish metamorphic records in the chlori-
toid schist. All samples in this study were analysed by petro-
graphic microscope, followed by whole-rock analyses, whereas
further chemical analyses of minerals were only carried out on
the chloritoid-bearing sample. This research considers the pos-
sibility that the investigated metasedimentary succession of the
PMMC could have recorded polymetamorphic overprinting of
the aforementioned complex; a prograde phase, developed during
the Jurassic subduction and collision of Adria and Europe (i.e.
Tisia) (LANPHERE et al., 1975; OKRUSCH et al., 1978; DIMO-
LAHITTE et al., 2001; SCHMID et al., 2008; 2020; SEGVIC et
al., 2014; 2020; BELAK et al., 2022) and a subsequent retrograde
phase in the Early Cretaceous (110 — 125 Ma) related to ophiolite
obduction onto the CMA during the final stage of ocean closure
(VAN GELDER et al., 2015; BELAK et al., 2022).

2. GEOLOGICAL SETTING

The Middle Triassic opening of the Neotethys ocean was fol-
lowed by intermediate and basic volcanism (PAMIC, 1984;
SCHMID et al., 2008; VAN GELDER et al., 2015; SLOVENEC
etal., 2020 and references therein). The passive continental mar-
gin of eastern Adria was formed simultaneously and is charac-
terised mainly by siliciclastic and carbonate sedimentation
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(PAMIC, 1984; SCHMID et al., 2008; VAN GELDER et al.,
2015). During the late Middle Jurassic, intra-oceanic subduction
in the Neotethys realm resulted in the formation of an accretion-
ary wedge and thrusting of ophiolitic units forming a mélange
(BABIC et al., 2002; SCHMID et al., 2008, 2020; SLOVENEC
et al., 2010; SEGVIC et al., 2014; VAN GELDER et al., 2015).
Later on, during the Late Jurassic — Early Cretaceous, Jurassic
ophiolite lithologies (i.e. Western Vardar sensu SCHMID et al.,
2008; 2020) were obducted onto the CMA (PAMIC, 2002;
BABIC et al., 2002; KARAMATA, 2006; SCHMID et al., 2008;
2020). These events influenced the subsequent geological setup
of the central part of Medvednica Mt.

Medvednica Mt. is situated in an area where Dinaridic, Car-
pathian, and Alpine units came into contact (Fig. 1). This area is
known as the Zagorje—Mid-Transdanubian Zone (ZMTZ after
PAMIC & TOMLIENOVIC, 1998), which evolved during the
Cretaceous-Palaeogene collision of the Adria microplate with the
European margin (PAMIC, 2002; USTASZEWSKI et al., 2009;
TOLJIC et al., 2013). The ZMTZ was the major regional shear
zone in the Oligocene-Pliocene, where the northern tip of the Di-
naridic units was rotated clockwise from a NW-SE to a NE-SW
orientation (SCHMID et al., 2008; TOMLJ ENOVIC etal., 2008;
USTASZEWSKI et al., 2008; VAN GELDER et al., 2015). The
northern boundary of the ZMTZ is the Periadriatic transcurrent
fault merging eastward into the Balaton line (FODOR et al., 1998;
HAAS et al., 2000; TOMLJENOVIC et al., 2008; and reference
therein). The southern border of the ZMTZ is the Zagreb-Zemp-
lin lineament which forms the border to the Tisia-Dacia mega-
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block (CSONTOS & NAGYMAROSY, 1998; FODOR et al.,
1998; HAAS et al., 2000) (Fig. 1).

Medvednica Mt. is composed of exhumed Jurassic ophiolitic
lithologies that were obducted onto the PMMC and covered by
Cretaceous and Tertiary sediments (Fig. 2) (SIKIC et al., 1978;
1979; BASCH, 1983a,b; BABIC et al., 2002; JUDIK et al., 2004
LUGOVIC et al., 2006; TOMLJENOVIC et al., 2008; VAN
GELDER et al., 2015). The PMMC consists of metasediments,
which were originally shale, sandstone, limestone, and chert in-
terstratified with basalt and tuff, and was affected by several de-
formation events (BELAK et al., 1995a,b; JUDIK et al., 2004;
LUGOVIC et al., 2006; TOMLJENOVIC et al., 2008; VAN
GELDER et al., 2015). According to TOMLJENOVIC et al.
(2008), these events were: (1) the Aptian—Albian nappe stacking
in the central-northern Dinarides, (2) Early Albian orogen-per-
pendicular shortening, (3) E-W shortening that took place after
the Palacocene; and (4) right—lateral N—S shearing that was in-
terpreted to be related to the right-lateral shearing of the Sava
zone during the Eocene—Oligocene (PAMIC & TOMLJENOVIC,
1998; TOMLJENOVIC, 2002; TOMLJENOVIC et al., 2008).

The metamorphic conditions of the PMMC were determined
using the Kiibler index (JUDIK et al., 2004), the chlorite em-
pirical thermometer and vitrinite reflectance thermometry
(LUGOVIC et al., 2006; JUDIK et al., 2008). The temperature
range of metamorphism of the PMMC was 300 —410 °C, obtained
using the Kiibler index method (JUDIK et al., 2004; 2008) and
300—350 °C by applying chlorite geothermometry in metabasites
(LUGOVIC et al., 2006). VRAGOVIC & MAJER (1979b) as-
sumed metamorphic P-T conditions for chloritoid schist up to
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Figure 1. The regional geological position of Medvednica Mountain, compiled after SCHMID et al. (2016). SA - Southern Alps; Ophiolitic units: SZ — Sava zone; WV
- Western Vardar units; EV — Eastern Vardar units; Adria derived units: PK&BF - Pre-Karst & Bosnian flysch zone; EBD - East Bosnian - Durmitor; DI - Drina Ivanjica
units; JK - Jadar - Kopaonik units. Yellow ellipse marks the position of the Medvednica Mt.
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Figure 2. A simplified geological map of Medvednica Mt. (modified after TOMLJENOVIC, et al., 2008). The cross indicates the sampling site. On the right hand side
is a simplified schematic geological column of the Palaeozoic-Mesozoic Metamorphic Complex (PMMC) of the Medvednica Mt., the white circle with the cross marks

sample location (modified after BELAK et al., 2022).

500 °C and 5 — 6 kbar. These pressure conditions are consistent
with medium pressures derived from the by unit cell dimension
of potassic white mica (JUDIK et al., 2004). Only on the north-
east slopes of Medvednica Mt., blueschist-facies metamorphic
rocks occur (BELAK & TIBLIJAS, 1998).

This study on chloritoid schist from the metasedimentary
sequence of the PMMC is based on a sample taken from the
southern slope of Medvednica Mt. in the source area of the Stari
Potok creek (Fig. 2). The outcrop comprises metapelites to minor
metapsammitic rocks and sparse metapsephitic interlayers. Fur-
ther up the sequence from this outcrop, the metasedimentary suc-
cession is in unconformable contact with tectonized metavolcan-
ics, which are locally intercalated with recrystallized limestone
dated by fossils to the Middle Triassic (BELAK, 2005). Based on
macroscopic investigations, five samples (ST-1, ST-2, ST-4, ST-5,
ST-6) were chosen for petrographic and whole-rock analyses. In
addition, a chloritoid schist (sample ST-6) was chosen for mona-
zite dating, thermodynamic modelling and mineral analyses.

3. MATERIALS AND METHODS

3.1. Whole-rock chemistry

The five selected specimens were powdered; air-dried powders
were sieved through a 0.125 mm stainless-steel screen. Whole-
rock geochemical data were provided by the Bureau Veritas Com-
modities Canada Ltd. The sample preparation procedure included
melting of 0.2 g rock powder mixed with lithium metaborate/
tetraborate (LiBO,/Li,B40) and subsequent dissolution in aqua
regia. Uncertainties for the analysis of the prepared solution by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) of the major elements range from 0.01 — 0.002 wt %. The
trace-element uncertainties for the analyses by inductively cou-
pled plasma mass spectrometry (ICP-MS) are assumed to be in
the range of 8 — 0.05 ppm with an exception for gold (Au) ana-

lysed with an uncertainty of 0.0005 ppm. The rare-earth element
(REE) data were normalized to chondrite (BOYNTON, 1984);
other trace-element data were normalized to the Upper Continen-
tal Crust (TAYLOR & McLENNAN, 1995). Graphical presenta-
tion of selected data was undertaken using GCDKkit v.4.1.
(JANOUSEK et al., 2006).

3.2. Mineral chemistry

Quantitative analyses of minerals were obtained with a CAM-
ECA SX100 EMP at the Institute for Mineralogy and Crystal
Chemistry, University of Stuttgart (Institut fir Mineralogie und
Kristallchemie, Universitat Stuttgart), Germany. Operating con-
ditions were: accelerating voltage of 15 kV, a beam current of 15
nA, and a beam diameter of about three um with 20 s counting
time (both peak and background). Standards for the measure-
ments were natural minerals and pure oxides (albite, corundum,
fayalite, periclase, barite, chromium oxide, wollastonite, ortho-
clase, rutile, rhodonite). Results were corrected using the PAP
correction procedure provided by CAMECA (POUCHOU &
PICHOIR, 1984; 1991). Analytical uncertainties are reported in
MASSONNE (2012). X-ray compositional maps were produced
simultaneously for several elements (Fe, Mg, Mn) by area
mapping under conditions of 50 nA, 15 kV, 60 ms per step, and
step width of 3 um. The analytical procedure was described in
MASSONNE et al. (2012) and LI et al. (2021).

3.3. Monazite dating

Analyses of monazite were conducted with a CAMECA SX100
EMP at the State Geological Institute of Dionyz Stur, Slovakia
using 15 kV accelerating voltage and 180 nA beam current. The
counting times at peak position for the following elements were:
300 s for Pb, 35 s for Th, 80 s for U, 40 s for Y, and 20 — 60 s for
REEs with longer times for the heavier REEs, 120 s for As, 20's
for Fe and Sr, and 10 s for S, P, Ca, Al, and Si. Calibration was
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conducted with natural (apatite, wollastonite) and synthetic ma-
terials, glasses, and pure oxides (Al,03, SiO,, (REE)POy4, UO,,
ThO,) as reported in MASSONNE (2014). The data were pro-
cessed by the chemical Th-U-total Pb isochron method de-
scribed in MONTEL et al. (1996) and SUZUKI & KATO (2008).
The presented uncertainties refer to 26 confidence limits. Final
calculations and data presentation were accomplished with the
aid of “IsoplotR” (VERMEESCH, 2018).

3.4. P-T calculations

3.4.1. CLASSICAL THERMOBAROMETRY

The empirical geothermometer for chlorite—chloritoid pairs
(VIDAL et al., 1999), was applied to the chloritoid schist sample
(ST-6). This geothermometer is based on the Mg-Fe?* exchange
between these minerals. The compositional criteria, <1 wt % MnO
and <2 wt % (Cr,03+ MnO + Ca0 + Na,O + K;0) in chlorite and
chloritoid pairs, are fulfilled for this sample. Also, the main as-
sumption of equilibrium between chlorite and chloritoid pairs is
achieved by measuring these minerals in contact, or close to each
other, at the rim of corresponding grains (VIDAL et al., 1999).

Chlorite thermometry is based on the content of tetrahedrally
coordinated Al in chlorite. VIDAL et al. (2016) argued that this
type of geothermometry results in geologically relevant tempera-
ture estimates for chlorite formed at low temperatures (<300 C°)
under the assumption that all iron is ferrous. However, at higher
formation temperatures, calculated temperatures can scatter
(VIDAL etal., 2016). We used the most recent calibration by IN-
OUE et al. (2018).

Phengite barometry, as experimentally calibrated by MAS-
SONNE & SCHREYER (1989) and MASSONNE & SZPURKA
(1997), was applied according to CADDICK & THOMPSON
(2008). This temperature-dependent barometer is based on incor-
porating Mg and Fe?* in potassic white mica according to Tsch-
ermak’s substitution.

3.4.2. PSEUDOSECTIONS - THERMODYNAMIC MODELLING
Isochemical phase diagrams (i.e. pseudosections) were con-
structed with PERPLE_X (version 6.8.8. downloaded from: http:/
www.perplex.ethz.ch/, CONNOLLY, 1990; 2005; CONNOLLY
& PETRINI, 2002). The P-T range of 0.2 to 1.2 GPa and 300 to
600 °C and the system MnNCKFMASHTO (MnO—-Na;O-CaO-
K,0-FeO-MgO-Al,03-Si0,—H,0-TiO,—0,) were considered.
The water content was increased to excess, presuming that water-
saturated conditions prevailed at peak P-T conditions.

For the PERPLE_X calculations, the whole-rock composition
of ST-6 had to be adjusted: (1) iron and O, were corrected for dif-
ferent Fe3* contents, for instance, to fit the assumption that 10%
of iron was trivalent during metamorphism (see LO PO &
BRAGA, 2014), (2) phosphorus was eliminated, but a proportional
quantity of calcium was subtracted from the whole-rock analysis
as this element is mainly bound in apatite (Cas(PQO4)30OH, a cor-
rection was not performed for other phosphates as their abun-
dances are minor compared to apatite), and (3) the whole-rock
composition including the selected H,O content was normalized
to 100%. The solid-solution models by WHITE et al. (2014) were
used: Bi(W) for biotite, Chl(W) for chlorite, Crd(W) for cordierite,
Ctd(W) for chloritoid, Gt(W) for garnet, IIm(WPH) for ilmenite,
Mica(W) for white mica, St(W) for staurolite. For feldspars, the
model by FUHRMAN & LINDSLEY (1988) was applied. Con-
touring of the P-T pseudosections by isopleths for the Si content
in phengite, Fe content in chlorite and Fe content in chloritoid was
also achieved with the PERPLE_X software.

Geologia Croatica 76/1

4. RESULTS

4.1. Petrography of the samples

Five samples of metasediments were collected from the litholog-
ical succession in the vicinity of the source of the Stari potok
(Tab. 1). The only sample with chloritoid (ST-6), occurring at the
top of this succession at a small outcrop (Fig. 3A), was chosen for
a detailed study of the peak metamorphic conditions. The four
other selected samples are quartz schist (ST-1, ST-4) and quartz-
sericite-chlorite schist (ST-2, ST-5), for which no mineral analy-
ses were performed (Tab. 1). The minerals in samples ST-2 and
ST-5 comprise ca. 60 vol% quartz, ca. 30 vol% white mica (with-
out distinguishing between muscovite, paragonite, margarite and
celadonite following PARRY et al., 1984; ARBIOL et al., 2021),
ca. 5 vol% chlorite, and ca. 3 vol% plagioclase. The rest is domi-
nated by opaque minerals. Samples ST-1 and ST-4 comprise ca.
80 vol% quartz and ca. 15 —20 vol% white mica; the rest is com-
posed mainly of chlorite and opaque minerals.

The S; foliation is pronounced in all the investigated schists.
Samples ST-2 and ST-5 are lepido-granoblastic, consisting of mi-
cro-lithons composed of quartz and plagioclase, and show cleav-
age domains mainly composed of syn-metamorphic white mica,
chlorite, and opaque minerals. Zircon, apatite, tourmaline and
rutile were found as accessory phases in all samples.

Chloritoid schist ST-6 is grey in colour and has silky lustre
(due to the high content of white mica). Foliation and cleavage are
easily discernible, (Fig. 3B). The sample contains chloritoid por-
phyroblasts visible as dark, short prismatic grains. Major minerals
observed in sample ST-6 are quartz (ca. 70 vol%), white mica (ca.
15 vol%), chloritoid (ca. 10 vol%), chlorite (ca. 3 vol%), and opaque
minerals (ca. 1 — 2 vol%). Accessory phases are zircon, baddeley-
ite (usually as zircon overgrowth), rutile, apatite, tourmaline, mon-
azite, and xenotime. Two distinct mineralogical domains occur
which are either mainly composed of white mica or recrystallized
quartz-rich micro-lithons. The shape and orientation of white mica
flakes and quartz micro-lithons indicate a ‘C-type shear band
cleavage microstructure (Fig. 3C) (PASSCHIER & TROUW,
2005). Microstructure S; is recognized as a metamorphic struc-
ture parallel to C’-type shear bands (Fig. 3C) and mica-rich cleav-
age domains (PASSCHIER & TROUW, 2005). Remnant sedi-
mentary bedding planes (Sg) are not discernible. Chloritoid
porphyroblasts are 0.5 — 2 mm in diameter and show a hypidio-
morphic shape (Fig. 3C; D; E). Syntectonic growth is evident in
rotated and fractured porphyroblasts (Fig. 3C; D; E). Chloritoid
grains are characterized by polysynthetic twins, hourglass-sector
zoning, and rare radial aggregates (Fig. 3C; D; E). This zoning is
ascribed to fast growth along non-{001} faces resulting in the in-
corporation of inclusions, while the growth along {001} faces is

Table 1. Locations of samples ST-1, ST-2, ST-4, ST-5, ST-6 and their analysis.

X . _ Applied
Sample Northing Easting Description methods
ST-1 5085642 460049 quartz, schist/metapelite Pet; WR;

ST-2 5085788 459964 quartz, chloritic to sericitic schist/metapelite Pet; WR;

ST-4 5085808 459724 quartz, schist/metapelite Pet; WR;

ST-5 5085796 459685 quartz, chloritic to sericitic schist/metapelite Pet; WR;
Pet; WR;
EMPA

(Coordinates are presented in HTRS96 reference system, EPSG: 3765) (Pet - petrographical
investigation under polarising microscope; WR - whole rock analysis; EMPA - electron micro-
probe analysis)

quartz, chloritoid, chlorite, sericite schist/

ST-6 5085804 459623 )
metapelite
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Figure 3. Photographs of chloritoid schist from Medvednica Mt. (sample ST-6). A) Outcrop of the chloritoid schist; the yellow circle marks the sampling location. B)
Hand specimen of the chloritoid schist (dark grains are chloritoid crystals). C) Photomicrograph of sample ST-6; cyan lines mark the S1 foliation and red lines C'shear
bands. D) Photomicrograph of sample ST-6 (crossed polarizers), fractured chloritoid grain of prismatic habitus with visible hourglass sector zoning; on the right
hand side is the same object seen under plane polarized light. E) Photomicrograph of chloritoid with quartz pressure shadows; on the right hand side is the same
object seen under plane polarized light. F) Photomicrograph with visible quartz recrystallization boundaries (crossed polarizers); on the right hand side is the same
features seen under plane polarized light.
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slower ensuring enough time for dissolution and dispersion of ex-
cess material (VERNON, 2004; CAMILLERI, 2018). Strain shad-
ows filled with polygonal and elongated quartz are discerned at
the boundary of chloritoid grains (Fig. 3D). Quartz grains are
equigranular, with sharp polygonal, slightly elongated boundaries,
often oriented parallel to Sy, indicating subgrain rotation recrys-
tallization (SGR) and grain boundary migration recrystallization
(GBM, Fig. 3F) (PASSCHIER & TROUW, 2005). Quartz is pref-
erentially bounded by white mica (Fig. 3F). Chlorite grains are
mostly elongated with polygonal boundaries and are up to 250 pm
in size. Monazite grains are of highly irregular shape (amoeboid,
lobate and elongated grain shapes prevail) and small in size
(<200 pum). These grains are located in the mica-rich domains.

4.2. Whole-rock chemistry

Results of the whole-rock analyses are presented in Table 2. SiO,
contents are between 75.0 wt% (ST-1) and 88.3 wt% (ST-2). Total
iron ranges from 1.07 wt% Fe;O3 (ST-5) to 5.38 wt% Fe,O3 (ST-1).
The REE patterns of the samples normalized to chondrite (BOY N-
TON, 1984) are similar in all the studied samples, showing higher
values of light REEs compared to heavy REEs ((La/Sm)y = 4.8 —
6.5) and negative Eu anomalies (Eu/Eu* = 0.65 — 0.78) (see Fig. 4).
On the diagram of the trace elements normalized to Upper Conti-
nental Crust (UCC, TAYLOR & McLENNAN, 1995), Ba, Ta, Nb
and particularly Sr show negative anomalies (Fig. 4). Chloritoid
schist ST-6 is characterized by similar values of the major and trace
clements as the chloritoid-free samples (Tab. 2; Fig. 4).

4.3. Chemistry of the main minerals in the chloritoid
schist

Compositions of chlorite in sample ST-6 are presented in Table 3A.
The chlorite formula was calculated on the basis of 14 oxygen
atoms. All iron was considered as Fe?*. Due to the small size of
the grains, the possible zonation of chlorite remains ambiguous.
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Figure 4. Chondrite normalized REE patterns (REE in chondrite after BOYNTON,
1984) at the top, and Upper Continental Crust normalized spider diagram (trace-
elements in Upper Continental Crust, after TAYLOR & MCLENNAN, 1995) at the
bottom, for the studied metasediments from Medvednica Mt.. The sample in
blue is D7 chloritoid schist from MISUR et al. (2013) and the sample in red is the
chloritoid schist (ST-6) from this study.

Table 2. Bulk rock compositions for samples: ST-1, ST-2, ST-4, ST-5, and ST-6. For comparison samples of chloritoid schists, D7 (MISUR et al.,, 2013) and VrMa (VRAGOVIC

& MAJER, 1979b) were added.

Sample ST1 ST2 ST4 STS ST6 D7 VrMa
Major elements (wt%) Chloritoid containing schist
Si02 74.98 88.29 75.86 85.65 83.86 74.79 65.75
Al203 10.96 494 10.92 838 8.67 13.22 2043
Fe203 538 240 6.59 1.07 3.27 4,73 483
MgO 1.55 0.89 0.69 0.42 042 0.99 1.79
a0 0.15 0.24 0.97 0.03 0.06 0.08
Na20 1.16 0.82 0.12 0.37 0.08 0.14 0.86
K20 1.84 0.59 1.04 1.90 147 2.50 251
TiO2 0.72 0.26 0.62 0.48 0.40 0.70 0.90
P205 0.11 0.18 0.09 0.02 0.05 0.05 0.02
MnO 0.05 0.06 0.13 <0.01 0.04 0.05 0.05
Cr203 0.02 0.01 0.01 0.00 0.00 0.01
LOI 3.00 1.30 290 1.60 1.60 2.70 3.18
Sum 99.87 99.95 99.94 99.92 99.95 99.96 100.32
Trace elements (ppm)
Ba 219.00 138.00 188.00 251.00 165.00 300.00
Be <1 1.00 2.00 1.00 3.00 1.00
Co 11.20 11.30 7.40 2.20 2.60 5.10
Cs 3.20 0.80 1.90 3.20 1.80 430
Ga 11.20 4.60 11.00 6.70 830 15.30
Hf 9.30 3.00 4.60 9.10 490 6.20
Nb 9.20 4.10 8.60 8.40 6.80 12.30
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Ni
Sc
Sr
Ta
Th
U
Vv
w
Zr
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Mo
Cu
Rb
Pb
Zn
Ni
As
Ccd
Sb
Bi
Ag
Au (ppb)
Hg
Tl
Se
SiOy/Al03
K;0/Na,0
Na,0/K,0
Zr/Hf
Zr/Sc
Zr/Th
Th/Co
Th/Sc
Th/U
Co/Th
Hf/Sc
La/Co
La/Y
La/Yb
La/Sc
La/Sm
La/Th
Y/Ni
(La/Yb)y
(La/Sm)n
(Gd/Yb)y
Eu/Eu*
>REE

39.60
11.00
23.90
0.70
7.50
1.80
95.00
1.50
337.40
18.80
20.30
43.20
5.02
17.90
352
0.75
348
0.56
3.27
0.63
2.08
0.29
226
0.35
0.30
47.50
73.40
5.40
92.00
39.60
4.60
0.10
<0.1
<0.1
<0.1
0.90
0.01
<0.1
<0.5
6.84
1.59
0.63
36.28
30.67
44.99
0.67
0.68
417
1.49
0.85
1.81
1.08
8.98
1.85
577
2.71
0.47
8.98
577
1.54
0.66
103.61

27.00
4.00
1240
0.30
4.10
1.70
77.00
0.90
105.10
16.20
13.60
25.10
332
13.50
2.82
0.75
3.03
0.48
2.84
0.53
1.53
0.24
1.62
0.24
0.90
27.90
2330
8.50
19.00
22.60
12.80
<0.1
<0.1
0.40
<0.1
<0.5
<0.01
<0.1
0.60
17.87
0.72
139
35.03
26.28
25.63
0.36
1.03
241
2.76
0.75
1.20
0.84
840
340
4.82
332
0.72
8.40
4.82
1.87
0.78
69.60

28.00
9.00
16.80
0.70
7.70
2.10
78.00
2.00
167.10
16.70
19.70
39.00
4.75
17.10
355
0.71
3.19
0.59
334
0.65
177
0.28
1.83
0.27
<0.1
0.50
37.30
0.70
19.00
17.00
0.50
<0.1
0.40
0.10
<0.1
1.10
<0.01
<0.1
<0.5
6.95
8.67
0.12
36.33
18.57
21.70
1.04
0.86
3.67
0.96
0.51
2.66
1.18
10.77
2.19
5.55
2.56
0.98
10.77
5.55
1.74
0.65
96.73

<20
3.00
46.90
0.90
8.50
1.90
33.00
1.80
331.60
15.00
16.30
30.40
3.86
13.80
2.51
0.53
2.38
0.39
2.32
0.48
137
0.24
1.72
0.28
<0.1
0.60
76.10
1.40
8.00
420
1.00
<0.1
<0.1
<0.1
<0.1
<0.5
0.02
<0.1
<0.5
10.22
5.14
0.19
36.44
110.53
39.01
3.86
2.83
447
0.26
3.03
7.41
1.09
9.48
543
6.49
1.92
357
9.48
6.49
1.38
0.66
76.58

<20
5.00
20.40
0.60
7.80
1.60
51.00
1.50
179.30
19.00
19.00
36.90
4.68
17.40
3.51
0.71
3.01
0.54
3.62
0.74
2.12
035
217
0.32
<0.1
0.30
45.60
430
5.00
1.30
<0.5
<0.1
<0.1
<0.1
<0.1
0.80
<0.01
<0.1
<0.5
9.67
18.38
0.05
36.59
35.86
22.99
3.00
1.56
4.88
0.33
0.98
7.31
1.00
8.76
3.80
541
244
14.62
8.76
541
139
0.67
95.07

24.00
12.00
40.70
1.00
9.40
1.90
95.00
2.10
208.90
21.00
20.20
49.30
5.54
20.80
3.82
0.82
336
0.58
374
0.77
222
0.32
2.30
0.34

89.40

24,00

19

D7 sample from MISUR et al. (2013.), VrMa sample from VRAGOVIC & MAJER (1979 b)
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Table 3B. Selected microprobe analyses of muscovite in the investigated chloritoid schist from Medvednica Mt.

Muscovite

Wt% 1-11 1-12 1-16 1-17 1-20 1-28 1-29 1-50 1-52 MIN MAX AVR
SiO, 46.73 46.17 45.54 45.94 45,61 45.89 4537 46.07 4591 4537 46.73 4591
TiO, 0.25 0.13 0.12 0.06 0.15 0.15 0.07 0.12 0.11 0.06 0.25 0.13
AlL,O; 34.79 34.76 34.89 35.30 34.72 34.98 35.12 35.15 35.44 34.72 35.44 35.02
FeO 232 2.26 3.05 272 2.67 2.22 2.54 233 2.92 2.22 3.05 2.56
MnO 0.00 0.00 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.03 0.01
MgO 0.47 0.59 045 0.46 049 0.54 0.40 0.55 0.44 0.40 0.59 0.49
Ca0 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.03 0.01
Na,O 0.62 061 0.55 0.64 0.58 0.57 0.64 0.56 0.54 0.54 0.64 0.59
K0 10.44 10.26 10.61 10.01 10.29 10.69 10.61 10.39 1045 10.01 10.69 1042
BaO 0.13 0.05 0.18 0.15 0.21 0.14 0.15 0.12 0.11 0.05 0.21 0.14
H,0 4.51 448 4.46 449 445 447 444 449 4.50 444 451 448
Total 100.29 99.30 99.89 99.78 99.18 99.66 99.34 99.80 100.44

Si 3.11 3.10 3.06 3.07 3.08 3.08 3.06 3.08 3.06 3.06 3.11 3.08
Ti 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01
Alor 273 275 2.77 278 276 277 279 277 2.79 273 2.79 277
AV 0.89 0.90 0.94 0.93 0.92 0.92 0.94 0.92 0.94 0.89 0.94 0.92
AM 1.84 1.85 1.83 1.86 1.84 1.85 1.85 1.85 1.85 1.83 1.86 1.84
Fet? 0.13 0.13 0.17 0.15 0.15 0.12 0.14 0.13 0.16 0.12 0.17 0.14
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
Mg 0.05 0.06 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.04 0.06 0.05
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.08 0.08 0.07 0.08 0.08 0.07 0.08 0.07 0.07 0.07 0.08 0.08
K 0.89 0.88 091 0.85 0.89 0.92 091 0.89 0.89 0.85 0.92 0.89
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Total 9.72 9.75 9.80 9.78 9.77 9.79 9.83 9.78 9.80

Muscovite formulae calculated on basis of 11 oxygen atoms and all iron was considered as Fe2+

The composition of chlorite is characterized by FeO and MgO
contents between 25.8 and 29.1 wt% and 11.3 and 14 wt%, re-
spectively (24 measurements, Tab. 3A). The average composition
of chlorite shows 1.44 atoms per formula unit (apfu) of tetrahe-
drally coordinated Al. Average XFe = Fe**/(Mg+Fe?*+Mn) is
0.55. The abundances of Ti and Mn are almost negligible (Tab.
3A). The chemical compositions of chlorite show a uniform
pattern and correspond to the ripidolite-chamosite series on the
octahedral Fe/(Fe+Mg) versus tetrahedral Al diagram after
FOSTER (1962) and BAILEY (1980) as shown in Figure 5A.
According to the ternary Mg — (Al+Vac °) — Fe2* diagram after
ZANE & WEISS (1998), chlorite is a trioctahedral (Type I)
Fe-chlorite (Fig. 5B). The ternary (Fe+Mg) — Si — Al diagram
after ABD ELMOLA etal. (2017) confines the analysed chlorites
between daphnite and amesite (Fig. 5C).

Nine EMP analyses were performed on white mica. Only
grains of metamorphic origin, characterized by polygonal, elon-
gated and hypidiomorphic habitus, were analysed. The possible
zonation of grains remains unclear because of the minute size of
the micas. All analyses are given in Table 3B. The structural for-

mula is based on 11 oxygen, resulting in Si values between 3.06
and 3.11 apfu, Na=0.07 — 0.08 apfu, Fe?* =0.12 — 0.17 apfu, and
interlayer occupancies of 0.93 — 0.99 apfu (Tab. 3B). These values
classify the white mica in sample ST-6 as muscovite (after
ARBIOL et al. 2021 and references therein). On the Al vs.
Fe+Mg+Si (apfu) binary diagram, analysed micas follow
Tschermak’s substitution (Fig. 6B). By the classification princi-
ples described in TISCHENDOREF et al. (2007) the analysed
micas are common true K micas. According to the occupancy of
the octahedral layer, the analysed micas belong to the celadonite
— muscovite series (Fig. 6C) following the mgli-feal plot (mgli =
Mg - Li; feal = (V'Fey + Mn + Ti) - VIAI after; ARBIOL et al.,
2021; TISCHENDOREF et al., 2007). Also, the Fe/Al,0O3 versus
Mg/Al,O5 ratios of the analysed micas uniformly plot in the
muscovite field (Fig. 6D) (see ARBIOL et al., 2021).

Forty-nine EMP analyses were performed on chloritoid
grains. Chemical mapping was performed on two selected chlo-
ritoid blasts and showed slight Mg enrichment and Mn depletion
from the core towards the rim (Fig. 7A; B). All grains show sim-
ilar chemical compositions (Tab. 3C). Chloritoid is characterized
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Figure 5. Chlorite classification diagrams for chloritoid schist, sample ST-6 (in
red circles), from Medvednica Mt. A) Octahedral Fe/(Fe + Mg) versus tetrahedral
Al diagram with different classes of Fe-Mg chlorite (classification after FOSTER,
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rite, depending on the dominant cation. Type Il chlorite is dominantly Al-chlo-

rite. C) Fe + Mg - Si - Al(total) ternary diagram (after ABD ELMOLA et al., 2017).
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by Fe* = 0.04 — 0.18 apfu, Fe?* = 1.62 — 1.71 apfu, Mn = 0.00 —
0.04 apfu, and Mg = 0.32 — 0.38 apfu based on calculations with
12 oxygen and 8 cations (without H,0).

4.4, Chemistry and age of monazite

The EMP chemical dating data on monazite are presented in Ta-
ble 4 and Figure 8. The structural calculations are based on 16
oxygen atoms. The examined monazites are characterized by the
irregular grain shapes of lobate, amoeboid and elongated con-
tours (Fig. 8A; B). Results of 30 analyses show a range of values
for Ce,05 (34.1 — 22.7 wt%), Lay03 (15.3 — 4.6 wt%) and Y,03
(0.3 - 1.6 wt%). The ThO, contents vary from 1.56 to 5.89 wt.%.
Low SiO; (0.17 — 0.82 wt.%) contents and slightly elevated CaO
(0.45 — 1.1 wt.%) contents characterize the analysed monazite
(Tab. 4).

Concentrations of Th, U, and total Pb in 30 analyses were
used for chemical age calculations, including uncertainties, uti-
lizing the method as described in MONTEL et al. (1996) and SU-
ZUKI & KATO (2008) (Fig. 9A). Monazite (mnz) analyses are
marked using the first symbol to indicate the grain and the second
one (after the slash) the number of the analysis. Four analyses
(mnz 2/1: 219 £ 19 Ma; mnz C/1: 211 + 18 Ma; mnz 3/1x: 192.50
+ 16.70 Ma and mnz 1/1: 93 + 8 Ma) were rejected from the
weighted mean as outliers by the generalized Chauvenet criterion
(CHAUVENET, 1863; empty boxes on Fig. 9A). Based on the
crystal chemical composition (see below) the calculated ages
from the remaining 26 measurements are separated into two age
groups. The calculated weighted mean of 13 measurements of the
younger monazite group is 142.95 + 1.72 Ma with an MSWD
value of 1.27. The calculated weighted mean age for the 13 meas-
urements yielding older ages is 167.54 + 2.01 with an MSWD of
0.45 (Tab. 4, Fig. 9A). The two corresponding ages (143.0 and
167.5 Ma) are visible as plateaus on the weighted mean diagram
in Figure 9A. The clustering of ages is compatible with the zona-
tion that was observed in monazite grains on SEM-BSE images
(Fig. 8B). Monazite grain mnz 6 with 7 analyses shows an age
distribution split into two groups: (1) younger mnz 6/1x, mnz 6/2,
mnz 6/3 and mnz 6/7 rim analyses with an average of 143 + 6.2
Ma and MSWD of 0.38 and (2) older mnz 6/5, mnz 6/4 and mnz
6/1 core analyses with an average of 170 + 8.5 Ma, MSWD of
0.024 (Fig. 8B). The concentrations of heavy REEs (HREEs) in
monazite of the younger age cluster (n=13) are lower than in the
older monazite (n=13) as shown in Figure 9B. In the triangular
plot of LREE,O3, (HREE;O3+Y,03)10 and (ThO,+UOy),0 the
younger and older monazite age data can be discriminated (Fig.
9C, after ANDERSSON et al., 2018; PYLE et al., 2001). In the
diagram 4(Th+U+Pb) vs. 4(REE+Y+P), the measured monazites
follow the cheralite substitution (Ca(Th,U)REE.,) rather than the
huttonite ((Th, U)SIREE_1P.;) exchange vector (PYLE et al.,
2001; ONDREJKA et al., 2012)(Fig. 9D) with subordinate
amounts of cheralite (4 — 9 wt.%) and huttonite (up to 2 wt.%)
calculated according to PYLE et al. (2001), (Tab. 4).

4.5. Chloritoid-schist geothermobarometry

To correctly apply the geothermobarometers outlined in section
3.4.1.,, spots were chosen for the chemical analyses of chlorite,
chloritoid and muscovite based on microtextural evaluation of
mineral equilibrium using BSE images (Fig. 10). For classical
thermometry 10 chlorite - chloritoid pairs were analysed. These
pairs were selected based on the criterion given by VIDAL et al.
(1999), the main criterion being the achievement and preserva-
tion of textural and chemical equilibrium of chloritoid and chlo-
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rite grains. With that in mind, nearest neighbours were selected
and measured close to the rim (Fig. 10). The temperatures ob-
tained with the Fe?* - Mg exchange geothermometer, range be-
tween 527 and 568 °C (Fig. 10, Tab. 5).

The application of the chlorite thermometry after INOUE et
al. (2018) yielded temperatures between 250 and 598 °C, calcu-
lated for 14 selected chlorite grains, which were not in contact
with chloritoid grains. This temperature range might indicate that
some analysed chlorites did not equilibrate with chloritoid (Fig.
10, Tab. 5).

The nine white mica compositions were used to estimate
pressure, resulting in 0.87 to 0.99 GPa at a temperature of 550 °C
using the CADDICK & THOMPSON (2008) formulation. This
temperature resulted from the previously applied geothermom-
eters. A change of the input temperature by £ 50 °C leads to a
pressure change of about + 0.08 GPa (see Tab. 5).

The P-T pseudosection modelling in the MNNCKFMASHTO
system with 0, 5, 10, 15, and 20 % Fe as Fe,O3 at water saturation
with PERPLE X led to different P-T conditions by using the rel-

evant mineral compositions (section 4.3.) of chloritoid (XFe =
0.81 — 0.85), chlorite (XFe = 0.51 — 0.58) and muscovite (3.06 —
3.11 Si apfu) (Supplementary 1). For example, at 550 °C (Tab. 5),
the Si content (3.07 apfu) in muscovite points to 0.9 GPa in the
calculation with 0 % Fe as Fe,O3 but to 1.05 GPa with 20 % Fe
as Fe,0s.

5. DISCUSSION

5.1. Protolith

Considering the field relationships, the petrographical analyses
and geochemical analyses, the investigated samples are metamor-
phosed sediments, originally siltstones and sandstones. Diagen-
esis and low-grade metamorphism can affect the chemical com-
position of the source sediments, but the REEs, Th, Sc, and other
semimobile to immobile trace elements are usually not affected
by these processes and are, thus, useful for comprehending the
source rocks (BHATIA & CROOK, 1986; MCLENNAN & TAY-
LOR, 1991; CULLERS, 2002; BALEN et al., 2013). High values
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Figure 7. Chemical maps of two analysed chloritoids from Medvednica Mt. (sample ST-6). A) Xy distribution map obtained from a chloritoid grain with the EMP.
The measuring pattern is marked in red. On the right is the associated diagram of the measured profile with Xyg values across the chloritoid grain. B) SEM image
of chloritoid grain with marked EMP measuring pattern, and associated diagram of the measured profile with Xy values across the chloritoid grain, on the right.

for the ratios La/Sc (1.85 —5.43), Th/Sc (0.68 —2.83), La/Co (1.20
—7.41), and Th/Co (0.36 — 3.86) in the studied samples are indica-
tive of dominantly felsic rock compositions in the source area
of the protoliths of the studied metasediments (BHATIA &
CROOK, 1986; CULLERS, 1994a,b; 2000) (Tab. 2). The La/Th
versus Hf diagram (after FLOYD & LEVERIDGE, 1987) also
indicates acidic arc rocks and a passive continental margin as a
possible source for these protoliths (Fig. 11). Comparable conclu-
sions can be drawn from the curves with similar tendencies of

Monazite

» 5pm

HREE depletion on the spider diagram of REE concentrations in
the studied rocks (normalized to chondrite, BOYNTON, 1984)
(Fig. 4). Siliciclastic sediments coming from the mature conti-
nental crust are usually characterized by LREE enrichment and
reasonably high and flat HREE values (CULLERS, 1994b;
BALEN et al., 2013), which can be also seen in our samples (Fig.
4). In addition, pronounced negative Eu anomalies (Eu/Eu*) rang-
ing between 0.65 and 0.78 are consistent with those for siliciclas-
tic sediments from felsic/granitoid sources (CULLERS, 2000,

-
A

Spum

Figure 8. A) SEM-BSE image of objects in sample ST-6 with marked positions of the monazite grains, between the yellow lines is a cleavage domain (S1) composed
of white mica and occasional metamorphic monazite (WM - white mica, Ctd- chloritoid, Q-quartz). B) SEM images of measured monazite grains with marked loca-
tions of the measurement spots (in red ellipse) and corresponding age data in white.
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Figure 9. A) Diagram presenting the weighted mean of the two age groups determined on monazite, 142.95 Ma (n=13, in red) and 167.57 Ma (n=13, in blue), four
measurements were excluded as outliers (transparent rectangles). B) chondrite REE pattern from monazite, sample ST-6 (REE in chondrite after BOYNTON, 1984).
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trend lines are in the same colours (after ANDERSSON et al., 2018; SPEAR & PYLE, 2002). D) Diagram 4(Th+U+Pb) vs. 4(REE+Y+P) with exchange vectors; cheralite
(Ca(Th, U)REE-2) in opposite to huttonite ((Th, U)SIREE.;P_;) for a sample of chloritoid schist (ST-6) Medvednica Mt. (after PYLE et al., 2001; ONDREJKA et al., 2012).

2002). The contents of trace elements in our rocks show similar
patterns and agree well with the composition of the upper conti-
nental crust (MCLENNAN, 2001) (Fig. 4). According to the geo-
chemical features of the studied schists (Tab. 2; Fig. 4), the detri-
tus for their protoliths is predominantly upper crustal material
with felsic rocks dominating in the source area. Similar conclu-
sions can be drawn from analyses of metasediments from Med-
vednica Mt. by MISUR et al. (2013; 2015). The authors analysed
a sample of chloritoid schist (D7 in Table 2) from the same locality

as in this study but taken from a lower position of the outcrop.
The difference in REE contents between the here studied sample
ST-6 and sample D7 is minor (Fig. 4) and can be prescribed to
common variations of similar metasediments within an outcrop.

Based on lithological analogy, the age of detrital zircons and
palaeontological analyzes of the surrounding rocks, the chloritoid
schist protolith sediment was deposited during the Upper Permian-
-Lower Triassic or younger (DURDANOVIC, 1973; BELAK
2005; MISUR, 2017; BELAK et al., 2022).
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Table 4. Representative electron microprobe analyses of monazite composition, U, Th, Pb, REE and calculated forming ages, from chloritoid schist ST-6 (Medvednica Mt.).
The structural formulae are calculated based on 16 oxygen atoms (in atoms per formula unit, apfu). Calculated ages (at the bottom) and selected chemical data (REEs, Y,
Th, U, Pb normalized to chondrite after BOYNTON, 1984). The younger monazite age group is highlighted in pale grey; dark grey refers to the older monazite group.

Monazite mnzl/1 mnz3/4 mnzB/2 mnz5/1 mnz6/2 mnz6/3 mnz6/7 mnzB/1 mnzE/7 mnz6/1x mnz8/3 mnz3/5 mnz3/2 mnz4/1 mnz3/2x
SiO, 0.29 0.48 0.29 037 0.67 037 0.25 0.29 0.34 0.61 0.66 0.74 0.52 0.31 0.40
P,0s 29.05 27.23 28.71 28.00 2741 27.75 27.92 2840 28.99 27.40 27.28 27.04 27.70 28.46 28.03
As,05 0.02 0.00 0.00 0.00 0.02 0.07 0.00 0.05 0.01 0.02 0.01 0.00 0.00 0.00 0.00
PbO 0.01 0.03 0.02 0.03 0.04 0.02 0.02 0.02 0.02 0.04 0.03 0.03 0.03 0.02 0.02
ThO, 2.18 4.58 3.21 452 5.89 3.78 2.76 2.87 2.86 5.67 4.98 4.55 498 2.72 284
uo, 0.02 0.05 0.03 0.07 0.05 0.03 0.03 0.04 0.03 0.04 0.06 0.04 0.05 0.04 0.04
Y,03 0.45 0.66 0.59 0.65 0.85 0.83 0.54 0.57 0.56 0.67 0.64 0.55 0.68 1.62 0.37
La,03 13.17 11.88 12.54 13.02 4.60 4.96 9.99 12.65 14.56 8.21 11.09 13.45 11.86 9.59 1417
Ce,03 31.06 3212 29.17 29.67 22,67 2361 32.03 30.21 3341 29.73 31.81 30.56 31.86 31.61 3113
Pr,05 332 353 331 335 408 4.16 3.83 332 324 385 357 3.29 3.50 394 327
Nd,03 12.45 13.40 13.72 13.15 20.37 21.23 15.57 13.54 11.77 16.04 13.49 13.08 13.31 15.45 12.16
Sm,0; 2.58 2.20 3.25 2.54 6.15 6.36 2.85 3.10 1.95 3.07 2.29 2.25 2.21 264 2.16
Eu,04 0.57 0.36 0.72 0.55 1.00 0.95 0.46 0.69 0.28 0.53 0.30 033 0.32 0.46 0.45
Gd,0; 3.90 0.92 491 1.51 3.17 3.03 1.76 4.73 3.74 1.85 0.78 122 0.89 1.49 1.46
Tb,05 0.05 0.00 0.12 0.12 0.11 0.12 0.07 0.10 0.02 0.11 0.05 0.08 0.05 0.08 0.09
Dy,0; 0.24 0.22 0.40 0.39 0.51 0.48 0.34 0.38 0.16 0.31 0.17 0.23 0.22 0.29 0.21
Ho,03 0.06 0.00 0.00 0.00 0.04 0.05 0.00 0.00 0.01 0.06 0.08 0.03 0.05 0.04 0.00
Er,03 0.39 0.31 041 033 0.34 0.30 0.32 037 0.40 0.32 033 031 0.38 0.30 0.30
Tm,0; 0.34 0.09 0.40 0.10 0.13 0.03 0.1 0.40 0.25 0.12 0.08 0.08 0.08 0.08 0.11
Yb,05 0.13 0.08 0.12 0.17 0.14 0.16 0.14 0.14 0.12 0.13 0.15 0.13 0.13 0.18 0.11
Lu,03 0.07 0.05 0.15 0.07 0.10 0.05 0.04 0.13 0.20 0.08 0.05 0.09 0.14 0.12 0.09
FeO 0.05 0.60 0.07 0.88 0.07 0.04 0.09 0.13 0.06 0.10 0.51 0.58 0.55 0.03 0.04
SOs 0.12 0.68 0.16 0.09 0.10 0.25 0.19 0.13 0.22 0.09 0.10 0.05 0.12 0.11 0.26
Ca0 0.53 1.10 0.84 0.98 0.99 0.98 0.73 0.68 0.75 0.83 0.77 0.60 0.80 0.65 0.86
SrO 0.10 0.42 0.12 0.17 0.07 0.06 0.08 0.13 0.10 0.07 0.06 0.03 0.07 0.05 0.16
Al,O3 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 0.00 0.01
Total 101.18 10097 10328 100.71 99.55 99.67 100.09 103.08 104.05  99.95 99.30 99.34 100.50 100.25  98.72
Si 0.05 0.08 0.04 0.06 0.11 0.06 0.04 0.05 0.05 0.10 0.11 0.12 0.08 0.05 0.06
P 3.88 3.68 3.81 3.79 378 3.80 3.81 3.79 3.80 377 3.76 374 377 384 383
As 0.00 0.00 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
Pb 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
Th 0.08 0.17 0.11 0.16 0.22 0.14 0.10 0.10 0.10 0.21 0.18 0.17 0.18 0.10 0.10
U 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
Y 0.04 0.06 0.05 0.05 0.07 0.07 0.05 0.05 0.05 0.06 0.06 0.05 0.06 0.14 0.03
La 0.77 0.70 0.73 0.77 0.28 0.30 0.59 0.74 0.83 0.49 0.67 0.81 0.70 0.56 0.84
Ce 1.79 1.88 1.67 1.74 1.35 1.40 1.89 1.74 1.90 1.77 1.90 1.83 1.88 1.85 1.84
Pr 0.19 0.21 0.19 0.20 0.24 0.25 0.23 0.19 0.18 0.23 0.21 0.20 0.21 0.23 0.19
Nd 0.70 0.76 0.77 0.75 1.18 1.23 0.90 0.76 0.65 0.93 0.78 0.76 0.76 0.88 0.70
Sm 0.14 0.12 0.18 0.14 0.35 0.36 0.16 0.17 0.10 0.17 0.13 0.13 0.12 0.15 0.12
Eu 0.03 0.02 0.04 0.03 0.06 0.05 0.03 0.04 0.01 0.03 0.02 0.02 0.02 0.03 0.02
Gd 0.20 0.05 0.26 0.08 0.17 0.16 0.09 0.25 0.19 0.10 0.04 0.07 0.05 0.08 0.08
Tb 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Dy 0.01 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Ho 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
Er 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Tm 0.02 0.00 0.02 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Yb 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Lu 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00
Fe2* 0.01 0.08 0.01 0.12 0.01 0.01 0.01 0.02 0.01 0.01 0.07 0.08 0.07 0.00 0.01
S 0.01 0.08 0.02 0.01 0.01 0.03 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.01 0.03
Ca 0.09 0.19 0.14 0.17 0.17 0.17 0.13 0.11 0.13 0.14 0.13 0.10 0.14 0.11 0.15
Sr 0.01 0.04 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01
Al 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

X(cheralite) 0.04 0.09 0.07 0.08 0.08 0.08 0.06 0.06 0.06 0.07 0.06 0.05 0.07 0.05 0.07
X(huttonite) 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.02 0.01 0.00 0.00
X(monazite) 0.96 0.91 0.94 0.92 0.90 0.92 0.95 0.95 0.95 0.91 0.92 0.93 0.92 0.95 0.94
Sum Kat. 8.06 8.15 8.11 8.15 8.09 8.09 8.10 8.12 8.10 8.09 8.12 8.13 8.12 8.08 8.08
Age (Ma) 93.30 13250 13280 13510 140.10 14250 14440 14500 14550 14560 14680 14920 15280 154.10 159.60
2sd 8.10 11.50 11.50 11.70 12.10 12.30 12.50 12.60 12.60 12.60 12.70 12.90 13.20 13.30 13.80
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Table 4. (continued)

Monazite mnzE/T mnz1/2 mnzE/6 mnz6/5 mnzF/T mnz8/1 mnz6/4 mnz1/3 mnz3/1 mnzB/3 mnz6/1 mnz3/6 mnz3/1x mnzC/1 mnz2/1
SiO, 0.36 0.43 0.51 0.37 0.27 0.43 0.39 0.17 0.48 0.35 037 0.82 0.26 0.29 047
P,0s 28.75 27.69 28.80 27.70 28.90 28.79 27.72 28.07 27.50 28.72 27.61 26.68 27.81 28.94 2740
As;05 0.00 0.00 0.00 0.07 0.00 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PbO 0.02 0.03 0.02 0.02 0.01 0.03 0.03 0.02 0.04 0.02 0.02 0.05 0.03 0.03 0.03
ThO, 2.73 3.85 2.77 3.20 1.56 373 399 229 4.80 3.16 2.71 5.78 3.46 2.80 298
U0, 0.03 0.03 0.06 0.04 0.03 0.04 0.04 0.03 0.05 0.03 0.08 0.04 0.04 0.04 0.03
Y03 0.62 0.61 042 0.69 043 0.66 0.64 0.53 0.66 0.35 0.46 0.60 0.35 0.55 0.30
La,03 14.99 12.84 15.00 11.62 13.69 11.57 11.38 15.29 11.78 13.56 12.14 10.60 15.08 13.47 13.28
Ce,03 31.76 3254 30.55 3236 31.65 3238 3223 34.08 31.79 31.50 29.36 30.69 3137 3254 31.24
Pr,03 338 3.51 331 3.71 347 3.59 3.76 335 348 3.38 340 361 3.18 343 3.56
Nd,03 12,62 12.75 12.99 14.22 13.21 13.93 14.29 1143 13.24 12.96 13.84 13.78 11.59 12.69 13.28
Sm,0; 234 2.14 2.64 2.26 2.86 233 239 1.71 217 2.69 293 234 2.03 227 259
Eu,0; 0.35 0.34 0.51 0.33 0.58 0.38 0.34 0.26 0.31 0.51 0.57 0.37 037 0.35 0.45
Gd,0; 3.84 0.92 4.30 1.02 4.50 0.95 1.1 0.71 0.93 434 1.97 1.18 1.34 374 1.71
Th,05 0.03 0.01 0.06 0.06 0.05 0.06 0.07 0.00 0.06 0.09 0.15 0.09 0.07 0.02 0.06
Dy,0; 0.22 0.11 0.18 0.26 0.31 0.15 0.30 0.12 0.23 0.20 0.38 0.32 0.18 0.20 0.31
Ho,03 0.01 0.00 0.05 0.01 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.02 0.02 0.05
Er,03 043 0.34 0.39 0.33 0.38 0.34 0.35 0.31 0.36 0.39 0.29 0.30 0.32 0.40 0.34
Tm,03 0.36 0.04 0.32 0.12 0.36 0.06 0.14 0.05 0.08 0.39 0.07 0.09 0.06 0.34 0.06
Yb,03 0.11 0.10 0.14 0.15 0.13 0.08 0.16 0.08 0.11 0.17 0.13 0.10 0.12 0.12 0.15
Lu,03 0.12 0.02 0.03 0.06 0.10 0.09 0.08 0.10 0.12 0.08 0.05 0.10 0.12 0.16 0.12
FeO 0.00 0.50 0.02 0.10 0.62 0.41 0.18 0.48 0.61 0.10 0.16 0.50 0.00 0.69 0.26
SO; 0.04 0.09 0.1 0.13 0.48 0.10 0.10 0.35 0.13 0.10 0.36 0.07 0.28 0.18 0.62
Cao 0.45 0.57 0.58 0.63 0.84 0.64 0.68 0.76 0.82 0.60 0.88 0.68 0.91 0.77 1.09
SrO 0.04 0.05 0.07 0.05 0.19 0.06 0.06 0.09 0.08 0.08 0.20 0.05 0.16 0.08 0.44
AlLO3 0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.02
Total 103.61 9949 10383 9950 10466 10083 10043 100.27  99.85 103.77  98.16 98.82 99.13 104.09  100.82
Si 0.06 0.07 0.08 0.06 0.04 0.07 0.06 0.03 0.08 0.05 0.06 0.14 0.04 0.04 0.07
P 3.81 3.80 3.80 3.80 3.76 3.85 3.79 3.80 3.77 3.81 3.80 3.72 3.81 3.80 3.71
As 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
Pb 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
Th 0.10 0.14 0.10 0.12 0.05 0.13 0.15 0.08 0.18 0.11 0.10 0.22 0.13 0.10 0.11
U 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
Y 0.05 0.05 0.03 0.06 0.03 0.06 0.05 0.04 0.06 0.03 0.04 0.05 0.03 0.05 0.03
La 0.87 0.77 0.86 0.69 0.78 0.67 0.68 0.90 0.70 0.78 0.73 0.64 0.90 0.77 0.78
Ce 1.82 1.93 1.74 1.92 1.78 1.87 1.90 1.99 1.88 1.80 1.75 1.85 1.86 1.85 1.83
Pr 0.19 0.21 0.19 0.22 0.19 0.21 0.22 0.20 0.21 0.19 0.20 0.22 0.19 0.19 0.21
Nd 0.71 0.74 0.72 0.82 0.73 0.79 0.82 0.65 0.77 0.72 0.80 0.81 0.67 0.70 0.76
Sm 0.13 0.12 0.14 0.13 0.15 0.13 0.13 0.09 0.12 0.15 0.16 0.13 0.11 0.12 0.14
Eu 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.01 0.02 0.03 0.03 0.02 0.02 0.02 0.02
Gd 0.20 0.05 0.22 0.05 0.23 0.05 0.06 0.04 0.05 0.23 0.1 0.06 0.07 0.19 0.09
Tb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Dy 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02
Ho 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
Er 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Tm 0.02 0.00 0.02 0.01 0.02 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.00
Yb 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Lu 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01
Fe2* 0.00 0.07 0.00 0.01 0.08 0.05 0.02 0.06 0.08 0.01 0.02 0.07 0.00 0.09 0.03
S 0.01 0.01 0.01 0.02 0.06 0.01 0.01 0.04 0.02 0.01 0.04 0.01 0.03 0.02 0.07
Ca 0.07 0.10 0.10 0.11 0.14 0.11 0.12 0.13 0.14 0.10 0.15 0.12 0.16 0.13 0.19
Sr 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.01 0.04
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
X(cheralite) 0.04 0.05 0.05 0.05 0.07 0.05 0.06 0.06 0.07 0.05 0.08 0.06 0.08 0.06 0.09
X(huttonite) 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00
X(monazite) 0.96 0.94 0.95 0.94 0.95 0.94 0.94 0.95 0.92 0.95 0.94 0.92 0.93 0.94 0.93
Sum Kat. 8.10 8.11 8.10 8.10 8.15 8.07 8.11 8.12 8.13 8.10 8.10 8.12 8.09 8.14 8.15
Age (Ma) 16060 16270 16410 16880 168.80 16890 16930 169.50 169.70 169.70 173.00 17680 19250 211.00 219.40
2sd 13.90 14.10 14.20 14.60 14.60 14.60 14.70 14.70 14.70 14.70 15.00 15.30 16.70 18.30 19.00
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Figure 10. Table with SEM images of chloritoid schist from Medvednica Mt. The red ellipses indicate the position and names of EMP measurements of chlorite (Chl),
chloritoid (Ctd), muscovite (Ms), rutile (rt), zircon (Zrc) and quartz (Q) (for results of measurements see Tables 3 and 5).

5.2. Metamorphic evolution

The mineralogical characteristics of the sample ST-6 (chloritoid
porphyroblasts with textural sector-hourglass zoning, hypidio-
morphic chlorite blasts, synmetamorphic white micas) indicate
metamorphic conditions of the greenschist to amphibolite facies.
Similar results can be seen in published studies (e.g. MPOSKOS,
1989; BUCHER & GRAPES, 2011; CASTELLANOS-AL-
LARCON et al., 2016). The C’-type shear band cleavage structure
in sample ST-6 points to specific ductile deformation mechanisms
(Fig. 3C) (PASSCHIER & TROUW, 2005). The quartz grain
boundaries formed by SGR and GBM processes (Fig. 3F) are usu-
ally associated with recrystallization temperatures ranging from
400 to 600 °C (STIPP et al., 2002). The two selected chloritoid
blasts showed slight Mg enrichment and Mn depletion from the
core towards the rim (Fig. 7A; B), which is a typical feature of

prograde metamorphism during the growth of chloritoid (e.g.
MPOSKOS, 1989; SPEAR, 1995; FRANCESCHELLI &
MEMMI, 1999; KOROKNAI et al., 2001).

If we consider the P-T pseudosection with 10% of Fe as Fe,0O3
to be the most appropriate for our sample (see LO PO & BRAGA,
2014), the calculated fluid-free modal contents at these conditions
are 78.7 vol% quartz, 13.1 vol% muscovite, 6.9 vol% chloritoid,
0.6 vol% chlorite, and 0.6 vol% ilmenite. Thermodynamic model-
ling yielded an overlap of the isopleths of XFe in chlorite, XFe in
chloritoid, and Si in muscovite at peak metamorphic tempera-
tures around 550 °C and pressures around 0.94 GPa (Fig. 12). This
result is also compatible with the results of the applied thermom-
eters (chlorite—chloritoid: 527 — 568 °C, chlorite: 250 — 598 °C,
Tab. 5). The scatter of the chlorite thermometric results could be
due to the high metamorphic temperature, which is not suitable
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Table 5. Table with the results of the classic geobarometric calculations; geothermometer based on chloritoid - chlorite pairs (after VIDAL et al., 1999), chlorite geo-
thermometer (after INOUE et al., 2018) and phengite geobarometer (after CADDICK & THOMPSON, 2008).

Chlorite-chloritoid geothermometry (VIDAL et al., 1999)

Chlorite-chloritoid pairs

Chlorite 1-15 1-19 1-25 2-12 2-49 29 2-14 2-43 2-1 2-16

Chloritoid 1-10 1-1 1-32 2-11 2-50 2-10 2-15 2-44 2-2 2-17

T(°Q) 545 568 556 546 553 561 556 534 527 547

average 549 °C min= 527 max= 568

Chlorite thermometry (INOUE et al., 1999)

Chlorite 1-18 1-23 1-27 1-30 1-46 1-48 1-53 2-6 2-38 2-3 2-19
T(O 598 363 385 400 331 452 41 424 365 370 362
Chlorite 2-25 2-41 2-45

T (°Q) 321 579 250 min= 250 max= 598
Phengite barometry (CHADDICK & THOMPSON, 2008)

Muscovite 1-1 1-12 1-16 1-17 1-20 1-28 1-29 1-50 1-52 min max
T(°Q) P (GPa)

600 0.94 1.07 1.01 0.99 1.01 1.06 0.98 1.06 1.00 0.94 1.07
550 0.87 0.99 0.94 0.92 0.94 0.98 0.90 0.98 0.93 0.87 0.99
500 0.79 0.92 0.86 0.84 0.86 091 0.83 0.91 0.85 0.79 0.92
450 0.72 0.84 0.79 0.77 0.79 0.83 0.75 0.83 0.78 0.72 0.84
average 0.94 GPa

for precise chlorite thermometry (see VIDAL et al., 2016), and/
or retrograde metamorphic reactions affecting chlorite. The geo-
barometry based on the Si content in muscovite (after CADDICK
& THOMPSON, 2008) resulted in a pressure range from 0.87 to
0.99 GPa (at 550 °C, Tab. 5) which is also compatible with the
modelling results. Hence, we suggest that the metamorphic peak
conditions were determined fairly precisely at 0.94 + 0.05 GPa
and 550 + 20 °C (Fig. 12). Based on petrographic observations
and thermodynamic calculations, the main mineral reaction to
form chloritoid in sample ST-6 is haematite + chlorite = magnetite
+ chloritoid + quartz + H,0O. This reaction was also formulated
by BELAK et al. (1995a).
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Figure 11 .A discrimination diagram La/Th versus Hf for the investigated sam-
ples of metasediments from Medvednica Mt. in red circles, in the yellow circle
is a sample (D7) from MISUR et al. (2013) (after FLOYD & LAVERIDGE, 1987).

We note a considerable difference in the estimated P-T con-
ditions for PMMC metasediments between our study and previ-
ous works (300 — 410 °C by the Kiibler index method; medium
pressure by the by method, JUDIK et al., 2004; 2008; 300 — 350
°C by chlorite thermometry, LUGOVIC et al., 2006). The by
method applied to potassic white mica-bearing rocks of the
PMMC (JUDIK et al., 2004) is highly dependent on the mineral
assemblage (MASSONNE & SCHREYER, 1989; MASSONNE
& SZPURKA, 1997) and local equilibrium. For example, a
graphical presentation of whole rock and the <2 um fraction sam-
ple data (Fig. 4 in JUDIK et al., 2004) shows scattering from low-,
medium- to high-pressure ranges with maximum frequency dis-
tributions in the medium-pressure range which is later ascribed
to the values of 0.3 — 0.4 GPa. The likely reason for such a differ-
ence is that the investigated chloritoid schist is part of a sequence
located at a higher metamorphic grade in comparison to the rocks
studied by JUDIK et al. (2004). The previous temperature esti-
mates, based on the Kiibler index (illite crystallinity), empirical
chlorite thermometry and vitrinite reflectance, should be taken
as semiquantitative, but the difference of more than 100 °C be-
tween our study and the previous works (JUDIK et al., 2004;
2008; LUGOVIC et al., 2006) cannot be a matter of the applied
methods alone but also of the position in a metamorphic se-
quence. The temperature difference is considered to be broadly
realistic and can be explained by a geodynamic scenario outlined
in section 5.4.

5.3. Monazite dating

The investigated monazite grains are located in the cleavage do-
mains (S;), which are mainly composed of syn-metamorphic white
mica (Fig. 8A). The U concentration in the investigated monazite
is lower than 0.005 apfu (<0.0028 apfu) (Tab. 4), which is charac-
teristic of metamorphic monazite (SPEAR & PYLE, 2002). The
measured monazite is highly irregular in shape and of small dimen-
sion (<200um) (Fig. 8B) which is also a typical feature of monazite
in upper greenschist- and amphibolite-facies rocks (PARRISH,
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Figure 12. Pseudosection diagram calculated in the system MnNCKFMASHTO for sample ST-6, (PERPLE_X software package, CONNOLLY & PETRINI, 2002; CON-
NOLLY, 1990; 2005). The numbers in the circles refer to mineral assemblages given at the bottom. Abbreviations: and — andalusite; Bio - biotite; Ca - carpholite; Chl
- chlorite; Ctd - chloritoid; Gt - garnet; lIm — ilmenite; Mica — muscovite; St - stilpnomelane; ru - rutile; Q - quartz. Left hand side: calculated stability polygons with
indicated mineral phases with legend below. Right hand side: graph with isopleths of chloritoid (red line), chlorite (yellow line) and muscovite (blue line). The dark
grey polygon marks the intersection of the chlorite, chloritoid and muscovite isopleths. The diagram on the right hand side at the bottom presents the results of

the classic thermobarometric calculations.

1990; FINGER & KRENN, 2007, SCHULZ, 2021). No obvious
relationship between age data and the shape of monazite grains is
recorded. The presence of two age domains even within single
monazite crystals (see Tab 4, Fig. 8B, e.g.; grain mnz 6, mnz 3, mnz
E, mnz B, mnz 8) indicates a two-phase growth (or possible recrys-
tallization and/or fluid overprinting) of monazite at 143 +2 Ma and
167.5 = 2 Ma. The HREE concentrations, followed by the Y,03
values indicate slightly different trends between younger and older
monazite populations (Tab. 4) with higher Y,03 concentrations in
the younger monazite domains (Fig. 9C). According to SCHULZ,
(2021), this feature could be related to a higher metamorphic grade
in forming the younger population, but the influence of other as-
semblage phases, particularly the presence of xenotime could dis-
courage that conclusion. Nevertheless, the zonation of monazite
indicates growth during different metamorphic phases (FRANZ et
al., 1996; HEINRICH et al., 1997, SCHULZ, 2021).

Compared to previous Ar-Ar and K-Ar dating of white mica
and whole-rock (110 — 122 Ma, BELAK et al., 1995a; 64 — 124
Ma, JUDIK et al., 2006; 122 — 135 Ma BOROJEVIC SOSTARIC
etal., 2012) our study yielded older ages. Even the oldest age from
the literature is younger than the age of our young monazite group
by about 8 Ma. The monazite U-Th total Pb dating method has
been proven to be a robust dating method for metamorphic con-
ditions (PARRISH, 1991; MONTEL et al., 1996; WILLIAMS et
al., 2007; SCHULZ, 2021 and references therein), whereas the
K-Ar and Ar-Ar, methods suffer from resetting during higher
metamorphic conditions because of the limited thermal retentivity
of micas and feldspars resulting in the overprint of older meta-

morphic records (PARRISH, 1991). Therefore, we assume that
the previously published Cretaceous K-Ar and Ar-Ar ages repre-
sent cooling ages relevant to retrograde metamorphic conditions
of the complex (e.g., ~300°C, according to VAN GELDER et al.,
2015) which is also suggested by JUDIK et al. (2004).

5.4. Geodynamic interpretation

It is a common view that the opening and extension of the Neo-
tethys ocean between the Tisia and Adria microplates was fol-
lowed by intra-oceanic subduction during which one part of the
Neotethys ocean was subducted (BABIC et al., 2002; PAMIC,
2002; KARAMATA, 2006; SCHMID et al., 2008; 2020). Subse-
quently, as a consequence of the shortening and subduction (i.e.
closure of the ocean realm), a part of the oceanic crust collided
and was obducted onto the CMA to form ophiolites (LUGOVIC
etal.,, 2006; SCHMID et al., 2008; 2020). It is possible that part
of the CMA, along with the oceanic Neotethys crust, was sub-
ducted beneath the accretion melange (Middle Jurassic-Early
Cretaceous), and eventually, during subsequent divergence, ex-
humed to the surface along with thin parts of oceanic crust (see
PORKOLARB et al., 2021). PORKOLAB et al. (2021) published
numerical models of continental crust subducted beneath an oce-
anic plate utilizing thermo-mechanical simulations and the data
from ophiolite belts around the world. In these models, the sub-
ducted continental crust, driven by buoyancy, extrudes along
with fragments of the oceanic plate. A similar situation was de-
scribed for the Oman ophiolite region as a trench-passive margin
(see ROBERTSON, 2004; and references therein). Part of the con-
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tinental crust (Arabian plate) along with the oceanic Neotethys
crust was subducted under an accretion melange until its thick-
ened wedge prevented further subduction and was followed by
buoyancy-driven exhumation (ROBERTSON, 2004). The Oman-
type trench-passive margin collision model is widely applicable
to the Eastern Mediterranean region and explains the emplace-
ment of most of the Jurassic and Cretaceous ophiolites onto for-
mer passive margins (ROBERTSON, 2004).

If we apply the above model to the part of the CMA that was
subducted to depths of 35 — 38 km (0.94 GPa) and heated up to
550 °C according to the investigated chloritoid schist, this part
would have been originally located close to the sole of the hot
ophiolite that was later obducted. Metasediments of the PMMC
that had experienced lower temperatures (300 — 410 °C) could
have been not so deeply subducted with the consequence that
their peak pressures were also lower.

The age of the older monazite group (ca. 167.5 Ma) of the
studied chloritoid schist, should then be related to the metamor-
phic event caused by the subduction of an external part of the
CMA below the oceanic lithosphere. This age is consistent with
those interpreted so far, referring to regional processes related to
the Adria-Europe subduction margin during the Middle Jurassic
(e.g. LANPHERE et al., 1975, ages from 160 — 170 Ma, OKR-
USCH et al., 1978, ages from 161 — 169 Ma; DIMO-LAHITTE
etal., 2001, ages from 160 — 174 Ma; SCHMID et al., 2008; 2020;
SEGVIC et al., 2014; 2019; 2020 ages from 160 — 162 Ma; BE-
LAK etal., 2022 ages from 150 — 165 Ma). The younger monazite
group (143 Ma) could be related to the obduction process which
included parts of the subducted CMA along with parts of the oce-
anic crust (LUGOVIC et al., 2006). In the model of PORKOLAB
etal. (2021), subduction and exhumation cycles usually last about
10 to 30 Ma, which would agree with the difference in age of our
monazite groups.

6. CONCLUSIONS

The investigated chloritoid schist from Medvednica Mt. origi-
nated by metamorphism of clastic sediment accumulated at the
edge of the CMA. Peak metamorphic conditions of 0.94 + 0.05
GPa and 550 + 20 °C were estimated by applying pseudosection
modelling and classical geothermobarometry. The formation of
metamorphic monazite in the studied chloritoid schist occurred
at 167 £2 Ma and 143 Ma + 2 Ma. The ages are interpreted to
correspond to two distinct metamorphic episodes. The metamor-
phic changes in the investigated rocks are initiated by regional
subduction-accretion tectonics, synchronous with regional pro-
cesses of the West Vardar ophiolite obduction onto the CMA dur-
ing the Late Jurassic.
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Supplementary data

MnTINCKFMASH all Fe is FeO 6%H20 ) MnNCKFMASHTO 5% Fe203 6% H20

-
N

1.0

0.8

P(GPa)

086

0.4

0.2

T(°C) T(C)

12 MnNCKFMASHTO 15% Fe203 6% H20 MnNCKFMASHTO 20% Fe203 6% H20

1.0

0.8

P(GPa)
P(GPa)

0.6

0.4

450 600 - 450
T(°C) T(c)

02 300

Supplement 1. Pseudosection calculated in the system MnNCKFMASHTO with various (0%, 5%, 15%, 20%) percentages of ferric iron in the bulk-rock composition
of sample ST-6, (MNNCKFMASHTO = MnO-Na,0-CaO-K,0-FeO-MgO-Al,03-Si0,-H,0-TiO,-0,) using the PERPLE_X software package (CONNOLLY & PETRINI,
2002; CONNOLLY, 1990; 2005). The numbers in the circles refer to mineral assemblages given at the bottom. Abbreviations: and - andalusite; Bio - biotite; Ca - car-
pholite; Chl - chlorite; Ctd - chloritoid; Gt - garnet; llm - ilmenite; Mica - muscovite; St —staurolite; ru - rutile; Q — quartz. The coloured lines in the diagrams refer
to isopleths of chloritoid (red), muscovite (blue), and chlorite (yellow).



