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a b s t r a c t

The processes leading to the assembly of the Rodinia supercontinent through Grenvillian collisional oro-
geny are relatively well known. In contrast, accretionary orogenic processes occurring at the superconti-
nent periphery following Rodinia assembly are poorly understood. To fill this gap, we have identified
metamorphic rocks in the Mongolia collage of the Central Asian Orogenic Belt, where numerous data tes-
tify for Meso- to Neoproterozoic magmatic reworking. The tectono-metamorphic evolution of the peri-
Siberian tract of the Central Asian Orogenic Belt is mainly characterized by the late Proterozoic–early
Cambrian (Baikalian) cycle. However, we document here a Tonian age metamorphism at the northern
part of the Precambrian Baidrag block, previously considered as a typical example of the Baikalian meta-
morphic belt. This study incorporates zircon and in-situ monazite geochronology linked to P-T modelling
of Grt-Sil-Ky migmatite gneiss and Grt-St micaschist. Grt-Sil-Ky gneiss records initial burial to the silli-
manite stability field at �720 �C and 6.0 kbar followed by further burial to the kyanite stability field
at �750 �C and �9 kbar and decompression to �650 �C and �8 kbar. The Grt-St schist records initial bur-
ial to the staurolite stability field at �620 �C and 6 kbar, followed by further burial to �590 �C and 8.5
kbar. The monazite data yield a continuum of 207Pb-corrected 238U/206Pb dates of ca. 926–768 Ma in
the Grt-Sil-Ky gneiss, and ca. 937–754 Ma in the Grt-St schist. Based on monazite textural positon, inter-
nal zoning, and REE patterns, the time of prograde burial to 6.0 kbar under a thermal gradient of 27–
32 �C/km is estimated at ca. 890–853 Ma. It is not clear whether such high-grade conditions prevailed
until a phase of further burial under a geothermal gradient of 18–22 �C/km dated at ca. 835–815 Ma.
The late monazite recrystallization at ca. 790 Ma is related to decompression. Additionally, monazite
with dates of ca. 568–515 Ma occur as whole grains or as rims with sharp boundaries on Tonian
monazite in Grt-St schist suggesting a minor Baikalian overprint. Metamorphic zircon rims with Th/U
ratios of � 0.01–0.06 in Grt-Sil-Ky gneiss with 877 ± 7 Ma age, together with lower intercepts of detrital
zircon discordia lines in both Grt-Sil-Ky gneiss and Grt-St schist further support the Tonian age of
high-grade metamorphism. The anticlockwise P-T evolution is interpreted as a result of thickening of a
supra-subduction extensional and hot edifice – probably of back-arc or arc type. This kind of prograde
metamorphism has so far only been described on the northern part of the Tarim block and was
interpreted to be a result of initiation of peri-Rodinian subduction of the Mirovoi Ocean. The geodynamic
consequences of a unique discovery of Tonian metamorphism are discussed in terms of tectonic switch
related to initiation of peri-Rodinian oceanic subduction during supercontinent assembly, followed by
strong mechanical coupling potentially related to onset of Rodinia dispersal.
� 2022 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The assembly of supercontinents arises through amalgamation
of continental blocks relating to collisional orogeny, while at the
supercontinent periphery, subduction of a peripheral or exterior
ocean forms accretionary orogens (e.g. Murphy and Nance, 1991;
Cawood and Buchan, 2007; Cawood et al., 2009). Accretionary oro-
gens involve fore-arcs, magmatic arcs, back-arcs and accretionary
wedges, which may deform during advancing and retreating sub-
duction modes (Collins, 2002). In general, during a retreating
mode, the upper plate is under a long-lasting extension and wide
back-arc basins develop, while during an advancing mode, the
upper plate is in compression and crustal thickening occurs
(Collins, 2002; Lister and Forster, 2009). These processes involve
important addition of juvenile magma in the arc system, melting
of the back-arc crust and tectonic accretion of fertile material,
which all can be affected by multiple phases of metamorphism
and deformation (e.g. Jiang et al., 2019; Soejono et al., 2021).
Cawood and Buchan (2007) proposed that the retreating subduc-
tion mode may continuously operate during amalgamation of a
supercontinent, i.e. when a number of interior oceanic subduction
systems exist between individual continental blocks. When these
systems are closed, multiple plates became one plate and the sub-
duction is relocated solely to the boundary between the supercon-
tinent and its peripheral ocean. This may lead to the inception of
advancing subduction mode (Cawood, 2005) and onset of forma-
tion of a peripheral accretionary system. When the supercontinent
starts to disintegrate and a new interior ocean forms – the conti-
nental masses are pushed against their peripheral subduction
zones, thereby producing mechanical coupling between the lower
oceanic and upper continental plate leading to contractional oro-
geny (Cawood and Buchan, 2007).
Fig. 1. Map of the Mongolian part of the CAOB (modified after Parfenov et al., 2003). The
respect to main cratons.
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In the case of the Rodinia supercontinent, it was proposed that
its assembly resulted in the so-called Grenvillian orogeny between
ca. 1300 Ma and 900 Ma when different crustal blocks amalga-
mated through ‘‘interior” collisional processes, while the break-
up of the Rodinia ‘‘interior” through continental rifting and forma-
tion of paleo-Pacific ocean occurred at ca. 830–600 Ma (Li et al.,
2008; Evans, 2009). Numerous studies devoted to the evolution
of the interior parts of Rodinia have led to a relatively good under-
standing of its amalgamation and break-up (Li et al., 2008; Evans,
2013; and references therein).

In contrast, studies concerning the peripheral evolution are rel-
atively few and are typically focused on geochemical and
geochronological data from magmatic rocks or detrital zircon
geochronology from sediments (e.g. Nance et al., 2014; Cawood
et al., 2016; Skuzovatov et al., 2019), emplaced or deposited in
an active margin setting (Cawood et al., 2010; Yao et al., 2019).
These studies have identified significant magmatic activity during
the early parts of the Neoproterozoic (1.0–0.8 Ga), and interpreted
it as a result of the Mirovoi Ocean subduction beneath the Rodinia
periphery (e.g. Li et al., 2008; Scotese, 2009). Nonetheless, meta-
morphic petrological studies of these early Neoproterozoic events
are very rare (He et al., 2012; Wang et al., 2014; Ge et al., 2016;
Haozheng et al., 2019; Ren et al., 2019, 2021; Soldner et al.,
2020), and complicated owing to significant overprinting during
late Neoproterozoic to late Paleozoic orogeny during the building
of Pangea (e.g. Cutts et al., 2010; Ren et al., 2019, 2021). One of
the principle areas where these Tonian tectono-metamorphic
events have been documented is the late Neoproterozoic–late Pale-
ozoic Central Asian Orogenic Belt (CAOB; Fig. 1) super-collage
(Xiao et al., 2015, Xiao et al., 2018). The CAOB (Zonenshain,
1990) is located between the Siberia, Tarim and North China cra-
tonic blocks (Fig. 1), which are typically assumed to have been
study region is indicated by rectangle, the inset shows the position of the CAOB with
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located at the Rodinian periphery (e.g. Li et al., 2008), and can
broadly be subdivided into three tectonic collages: the Tarim-
North China, Kazakhstan and Mongolian collages (Xiao et al.,
2015). This vast accretionary system consists of Precambrian base-
ment blocks, late Proterozoic to Paleozoic arcs, back-arcs and
accretionary complexes (Wilhem et al., 2012). These were progres-
sively accreted to the Siberian nucleus (Windley et al., 2007) dur-
ing two main Cambrian and Carboniferous tectonic cycles also
referred as Caledonian and Hercynian. However, while the Paleo-
zoic accretionary evolution of the CAOB super-collage is relatively
well understood (e.g. Xiao et al., 2018), the pre-Paleozoic evolution
is less known. This is compounded by proposed differences in the
pre-Paleozoic paleogeography of the Tarim-North China and the
Kazakhstan collages with respect to the Mongolian collage, which
obscure our understanding of the evolution of the principal seg-
ments forming the CAOB super-collage (Xiao et al., 2015).

Recent investigations suggest that the northeastern Mongolia
collage experienced Mesoproterozoic to Neoproterozoic magmatic
reworking similar in age to magmatism affecting the southerly
Tarim-North China and the westerly Kazakhstan collages (e.g.
Huang et al., 2017). These data involve magmatic reworking in
the Tuva, Zavkhan, Tarvatagay and Baidrag blocks (Fig. 1)
(Kuzmichev et al., 2001; Demoux et al., 2009a; Kozakov et al.,
2012, 2014; Bold et al., 2016; Buriánek et al., 2017; Skuzovatov,
2021). In addition, numerous Stenian to Tonian oceanic island arcs
or other supra-subduction complexes dated between 1050 Ma and
760 Ma are located in between the Siberian craton and the CAOB
super-collage (Rytsk et al., 2001; Khain et al., 2002; Gordienko
et al., 2009; Shatsky et al., 2015). It is evident therefore, that the
northern part of the Mongolian collage experienced a Stenian to
Tonian supra-subduction event, which may be similar to that
reported from the southerly Tarim-North China collage.

Nonetheless, no metamorphic rocks associated with these
events have thus far been documented. Identifying such rocks
and determining well-constrained P-T-t paths would aid in charac-
terizing tectono-thermal processes at the Rodinia periphery and in
establishing paleo-geographic links between the Mongolian col-
lage and the Tarim-North China collage in Rodinia reconstructions.
In search of a Stenian to Tonian tectono-metamorphic supra-
subduction event we examined the northern margin of the central
Baidrag block by means of combined petrological and monazite
and zircon petro-chronological study of the metapelitic sequences.
Here, metasedimentary rocks were supposedly affected by Barro-
vian metamorphism in the late Proterozoic (570–560 Ma,
Kozakov et al., 2008), and reworked later by a high temperature
(HT) early Cambrian event (Kozakov et al., 2012). However, our
study shows that the earliest metamorphism records an anticlock-
wise P-T path and occurs in the early Neoproterozoic. These obser-
vations result in radical re-interpretation of the tectono-thermal
and geodynamic evolution of the Baidrag block. The correlation
with similar metamorphic evolutions affecting the Tarim block
(He et al., 2012; Ge et al., 2016) or Tonian thermal event affecting
the Beishan orogen in NW China (Soldner et al., 2020) are dis-
cussed in light of Grenvillian-age supra-subduction evolution of
the northern margin of the Rodinia supercontinent.
2. Geological setting

The Baidrag block belongs to a string of Precambrian micro-
continents exposed in the Mongolian collage: Tuva, Tarvatagay,
Zavkhan in the NW and Erguna in the east, which are interpreted
as fragments rifted from the Rodinia supercontinent (Fig. 1; e.g.
Cocks and Torsvik, 2007; Wilhem et al., 2012). The NE–SW trend-
ing Baidrag block is composed of Archean to Mesoproterozoic vari-
ably deformed and metamorphosed rocks (Kozakov et al., 2007;
3

Demoux et al., 2009b; Kröner et al., 2014) (Fig. 1). It is surrounded
in both the NW and SE by Ediacaran to early Paleozoic units inter-
preted as relics of oceanic supra-subduction basins thrust over the
basement during Paleozoic times (e.g. Buchan et al., 2001;
Osozawa et al., 2008; Jian et al., 2010; Kröner et al., 2011;
Yarmolyuk et al., 2011; Rudnev et al., 2012; Buriánek et al., 2017).

2.1. Geology of the NE margin of the Baidrag block

The NE margin of the Baidrag block is formed by four major
NW–SE elongated lithotectonic zones (Fig. 2): Burd Gol zone,
Bayankhongor zone, both intruded by Ediacaran–Cambrian plu-
tons, Dzag zone of Silurian turbidites and Khangay zone of Devo-
nian–Carboniferous turbidites (e.g. Demoux et al., 2009b).

The Baidrag basement is composed of metaigneous unit domi-
nated by migmatitic tonalitic gneisses, amphibolite and
pyroxene-bearing mafic gneisses and a mostly metasedimentary
unit including amphibolite- to granulite-facies pyroxene-
gneisses, leucocratic gneisses, olivine-bearing marbles, quartzites
and garnet–biotite schists. The emplacement of the oldest igneous
protoliths at 2890–2650 Ma was followed by ca. 2400–2310 Ma
intrusions of pyroxene granodiorite, quartz diorite and biotite
granite and 1850–1820 Ma emplacement of enstatite-bearing gar-
net granodiorite and granosyenite veins (Mitrofanov et al., 1985;
Bibikova et al., 1990; Kozakov, 1993; Kotov et al., 1995; Demoux
et al., 2009a) associated with ca. 1850 Ma granulite-facies meta-
morphism and magmatism (Demoux et al., 2009a).

The Burd Gol zone is a � 100 km long belt of volcanic-
sedimentary rocks, interpreted as an accretionary complex, and
intruded by Ediacaran–Cambrian granite. Its unmetamorphosed
part crops out close to the Bumbuger village where the metaig-
neous gneisses are unconformably overlain by �250 m thick
sequence of quartzite and conglomerate followed by early Meso-
proterozoic stromatolite-bearing limestone (Dergunov et al.,
1997; Tomurtogoo and Gerel, 1999). In the Ulziit Gol transect
(Fig. 2), the rock sequence is interpreted as a tectonic mélange
(Buchan et al., 2001) consisting of basal quartzites, limestones
and foliated black schists with up to hundred meters large lenses
of limestone, sandstone, chert, bedded calci-turbidite, basalt, gab-
bro, andesite and subordinate rhyolite. Along the Taats Gol tran-
sect, granite gneiss with lenses of garnet-bearing metagabbro
and amphibolite occur in the south, and biotite-rich gneiss, calc-
silicate schist, quartzite, and garnet-bearing amphibolite in the
north (Demoux et al., 2009a). Some of these crystalline rocks were
tentatively considered to be derived from the Baidrag basement
(Kozakov et al., 2007, 2012). The age of the sediments was previ-
ously determined as Mesoproterozoic to Neoproterozoic on the
basis of microfossils (Mitrofanov et al., 1981); while Demoux
et al. (2009a) inferred a late Mesoproterozoic age from a
1017 Ma maximum depositional zircon age for a quartzite and
1051 Ma zircon age of an associated granite-gneiss. Based on initial
Nd mean crustal residence ages of 2700–2500 Ma from carbona-
ceous phyllites and pelitic schists, the Baidrag basement is consid-
ered as a potential source area (Kovalenko et al., 2005; Kozakov
et al., 2007). Belts of Paleozoic sediments and volcanic rocks occur
in the area of the Burd Gol zone (Demoux et al., 2009a). To the
north and structurally below the Burd Gol zone occurs a narrow
volcanic-sedimentary unit, where the association of basalt, trachy-
basalt, andesite, dacite, rhyolite, agglomerate, sandstone and tuff
indicates an island arc setting dated at 544 ± 7 Ma (Buchan et al.,
2001, 2002; Jian et al., 2010; Kröner et al., 2011).

The Bayankhongor zone contains a central ophiolite mélange
(Buchan et al., 2001), with ultramafic cumulates, gabbros, sheeted
dikes, pillow lavas, subordinate cherts and limestones, tectonically
dismembered within a serpentinite matrix. The ophiolite forma-
tion is determined by zircon ages of anorthosite at 665 ± 15 Ma



Fig. 2. Simplified geological map of the northeastern margin of the Baidrag block (modified after Tomurtogoo et al., 1998; Demoux et al., 2009a) with compilation of
Precambrian geochronological data. Locations of studied samples are indicated.
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(Kovach et al., 2005) or 655 ± 4 Ma (Jian et al., 2010), gabbro at ca.
647 Ma and plagiogranite at 636 ± 6 Ma (Jian et al., 2010). Sepa-
rated by NE verging thrusts, to the south occurs a mélange of meta-
pelitic matrix with lenses of volcanogenic rocks, gabbro, dolerite
and pillow lavas, while to the north, a mélange consists of low-
grade phyllite with black shale and metasandstone matrix with
lenses of Cambrian radiolarian chert, acid volcanics and basalt
(Buchan et al., 2001; Tomurtogoo, 2002; Osozawa et al., 2008).
The ophiolite is intruded by a syenite porphyry dated at
523 ± 2 Ma (Jian et al., 2010) and the tectonic contact of the central
and southern mélange is stitched by an undeformed pluton dated
to 545 ± 2 Ma and 539 ± 1 Ma (Buchan et al., 2002).

The Silurian Dzag zone consists of lower greenschist facies peli-
tic to psammitic rocks with rare limestone and subordinate mafic
detritus (Vonesenskaya et al., 1992; Jahn et al., 2004; Osozawa
et al., 2008). The sequence is interpreted as turbidites deposited
on a passive continental margin (Buchan et al., 2001; Osozawa
et al., 2008) as indicated by the dominance of 2140–1770 Ma detri-
tal zircons (Demoux et al., 2009a). Sedimentation age is deduced
from a 445 ± 6 Ma maximum depositional age (Kröner et al.,
4

2011). Metamorphic white micas were dated at 454 ± 9 Ma,
447 ± 9 Ma (K-Ar; Kurimoto et al., 1998) and 395 ± 20 Ma (K-Ar;
Teraoka et al., 1996).

The Devonian–Carboniferous Khangay zone consists of a
turbiditic sequence formed by unmetamorphosed folded
sandstone-mudstone with rare chert (Kelty et al., 2008; Osozawa
et al., 2008). Late Archean to early Neoproterozoic detrital zircons
suggest it was sourced from the Precambrian basement (Kelty
et al., 2008). This sedimentary sequence is intruded by early
Permian to late Triassic granitoids without signs of deformation
(Takahashi et al., 2000; Jahn et al., 2004; Orolmaa et al., 2008;
Yarmolyuk et al., 2008; Dolzodmaa et al., 2020).

2.2. Previous metamorphic and geochronological studies of the Burd
Gol zone

Increasing metamorphic grade from south to north from biotite,
through garnet to staurolite zone was described along the Ulziit
Gol transect (Fig. 2) by Buchan et al. (2001). Kozakov et al.
(2012) reported a northward increase in metamorphism up to
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kyanite–sillimanite zone involving a belt of kyanite–staurolite
schists between the Ulziit Gol and the Tuin Gol valleys and esti-
mated P-T conditions to be 570–620 �C and 8–10 kbar (Ulziit Gol,
Fig. 2) and 600–650 �C and 7–8 kbar (Tuin Gol, Fig. 2). Along the
Taats Gol transect, rocks are metamorphosed at amphibolite-
facies conditions in the south and reach conditions of partial melt-
ing in the north, in particular north of the Ediacaran pluton
(Demoux et al., 2009a). Here, Kozakov et al. (2012) described early
kyanite- and staurolite-bearing assemblages followed by
andalusite-, sillimanite- and cordierite-bearing assemblages.

The age of metamorphism is inferred mainly from zircon U–Pb
crystallization ages of Ediacaran–Cambrian intrusions (Kozakov
et al., 2006, 2008, 2012; Demoux et al., 2009a). They exhibit in
places syntectonic features, such as a kyanite-bearing granitic vein
(562 ± 2 Ma, Kozakov et al., 2006), or a foliated granodiorite and
granosyenite (547 ± 4 Ma, 564 ± 5 Ma, Kozakov et al., 2006,
2008). In the southern part of the Taats Gol transect a garnet-
bearing metagranite interlayered with the surrounding metasedi-
ments (532 ± 9 Ma, Kozakov et al., 2008) and a medium-grained
syntectonic granite vein (519 ± 9 Ma, Demoux et al., 2009a) were
dated.

Kozakov et al. (2012) suggested the time span of 580–565 Ma
for the kyanite–staurolite phase of metamorphism, based on zircon
ages from a 579 ± 7 Ma quartz diorite and ca. 565 Ma granite
(Demoux et al., 2009a). The lower age boundary for the andalu-
site–cordierite phase of metamorphism observed in the Taats Gol
transect was estimated to 542 Ma (Kozakov et al., 2012), supported
by the granitoid emplacement ages of ca. 547 Ma for the granitoids
which exhibit D2 deformation, and 542 ± 2 Ma for the granitoid
that crosscuts D2 deformation zones. Late Neoproterozoic to
Cambrian age of metamorphism is also supported by a 40Ar/39Ar
biotite age of 533 ± 3 Ma from a biotite–garnet gneiss from the
SE part of the unit (Höck et al., 2000). However, much older K–Ar
age of metamorphic white mica of 699 ± 35 Ma from black schists
was reported by Teraoka et al. (1996) from the NW part of the belt.
3. Geology of the Tuin Gol transect

In the south, the transect starts with a metasedimentary
sequence composed of sandstone, grey (±garnet) phyllite interlay-
ered with quartzite and fine-grained marble. To the north, the
rocks become coarser-grained, and involve (±garnet) micaschist,
(±garnet) amphibolite, metasandstone, metagreywacke, quartzite
and marble. Towards the Ediacaran pluton, the metasediments in
places contain staurolite, kyanite, sillimanite, and locally have mig-
matitic appearance. At the southern boundary of the Ediacaran
pluton occurs a sequence of conglomerate, sandstone and lime-
stone of presumably Permian age, and another belt of Paleozoic
flysh-like sequence of sandstone, siltstone, phyllite and limestone
with crinoids and ichnofossils, metamorphosed at sub-
greenschist facies. North of the Ediacaran pluton crops out a mig-
matitic complex of (±garnet ± sillimanite) paragneiss and (±garnet)
amphibolite. This is followed by a complex of granitoids,
amphibole-bearing gabbro comingled with tonalite, with subordi-
nate (±garnet ± sillimanite) migmatitic paragneiss, augengneiss
and ultrabasic rocks.

The macroscopic observations of index minerals in Al-rich
metasediments from south to north involve progressive appear-
ance of biotite, garnet, staurolite, kyanite and sillimanite in schists
and gneiss, and thus give an impression that the degree of meta-
morphism generally increases to the north. All the lithologies are
locally affected by greenschist-facies retrogression. The dominant
structure is a NW–SE trending steep foliation that reworks earlier
metamorphic fabrics, preserved in the form of open to isoclinal
folds. Numerous granitic to pegmatitic dykes crosscut the migma-
5

titic complex and exhibit syn- to post-tectonic relationships with
respect to the main steep fabric.

3.1. Sample localities

The studied rocks occur south of the Ediacaran pluton. Locality
PV274-PS135 (Figs. 2 and 3a, b) is formed by a dark garnet–biotite
gneiss with macroscopically visible elongated kyanite (up to
0.5 cm in size), resembling sillimanite. It contains numerous feld-
spar porphyroblasts and polymineralic leucosomes. Metamorphic
foliation is dipping under moderate to shallow angles to the west
and contains isoclinal rootless folds of leucosomes.

Localities PS118 and PV256 (Figs. 2 and 3c, d) are several tens of
meters apart, both located in a series of outcrops dominated by
alternating metapelitic and metapsammitic layers, and locally with
up to 1 m thick quartzite. The metapelitic layers are transformed to
garnet–staurolite micaschist and the metapsammitic layers con-
tain garnet. The macroscopically visible garnet and staurolite are
up to 1 cm and 2 cm in size, respectively. A shallow-dipping meta-
morphic foliation is folded by steep, open to isoclinal folds, leading
locally to transposition into a moderately to steeply SW-dipping
cleavage.
4. Petrography and mineral chemistry

4.1. Sample selection and analytical procedure

In an attempt to constrain the Neoproterozoic P-T-t paths, we
focus only on three localities that revealed Neoproterozoic meta-
morphic ages, a locality of Grt-Sil-Ky gneiss PV274, and two local-
ities of garnet-staurolite schist PS118 and PV256. Mineral analyses
and compositional maps were performed on an electron probe
microanalyser (EPMA) with field emission gun electron source
JXA-8530F by JEOL (Charles University, Czech Republic), with
focused beam mode (15 kV, 30nA) for garnet and staurolite, defo-
cused beam to 5 lm (15 kV, 20nA) for micas and feldspars, and
compositional mapping was done with 20 kV and 80nA. Represen-
tative analyses are summarized in Table 1. Petrography and garnet
zoning are presented in Figs. 4–6. In the text, we use ‘‘=>” for min-
eral compositional trends, while ‘‘–” designates a range of mineral
compositions; p.f.u. = per formula unit.

4.2. Grt-Sil-Ky gneiss (PV274B)

Grt-Sil-Ky gneiss is composed of garnet, sillimanite, kyanite,
biotite, muscovite, plagioclase, K-feldspar, quartz and accessory
ilmenite, rutile, tourmaline, zircon and monazite (Fig. 4). It is dom-
inated by a mica-rich matrix and contains bands and lenses of leu-
cosomes composed predominantly of K-feldspar, plagioclase and
quartz (Fig. 3b and Fig. 4a). The kyanite and sillimanite occurrences
were confirmed by electron-backscattered diffraction (EBSD) anal-
ysis. Garnet (up to 0.5 cm) shows commonly lobate boundaries,
with apophyses protruding to the matrix. The apophyses have in
places numerous small aligned inclusions mostly of quartz, textu-
rally different from the garnet core and in places near the garnet
rim an aligned string of inclusions separating the garnet core from
rim is observed (Fig. 4b, e and f). Where this textural difference is
obvious we assign them as garnet1 and garnet2 (Fig. 4b and f). Gar-
net contains inclusions of sillimanite, kyanite, biotite, ilmenite,
rutile, quartz, plagioclase and monazite. Apart from quartz and pla-
gioclase, the distribution of the inclusions of index minerals shows
zoning from core to rim: the inner core includes biotite and ilme-
nite, the outer core includes sillimanite, biotite and ilmenite, and
the very rim and garnet apophyses include sillimanite, kyanite,
biotite, ilmenite and rutile (Fig. 4). EBSD analysis in thin-section



Table 1
Representative analyses of (a) garnet and staurolite, (b) muscovite, biotite, plagioclase, K-feldspar. Alm = Fe/(Ca + Fe + Mg + Mn), prp = Mg/(Ca + Fe + Mg + Mn), grs = Ca/
(Ca + Fe + Mg + Mn), sps = Mn/(Ca + Fe + Mg + Mn), XFe = Fe/(Fe + Mg); an = Ca/(Na + Ca + K), ab = Na/(Na + Ca + K), or = K/(Na + Ca + K). b.d. = below detection limit, concentration
lower than the value of the 2r standard deviation. c = core, r = rim.

Rock
type

Grt-Sil-Ky gneiss Grt-St schist Grt-St schist Grt-St schist

Sample PV274B2 PV274B2 PV274B2 PV274B2 PS118C PS118C PS118C PS118C PV256B PV256B PV256B PV256B PS118C PS118C PV256B PV256B

Mineral Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt Grt St St St St
Position Grt1-c Grt1-r Grt1-r Grt2-c Grt1-c Grt1-r Grt2-c Grt2-r Grt1-c Grt1-r Grt2-c Grt2-r
Analysis p26-045 p26-007 p24-07 p25-014 227 241 244 251 134 122 175 187 290 41 167 164
SiO2 37.61 37.82 37.86 37.64 36.29 36.52 36.58 36.45 36.01 35.85 36.29 36.27 26.78 25.30 25.81 25.85
TiO2 0.20 0.19 0.21 0.12 0.03 0.00 0.12 0.04 0.01 0.00 0.08 0.02 0.46 0.33 0.35 0.47
Cr2O3 0.02 0.01 0.00 0.01 0.03 0.01 0.01 0.02 0.03 0.00 0.01 0.02 0.04 0.03 0.02 0.03
Al2O3 20.22 20.69 20.82 20.68 20.44 20.45 20.60 20.57 20.41 20.60 20.63 20.66 53.19 55.41 54.60 55.29
FeO 32.69 34.77 35.49 35.88 32.46 36.24 34.53 35.76 32.29 36.26 34.44 36.22 13.43 13.43 13.33 12.71
MnO 6.26 3.55 2.74 2.62 5.97 2.33 0.77 0.26 5.64 2.06 0.62 0.24 0.03 0.03 0.02 0.01
MgO 2.72 2.94 2.89 2.62 1.62 1.86 1.57 1.92 1.78 2.04 1.79 2.10 1.32 0.80 1.31 0.96
CaO 0.61 0.65 0.69 1.11 1.39 1.38 4.64 3.24 1.33 1.17 4.89 2.84 0.00 0.01 0.01 0.01
Na2O 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.03 0.02 0.00 0.00
K2O 0 0 0 0 0 0 0.01 0 0 0 0 0 0.00 0.02 0.00 0.00
P2O5 0.00 0.05 0.05 0.02 0.00 0.00 0.02 0.04 0.03 0.02 0.00 0.00 b.d. b.d. b.d. b.d.
ZnO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.03 0.73 0.55 0.64
Total 100.34 100.67 100.75 100.71 98.26 98.81 98.86 98.29 97.68 98.01 98.76 98.37 96.31 96.12 96.01 95.95
Cations 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 15.00 15.00 15.00 15.00
Si 3.04 3.04 3.04 3.03 3.01 3.01 2.99 3.00 3.00 2.97 2.96 2.98 3.87 3.65 3.81 3.87
Ti 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.04 0.04 0.06
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 0.01
Al 1.93 1.96 1.97 1.96 2.00 1.98 1.99 1.99 2.00 2.01 1.99 2.00 9.05 9.42 9.19 9.17
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.04 0.07 0.03 0.00 0.00 0.00 0.00
Fe2+ 2.21 2.34 2.38 2.41 2.25 2.49 2.35 2.46 2.25 2.47 2.28 2.46 1.62 1.62 1.60 1.65
Mn 0.43 0.24 0.19 0.18 0.42 0.16 0.05 0.02 0.40 0.14 0.04 0.02 0.00 0.00 0.00 0.01
Mg 0.33 0.35 0.35 0.31 0.20 0.23 0.19 0.24 0.22 0.25 0.22 0.26 0.28 0.17 0.29 0.18
Ca 0.05 0.06 0.06 0.10 0.12 0.12 0.41 0.29 0.12 0.10 0.43 0.25 0.00 0.00 0.00 0.00
Na 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 0.01 0.00 0.00
K 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 0.00
P 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 b.d. b.d. b.d. b.d.
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.11 0.08 0.05 0.06
grs 0.02 0.02 0.02 0.03 0.04 0.04 0.13 0.10 0.04 0.03 0.14 0.08
alm 0.73 0.78 0.80 0.80 0.75 0.83 0.78 0.82 0.75 0.83 0.77 0.83
py 0.11 0.12 0.12 0.10 0.07 0.08 0.06 0.08 0.07 0.08 0.07 0.09
sps 0.14 0.08 0.06 0.06 0.14 0.05 0.02 0.01 0.13 0.05 0.01 0.01
XFe(tot) 0.87 0.87 0.87 0.88 0.92 0.92 0.93 0.91 0.91 0.91 0.92 0.91 0.85 0.90 0.85 0.90

Rock type Grt-Sil-Ky gneiss Grt-St schist Grt-St schist

Sample PV274B PV274B PV274B PV274B PS118C PS118C PS118C PS118C PS118C PS118C PV256B PV256B PV256B

Mineral Ms Bt Ksp Plg Ms Ms Ms Bt Plg Plg Ms Bt Plg
Position rim core
Analysis 105 100 96 98 91 128 131 127 116 284 189 190 200
SiO2 44.96 34.66 63.51 63.88 45.41 46.05 45.93 34.68 62.46 64.13 45.50 34.38 62.15
TiO2 1.01 3.18 0.00 0.00 0.21 0.19 0.16 1.57 0.01 0.00 0.46 1.43 0.01
Al2O3 36.17 18.90 19.13 22.61 35.90 35.96 36.79 18.85 23.11 21.45 36.66 18.35 23.21
FeO 1.22 20.68 0.24 0.21 1.90 0.96 0.99 21.29 0.06 0.05 1.06 21.21 0.03
MnO 0.01 0.06 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.01
MgO 0.65 7.58 0.01 0.00 0.42 0.48 0.37 7.77 0.00 0.00 0.46 8.27 0.00
CaO 0.05 0.01 0.01 2.88 0.00 0.02 0.00 0.05 4.52 2.68 0.01 0.07 4.58
Na2O 0.44 0.10 1.08 9.53 1.21 1.23 1.77 0.18 8.83 9.61 1.33 0.09 8.71
K2O 10.35 9.59 14.99 0.15 9.08 8.96 8.23 8.58 0.09 0.04 8.96 8.43 0.07
BaO 0.19 0.08 0.65 0.00 0.18 0.19 0.16 0.04 0.00 0.00 0.23 0.04 0.00
Total 95.05 94.83 99.61 99.27 94.30 94.04 94.39 93.02 99.08 97.94 94.66 92.29 98.75
Cations 7.00 8.00 5.00 5.00 7.00 7.00 7.00 8.00 5.00 5.00 7.00 8.00 5.00
Si 3.01 2.76 2.95 2.84 3.05 3.10 3.07 2.81 2.79 2.89 3.04 2.80 2.79
Ti 0.05 0.19 0.00 0.00 0.01 0.01 0.01 0.10 0.00 0.00 0.02 0.09 0.00
Al 2.85 1.77 1.05 1.18 2.84 2.85 2.90 1.80 1.22 1.14 2.89 1.76 1.23
Fe3+ 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
Fe2+ 0.07 1.38 0.00 0.01 0.11 0.05 0.06 1.44 0.00 0.00 0.06 1.44 0.00
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
Mg 0.07 0.90 0.00 0.00 0.04 0.05 0.04 0.94 0.00 0.00 0.05 1.00 0.00
Ca 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.22 0.13 0.00 0.01 0.22
Na 0.06 0.02 0.10 0.82 0.16 0.16 0.23 0.03 0.77 0.84 0.17 0.01 0.76
K 0.88 0.97 0.89 0.01 0.78 0.77 0.70 0.89 0.00 0.00 0.76 0.88 0.00
Ba 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00
XFe 0.51 0.60 0.72 0.53 0.60 0.61 0.56 0.59
an 0.00 0.14 0.22 0.13 0.22
ab 0.10 0.85 0.78 0.86 0.77
or 0.90 0.01 0.00 0.00 0.00
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Fig. 3. Field photographs illustrate the studied rock types. (a, b) Grt-Sil-Ky gneiss with bands and lenses of leucosomes, (c, d) Grt-St schist.
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and XRD analysis on mineral separates from the matrix did not
detect sillimanite in the matrix, all Al2SiO5 in the matrix was
kyanite. Apart from kyanite included in the garnet rim and garnet
apophyses (Fig. 4c–f), numerous kyanite grains (up to 0.5 cm in
size) are aligned mostly in biotite-rich layers, and some grains
occur also in leucocratic layers (Fig. 4b, d and e). Biotite dominates
the mica-rich layers, and it is associated with numerous grains of
kyanite. In places muscovite is aligned with biotite and also
contains kyanite inclusions (Fig. 4b and d), suggesting
crystallization of muscovite at the expense of, and after kyanite.
Occasional muscovite appearing in the garnet rim (Fig. 4d) is
connected by cracks to the matrix and is therefore interpreted as
a late phase. The succession of index mineral crystallization from
these observations is core of garnet1 with Bt-Ilm, outer core of
garnet1 with Sil-Bt-Ilm, garnet2 with Ky-Rt and the matrix with
Ky-Ms-Rt-Ilm.

Some garnet grains show strong zoning marked by a continuous
decrease in spessartine and an increase in almandine from core
towards rim, while grossular, pyrope and XFe are almost constant,
and followed by a minor increase in spessartine, almandine,
grossular and XFe, and a decrease in pyrope, at the very rim
(Fig. 6a, profile p26–27; grs0.01=>0.02, alm0.73 => 0.78, prp0.11 => 0.12,
sps0.14 => 0.08, XFe 0.87 => 0.89). Other garnet grains show similar type
of zoning, but less pronounced, and in some garnet2 apophyses
this zoning is followed by a small, but systematic increase in
grossular, almandine and XFe, and a continuous decrease in pyrope
and spessartine (Fig. 6b) (profile p24–25; grs0.02 => 0.02 => 0.04,
alm0.78 => 0.79 => 0.80, prp0.11 => 0.12 => 0.10, sps0.09 => 0.06 => 0.05,
XFe 0.87 => 0.88 => 0.89). Plagioclase is oligoclase (an0.13�0.15

ab0.86�0.84 or0.01), K-feldspar contains 9%�11% of albite. Muscovite
has Si = 3.00–3.04 p.f.u. and Na = 0.05–0.06 p.f.u. Biotite has
XFe = 0.54–0.60 and Ti = 0.19–0.24 p.f.u.
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4.3. Grt-St schists (PS118C and PV256B)

Both samples are composed of garnet, staurolite, biotite, mus-
covite, plagioclase, quartz, chlorite, and accessory ilmenite, tour-
maline, zircon and monazite (Fig. 5). Garnet (up to 3 mm) is
included in staurolite and also occurs in the matrix. The garnet
included in staurolite tends to be euhedral, while garnet in the
matrix tends to have a euhedral to subhedral core surrounded by
highly irregular anhedral garnet with apophyses protruding to
the matrix (Fig. 5a). We interpret these textural differences as a
result of two stages of garnet growth, assigned here as garnet1
and garnet2. Some garnet grains have rare inclusions while other
grains contain numerous inclusions of quartz and ilmenite. The
inclusions tend to be strongly oriented and form inclusion trails
in the euhedral garnet, while they tend to be irregular in the sub-
hedral garnet. Staurolite (up to 1 cm) tends to include garnet1,
numerous oriented and elongated quartz and rare ilmenite. When
garnet1 is included in staurolite, and both contain inclusion trails,
these inclusion trails are parallel with the crystal elongation of
staurolite, indicating crystallization in the same foliation (Fig. 5a
and c). The matrix contains layers dominated by muscovite and
biotite, alternating with layers dominated by plagioclase and
quartz with some biotite and subordinate muscovite. Chlorite
locally occurs in the vicinity of staurolite and garnet (Fig. 5b),
and some biotites show transformation to chlorite. Staurolite is
in places surrounded by an aggregate dominated by fine-grained
muscovite, chlorite and ilmenite (Fig. 5b), interpreted as a partial
pseudomorph after staurolite. From the textural relations the
inferred succession of crystallization of index minerals is as fol-
lows: garnet1, staurolite, followed by garnet2, with stable mus-
covite, biotite and ilmenite. This is followed by late
crystallization of chlorite.



Fig. 4. BSE images of Grt-Sil-Ky gneiss sample PV274B showing main petrographic features and crystallization succession (kyanite and sillimanite are confirmed by EBSD
analyses). (a) Coarse-grained leucosome lens composed of K-feldspar, plagioclase, quartz and biotite, in a finer-grained matrix. (b) Garnet in a matrix composed of kyanite,
biotite, muscovite, plagioclase, K-feldspar, quartz. Garnet shows inclusion-rich apophyses of garnet2 around garnet1. Indicated insets show details of inclusions of rutile,
biotite and quartz in garnet2. (c) Inclusions of index minerals from core to rim in garnet show biotite in the core, followed by a zone with sillimanite, and kyanite at the rim. A
rectangle indicates a detail portrayed in (d). Black line indicates position of chemical profile. (d) Detail of sillimanite and kyanite inclusions in garnet. Muscovite in garnet is
connected with cracks to matrix. Matrix is composed of kyanite, biotite, muscovite, plagioclase, K-feldspar, quartz. (e) Garnet with large core of garnet1, and irregular
apophyses assigned as garnet2. The boundary between garnet1 and garnet2 is not abrupt, it is in places marked by aligned inclusions of quartz. Garnet2 tends to contain
numerous inclusions that are smaller compared to those in garnet1. Indicated are inclusions of sillimanite at the boundary of garnet1 and garnet2, and a rectangle marks an
area with kyanite detailed in (f). Black line indicates position of chemical profile. (f) Kyanite and numerous small elongated quartz inclusions in garnet2.

P. Štípská, Vít Peřestý, I. Soejono et al. Geoscience Frontiers 14 (2023) 101520
In sample PS118C, garnet1 is characterized by low and nearly
constant grossular content, nearly constant or slight increase in
pyrope, strong decrease in spessartine and increase in almandine
8

from core to rim (Fig. 6d, garnet1 in profile p55–56; grs0.04,
alm0.75 => 0.83, prp0.07 => 0.10, sps0.14 => 0.05, XFe 0.91�0.92). Some gar-
net1 grains show less pronounced zoning (Fig. 6c), with lower



Fig. 5. BSE images of garnet-staurolite schists, showing crystallization succession. (a) Garnet1 included in staurolite shows some euhedral boundaries towards staurolite and
some apophyses connected to the matrix; garnet in the matrix shows a core formed by garnet1 and apophyses of garnet2, inclusion trails in staurolite are parallel to the
matrix, sample PS118C. (b) Staurolite in a matrix of biotite, muscovite, quartz and plagioclase, inclusion trails in staurolite are at high angle to the matrix, sample PS118C. (c)
Garnet included in staurolite, both showing inclusion trails parallel to the matrix, sample PV256B. (d) Garnet in a folded matrix. Garnet shows a core of garnet1 with inclusion
trails at high angle to the matrix, and an irregular rim of garnet2, sample PV256B.
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spessartine and higher almandine in the core compared to garnet1
profile p55–56 (Fig. 6d), and this is interpreted as chemical charac-
teristics of grains not cut through their core. The limit between
garnet1 and garnet2 is marked mainly by an abrupt increase in
grossular from 0.04 to 0.13 (Fig. 6d and e). Anhedral garnet2 is
characterized by relatively high but decreasing grossular content,
low and decreasing spessartine, and increasing almandine and
pyrope contents (Fig. 6d and e), e.g. garnet2 in profile p55–56;
grs0.14 => 0.10, alm0.78 => 0.83, prp0.06 => 0.08, sps0.02 => 0.01,
XFe 0.91�0.93). Staurolite contains Ti = 0.03–0.06 p.f.u., Zn =
0.05–0.12 p.f.u. and Mn = 0.00–0.01 p.f.u., and XFe ranges
0.84–0.90. Plagioclase is oligoclase (an0.13�0.22 ab0.86�0.78

or0.00�0.01), muscovite has Si = 3.05–3.10 p.f.u. and Na = 0.15–0.19
p.f.u., biotite has XFe = 0.56–0.61 and Ti = 0.07–0.10 p.f.u.
5. Mineral equilibria modelling

5.1. Calculation methods

Calculations were done in the system MnO–Na2O–CaO–K2O–
FeO–MgO–Al2O3–SiO2–H2O–TiO2–O (MnNCKFMASHTO) using
THERMOCALC 3.50beta, dataset 6.2 (Holland and Powell, 2011,
6th February 2012 upgrade), and activity models for plagioclase
and K-feldspar from Holland et al. (2021), muscovite, staurolite
and melt from White et al. (2014a) and garnet, biotite, cordierite
and chlorite from White et al. (2014b). The whole rock
9

compositions acquired by quantitative analysis of representative
areas of the thin-sections using a scanning electron microscope
(SEM) (e.g. Broussolle et al., 2015; Jiang et al., 2015) are normalized
to 100 mol% and presented in diagrams (Figs. 7 and 8). The whole
rock composition used for modelling of Grt-Sil-Ky gneiss includes
both the mica-rich layers and quartzo-feldspathic layers/lenses,
as the quartzo-feldspathic layers/lenses texturally appear to be
an integral part of the rock and not a result of an externally added
melt (Fig. 3b). Fe2O3 was set in form of oxygen to O = 0.01, compat-
ible with the observed assemblages without magnetite. Isopleths
of pyrope, prp = Mg/(Fe2++Mg + Ca + Mn), grossular, grs = Ca/
(Fe2++Mg + Ca + Mn), spessartine, sps = Mn/(Fe2++Mg + Ca + Mn)
and staurolite XFe = FeO/(FeO + MgO) were plotted to study P-T
conditions of mineral growth. The approaches for how the amount
of H2O, melt, and fractionation calculations were determined, is
described separately for the two types of samples below.
5.2. P-T path of Grt-Sil-Ky gneiss PV274B

The reconstruction of a prograde and retrograde P-T path for
migmatites requires several steps (Štípská et al., 2008): ‘‘It involves
the determination of H2O in the final assemblage, consideration of
open system behaviour with respect to melt, and modification of
the whole-rock composition by adding (or subtracting) melt
(White and Powell, 2002). Tracking of the P-T path must therefore
be undertaken backwards in time, from the matrix assemblage to



P. Štípská, Vít Peřestý, I. Soejono et al. Geoscience Frontiers 14 (2023) 101520

10



Fig. 7. (a, b) Pseudosection calculated for a whole rock composition with reintegrated melt, Grt-Sil-Ky gneiss sample PV274B, contoured with compositional and modal
isopleths of garnet. (c, d) Pseudosection calculated for a whole rock composition contoured with garnet isopleths. The arrows and ellipses indicate the inferred P-T conditions,
note the different P-T scales. For details see text.

3

Fig. 6. Garnet compositional maps and profiles, (a, b) in sample of Grt-Sil-Ky gneiss, sample PV274B, and (c–e) in sample of Grt-St schist PS118C. (a) Garnet with high-Mn
core and low-Mn rim, and with slight increase in Ca at the rim. (e) Garnet with low-Ca garnet1 core shows slight increase in Ca at the rim, and even higher-Ca irregular
apophyses of garnet2 (marked with arrows). (c) Garnet included in staurolite shows low-Ca garnet1 with euhedral boundary towards staurolite and few apophyses of high-Ca
garnet2 connected to the matrix. (d) Garnet in a matrix, shows a low-Ca core of euhedral garnet1 with strongly zoned Mn, and a sharp boundary with higher-Ca irregular rim
of garnet2. (e) Garnet in a matrix shows a low-Ca core of euhedral garnet1, a sharp boundary with higher-Ca irregular rim of garnet2 with numerous small inclusions. (f)
Garnet profiles along the black arrows indicated in (a–e).
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Fig. 8. (a–d) H2O-saturated pseudosection for sample of Grt-St schist PS118C with calculated mineral compositional and modal isopleths of garnet and staurolite. (e, f) The
pseudosection calculated for a fractionated whole rock composition. The arrows and ellipses indicate the inferred P-T conditions, note the different P-T scales. See text for
details.

P. Štípská, Vít Peřestý, I. Soejono et al. Geoscience Frontiers 14 (2023) 101520
the early prograde evolution. As the whole-rock composition is
expected to change along the P-T path via loss of melt
and⁄or H2O, individual segments of the P-T path are modelled
in pseudosections calculated for different whole-rock
compositions.”.

Textural features of the matrix, and the inclusions within the
garent2 indicate stability of Grt2-Ky-Rt-bearing mineral assem-
blage at some point of the P-T path. Kyanite grains surrounded
by large flakes of muscovite in the matrix then indicate passing
to the muscovite stability field. Growth of such muscovite requires
aluminosilicate and H2O, which is typically available at supra-
solidus conditions in melt. Because a large quantity of kyanite in
the sample is preserved, the amount of H2O and therefore of the
melt itself must have been limited. We searched for the amount
of H2O that allows crystallization of muscovite and preservation
of kyanite in a T–H2O section (not shown), and then we used
2.54 mol% of H2O for the pseudosection calculation (Fig. 7c and
d). Such a limited amount of H2O is explained in migmatites by
melt loss (White and Powell, 2002), therefore in order to model
the prograde P-T path, we reintegrated melt back in to the whole
rock composition (Fig. 7a and b). However, even if the calculations
are done to track the evolution backwards in time, the diagrams
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are presented in order as the rock would evolve in time, with an
early prograde P-T path in Fig. 7a,b and a peak and a retrograde
P-T path in Fig. 7c,d.

The occurrence of kyanite and rutile inclusions in garnet2 is
compatible with peak P-T conditions in the field Liq-Grt-Ky-Bt-
Pl-Rt (Fig. 7c, d) at �750 �C and �9 kbar. The muscovite flakes
around kyanite indicate back-crossing of the upper muscovite sta-
bility to the field Grt-Ky-Ms-Bt-Pl-Rt, where melt is predicted to be
consumed along a narrow temperature interval. The limited
amount of H2O in the calculations, and therefore limited amount
of melt are sufficient for conversion of only part of kyanite to mus-
covite, in accordance with the kyanite presence in the sample. The
presence of ilmenite together with rutile in the matrix indicate
passing through the calculated field Grt-Ky-Ms-Bt-Pl-Rt-Ilm
at �8 kbar and �600–700 �C. The peak and retrograde path are
inferred mainly based on the evolution of the mineral assemblage.
However, even if likely partially reequilibrated by diffusion, as also
indicated by the diffuse boundary between garnet1 and garnet2
(grs0.02 => 0.02 => 0.04, alm0.78 => 0.79 => 0.80, prp0.11 => 0.12 => 0.10,
sps0.09 => 0.06 => 0.06, XFe 0.87 => 0.88 => 0.89), this P-T path is also com-
patible with garnet2 composition marked by elevated grossular
content (�4%) compared to garent1 (�2%).
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In order to model the prograde P–T path, we searched for the
amount of melt to be reintegrated. The amount of reintegrated
melt should lead to the presence of an insignificant amount of
H2O at the wet solidus, because metasediments dehydrate semi-
continuously along a prograde P-T path (White and Powell,
2002). Reintegration of 16.4 mode% of melt with composition
taken from the previously inferred peak at 750 �C and 9 kbar (in
mol%: H2O = 0.602, SiO2 = 1.272, Al2O3 = 0.161, CaO = 0.007,
MgO = 0.003, FeO = 0.007, K2O = 0.057, Na2O = 0.083), led to calcu-
lation of insignificant amount of free H2O (<0.1 mode%) at the wet
solidus (Fig. 7a, b), and the diagram with this amount of reinte-
grated melt was used to discuss the prograde P-T path (Fig. 7a,
b). The whole rock composition with the reintegrated melt is sup-
posed to closely approach the original whole rock composition in
which the prograde garnet grew (e.g. Štípská et al., 2008). There-
fore, an attempt is made to use garnet to constrain the prograde
path from inclusion assemblages and from mineral compositions.

The observed succession of crystallization of index minerals
from garnet inclusions indicates initial garnet crystallization out-
side the stability field of sillimanite mostly at subsolidus condi-
tions, likely in the assemblage Grt-Ms-Bt-Ilm-H2O-Pl-Qz (Fig. 7a).
A zone of sillimanite inclusions that are not accompanied by mus-
covite indicates continuation of garnet growth in the stability of
sillimanite and also outside the stability of muscovite, compatible
with the calculated Liq-Grt-Sil-Bt-Kfs-Ilm-Pl-Qz field (Fig. 7a). The
presence of leucosomes and K-feldspar in the matrix also support
the inferred suprasolidus conditions. Garnet modal isopleths indi-
cate garnet growth along such a P-T path up to 6 mode% (Fig. 7b).
Although the garnet zoning is generally modified by diffusion at
suprasolidus conditions, in some cases, the prograde zoning is rel-
atively well preserved despite high grade conditions (e.g. Štípská
et al., 2008; Jedlička et al., 2015). Indeed, some of the studied gar-
nets preserve less pronounced prograde zoning, which is inter-
preted as a result of partial re-equilibration. However, the strong
spessartine zoning in some garnets indicates remnants of prograde
garnet1 composition (grs0.01=>0.02, alm0.73 => 0.78, prp0.11 => 0.12,
sps0.14 => 0.08, XFe 0.87 => 0.89) compatible with garnet growth
from �660 �C and �5.5 kbar to �720 �C and �6 kbar, according
to plotted garnet isopleths in Fig. 7b. The presence of both silliman-
ite and kyanite inclusions at the very rim of garnet1, and the occur-
rence of kyanite and rutile inclusions in garnet2 indicate
subsequent increase in pressure, discussed above (Fig. 7c,d).

Continuous melting reactions are inferred according to the
modal changes of phases along the P-T path in suprasolidus condi-
tions. Along the first part of the prograde P-T path, the major melt
producing reaction is a muscovite consuming reaction Ms + Pl +
Qz + Ilm = Grt + Sil + Liq + Kfs + Bt, followed by a biotite consuming
reaction Sil + Qz + Pl + Bt = Grt + Kfs + Liq + Ilm. Along the second
part of the P-T path with increase in pressure and temperature it is
a biotite consuming reaction Sil/Ky + Qz + Pl + Bt = Grt + Kfs + Liq +
Ilm/Rt. Garnet formed in the course of such reactions is therefore
peritectic.

5.3. P-T path of garnet-staurolite schist PS118C

According to petrological observations, the evolution of this
sample occurred under subsolidus conditions, and therefore H2O
was set in excess. Succession of crystallization indicates beginning
of garnet1 growth before staurolite, and garnet1 and staurolite
growth in the stability of ilmenite. Zoning of garnet1 (grs0.04,
alm0.75 => 0.83, prp0.07 => 0.10, sps0.14 => 0.05, XFe 0.91�0.92) suggests gar-
net growth from �530–550 �C and �4.0–5.0 kbar to �620 �C
and �6 kbar, compatible with the inferred succession of crystal-
lization (Fig. 8a–d). The P-T phase diagram constructed for the frac-
tionated composition is shown in Fig. 8e, f. Subtraction was done
via the rbi script close to the peak of the first part of the P-T path,
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at 600 �C and 5.5 kbar (1.8 mode% of garnet with composition in
mol%: SiO2 = 3.000, Al2O3 = 0.999, CaO = 0.111, MgO = 0.318,
FeO = 2.330, MnO = 0.241, O = 0.001; and 2.2 mode% of staurolite
with composition in mol%: H2O = 2.000, SiO2 = 7.500,
Al2O3 = 8.929, MgO = 0.619, FeO = 3.345, TiO2 = 0.101,
MnO = 0.419, O = 0.003). The garnet-in line is shifted to higher
pressure and the garnet2 composition (grs0.14 => 0.10, alm0.78 => 0.83,

prp0.06 => 0.08, sps0.02 => 0.01, XFe 0.91�0.93) is compatible with
isopleths at �570–600 �C and �8.5 kbar (Fig. 8e, f), indicating a
substantial increase in pressure. These conditions occur at the
boundary of the stability fields Grt-Bt-Ms-Pg-Ilm-Pl-Ab-Qz and
Grt-Bt-Ms-Ilm-Pl-Ab-Qz. The calculated amount of paragonite in
the area of the inferred P-T conditions is 0.0–1.0 mode%, and
therefore paragonite may have been overlooked in the thinsection,
for example, it may be present in the form of submicroscopic
intergrowths in white mica (e.g. Höck, 1974).
6. Monazite and xenotime geochronology and trace-element
chemistry

6.1. Methodology and sample preparation

In order to find a representative number of monazite inclusions
in porphyroblasts and from the matrix, we prepared 10 thin-
sections from samples PV274B, PS118C and PV256B. Before the
analysis, monazite and xenotime grains were documented in
backscattered electron (BSE) and secondary electron (SE) images
(Tescan VEGA scanning electron microscope, Charles University,
Czech Republic). Compositional mapping for Y, La, Th and U was
performed on selected grains using an EPMA (Charles University,
Czech Republic). Representative BSE images showing the position
of dated monazite and/or internal zoning, and X-ray maps of Th
and Y are shown in Figs. 9 and 10. Compositional mapping of mon-
azite was done prior to analysis in samples PS118C and PV256B,
but after the analysis in sample PV274B, therefore for this sample
we present processed images of compositional maps.

Monazite and xenotime U/Th–Pb and REE data were measured
at the Department of Earth Science, University of California, Santa
Barbara, via laser ablation–split-stream inductively coupled
plasma–mass spectrometry (LASS), which allows simultaneous iso-
topic and elemental analysis from the same mineral volume. The
analytical procedure followed methods after Kylander-Clark et al.
(2013) and Kylander-Clark (2017), and was applied as described
in Štípská et al. (2020). Analyses of unknowns were bracketed by
analyses of monazite primary reference materials (RM) 44,069
(424.9 ± 0.4 Ma Pb/U TIMS date; Aleinikoff et al., 2006). A sec-
ondary monazite reference material ‘Stern’ (512.1 ± 1.9 Ma;
acquired from R. Stern, sample number 8153 sourced from the
Bananeira I Pegmatite in Brazil, see also Palin et al., 2013;
Horstwood et al., 2016) was also included as a monitor of accuracy
and returned an age of 509.5 ± 1.8 Ma (95% C.I. internal precision).

The 238U/206Pb and 207Pb/206Pb isotopic ratios for each analysis
were plotted on Tera–Wasserburg diagrams using Isoplot (Ludwig,
2003). For discordant U–Pb ratios we report a ‘‘207Pb-corrected
238U/206Pb date” (Compston et al., 1992) by assuming a Stacey
and Kramers (1975) common-Pb value. The discordant analyses
can be explained by the presence of common Pb with a 207Pb/206Pb
ratio consistent with the model of Stacey and Kramers (1975), and
therefore, we use also the intercept dates calculated with the dis-
cordant analyses, which are comparable to dates calculated using
the concordant analyses. It is supposed that the common Pb in
the discordant analyses originates from inclusions and fractures
in the monazite or from the Pb incorporated into the monazite dur-
ing growth or recrystallization (Holder et al., 2015). The uncer-
tainty for each isotopic ratio or spot date is reported at the 95%



Fig. 9. Backscattered electron (BSE) images and compositional maps of representative monazite grains from Grt-Sil-Ky gneiss PV274B. Shown are monazite textural positions,
close-up BSE images with analytical number of the monazite grain, Th- and Y-compositional maps and sketches with analytical points (10 lm) and resulting dates. (a–o)
Matrix monazite; (p–y) Monazite included in garnet. For details see text.
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confidence interval for the in-run uncertainty, assuming a Gaus-
sian distribution of measurement errors. All of the analyses were
obtained in an 11-day session, from which the samples PV274B
and PV256B were analyzed in a single 1 day session; consequently,
to assess population statistics and compare dates among samples
we use only the in-run uncertainties. The isotopic ratios do not
have sufficient spread in U–Pb ratios to define a 207Pb/206Pb inter-
cept, therefore the Stacey–Kramers (e.g. Stacey and Kramers, 1975)
for common lead was used to calculate intercept dates (0.896 ±
0.001 for 926–700 Ma group of dates). The data are provided as
supplement (Supplementary Data A). The results of the U–Pb
dating, chondrite-normalized REE patterns and the HREE slope
expressed as a chondrite-normalized YbN/GdN ratio (normalizing
values from Barcheck et al., 2012) are presented in Figs. 11 and 12.
14
6.2. Results for Grt-Sil-Ky gneiss PV274B

Monazite was found in garnet, in the matrix, and in the leuco-
some, and xenotime was found in the matrix; 80 spots were ana-
lyzed in 13 monazite grains and 4 spots in one xenotime grain
(Fig. 9). Five monazite grains up to 50 lm in size were analyzed
in garnet (Fig. 9p–y); from these, 10 spots were measured on grains
in their cores (Fig. 9r, s), or on grains where the surrounding garnet
does not exhibit cracks (Fig. 9v), and 14 spots on grains at their
rims or on grains where the surrounding garnet exhibits cracks
(Fig. 9r, s and u). Thirty-seven spots were analyzed on seven grains
up to 80 lm in the matrix and 19 spots were analyzed on one
150 lm large grain in the leucosome (Fig. 9a–e). Four spots were
analyzed in one xenotime grain (40 lm in size) in the matrix.
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Fig. 11. LASS results of 207Pb-corrected 238U/206Pb dates of monazite and xenotime. A Stacey and Kramers (1975) common-Pb value used is 0.896 ± 0.001 for 926–700 Ma
group of dates, and 0.873 ± 0.001 for 568–515 Ma dates. Errors are 2 sigma. (a–c) Weighted mean plot of 207Pb-corrected 238U/206Pb dates sorted by sample, textural position
and decreasing age. (e–f) Chondrite-normalized REE patterns of monazite with colour keyed to age. (g–i) Variation of chondrite-normalized YbN/GdN vs. age sorted by textural
position, colour legend is the same as for (a–c).
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BSE images and compositional maps show variable zoning pat-
terns (Fig. 9). Some grains have a light-grey BSE core or patches in
the core, and a dark-grey BSE rim (e.g. Fig. 9b, g, l and r), others are
homogeneous (Fig. 9o, x). Compositional maps show patchy zoning
and irregular embayments, the grains with BSE-light-grey core
have Th-richer and Y-poorer core compared to rim (Fig. 9c, d, h
and i).

The monazite data yield a continuum of 207Pb-corrected
238U/206Pb dates from 926 ± 22 Ma to 768 ± 19 Ma (2r in-run
uncertainties; Fig. 11a, d and 12a, e). In garnet, monazite cores or
monazite in garnet without cracks is 895 ± 28 Ma to
838 ± 28 Ma, monazite rims or monazite in garnet that exhibits
cracks is 824 ± 26 Ma to 780 ± 21 Ma. In the matrix, monazite is
from 891 ± 29 Ma to 768 ± 19 Ma, monazite cores are from
3

Fig. 10. Backscattered electron (BSE) images and compositional maps of representative
close-up BSE images, Th- and Y-compositional maps and analytical points (10 lm) with
monazite; (k, l) Monazite included in garnet1; (m, n) Monazite included in staurolite; (
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891 ± 29 Ma to 842 ± 24 Ma and monazite rims are 840 ± 22 Ma
to 768 ± 19 Ma. Monazite in the leucosome is 926 ± 22 Ma to
838 ± 22 Ma. Four spots on one xenotime grain in the matrix are
840 ± 25 Ma to 800 ± 25 Ma. In this sample, no monazite younger
than 768 ± 19 Ma was found.

The relative probability distribution for all monazite spots does
not show a single narrow peak, instead it shows a broad maxima
from ca. 790 Ma to ca. 870 Ma (Fig. 12a, e). A peak at 865 Ma is
observed for monazite from leucosome and a corresponding iso-
chron is 869 ± 11 Ma (MSWD = 4.1, n = 19) (Fig. 12a, e). A peak
at 870 Ma is observed for monazite cores in the matrix, with cor-
responding isochron 867 ± 9 Ma (MSWD = 1.3, n = 8), and a peak
at 825 Ma with smaller peak at 790 Ma are observed for monazite
rims in the matrix, an isochron calculated for this group is
monazite grains from Grt-St schist PS118C. Shown are monazite textural positions,
resulting dates. Analytical numbers of monazite grains are indicated. (a–j) Matrix

o–r) Monazite included in garnet1. For details see text.



Fig. 12. LASS results of monazite and xenotime sorted by sample and textural position and shown (a–d) in probability density diagram of 207Pb-corrected 238U/206Pb dates,
dates indicate positions of peaks; (e–h) in Tera-Wasserburg concordia diagram. A Stacey and Kramers (1975) common-Pb value used is 0.896 ± 0.001, error ellipses are 2
sigma. For details see text.
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815 ± 7 Ma (MSWD = 3, n = 29). For cores of monazite enclosed in
garnet or for monazite in garnet without cracks, a peak at 855 Ma
occurs, and a corresponding isochron is 858 ± 8 Ma (MSWD = 1.2,
n = 10). For rims of monazite enclosed in garnet or for monazite in
garnet that exhibits cracks the peak is at 795 Ma and correspond-
ing isochron is 798 ± 6 Ma (MSWD = 1.3, n = 14). The relative prob-
ability distribution for matrix xenotime shows a peak at 835 Ma.

The monazite has relatively narrow spread in HREE and no clear
variance of HREE concentration with age (Fig. 11d). YbN/GdN ratio
is between 0.00 and 0.06 (Fig. 11g) without a systematic trend with
textural position, and there is only a weak trend of narrower
YbN/GdN range when plotted vs decreasing age.

6.3. Results for Grt-St schist PS118C

Monazite was found in garnet, staurolite and the matrix, and
171 spots were analyzed in 46 grains (Fig. 10). Twenty-seven mon-
azite grains up to 40 lm in size were analyzed in garnet; from
these, 36 spots were measured on grains in their cores, or on grains
where the surrounding garnet does not exhibit cracks, 55 spots on
grains in their rims or where the surrounding garnet exhibits
cracks (Fig. 10k, l, o–r). Three grains (up to 40 lm) were analyzed
in staurolite, 7 spots were measured (Fig. 10m, n). In the matrix, 15
monazite grains up to 40 lm were analyzed, 11 spots were mea-
sured on monazite cores and 62 spots were measured on monazite
rims or on small grains (<20 lm) (Fig. 10a–j).

BSE images and compositional maps show a variety of zoning
patterns, including patchy and irregular structures (Fig. 10b–g, n,
q and r), and locally structure-less rims. Cores tend to have
higher-Y compared to Y-poor rims, the boundary between the core
and rim being diffuse (Fig. 10e), or sharp (Fig. 10c, g). Domains
with lower Y tend to have higher Th content (Fig. 10b, c, f and g).

The data yield a continuum of 207Pb-corrected 238U/206Pb dates
from 905 ± 28 Ma to 536 ± 15 Ma (Fig. 11b). Monazite in garnet is
885 ± 29 Ma to 776 ± 21 Ma, monazite enclosed in staurolite is
885 ± 25 Ma to 847 ± 25 Ma, and monazite in the matrix shows
two separate groups, first from 905 ± 28 Ma to 778 ± 22 Ma and
second from 568 ± 14 Ma to 536 ± 15 Ma, and two outliers at
650–632 Ma. In this study, we will examine in detail only
spots > 776 Ma.

The relative probability distributions plotted for all spots show
two peaks at ca. 850 Ma and at ca. 820 Ma (line labelled ‘‘Mnz all”
in Fig. 12b, c), and very similar peaks for all spots for the monazite
enclosed in garnet (line ‘‘in Grt all” in Fig. 12c). For the matrix mon-
azite cores, the relative probability distribution shows a peak at ca.
855 Ma and a related isochron is 867 ± 13 Ma (MSWD = 2.1, n = 11),
an isochron plotted for the three oldest spots is 894 ± 16 Ma
(MSWD = 0.47, n = 3) (Fig. 12b, f). For the matrix monazite rims,
two smaller peaks occur at ca. 820 Ma and ca. 790 Ma, an isochron
for older spots is 821 ± 6 Ma (MSWD = 1.04, n = 15), and an iso-
chron of 788 ± 9 Ma (MSWD = 0.25, n = 7) is calculated for the 7
youngest spots (Fig. 12b, f). For monazite enclosed in garnet1
(Fig. 12c, g) without apparent cracks or for monazite cores, the
dates range from 875 ± 27 Ma to 843 ± 24 Ma, a peak occurs at
ca. 864 Ma and a related isochron is 864 ± 4 Ma (MSWD = 0.78,
n = 36). For monazite enclosed in garnet1 with apparent cracks
or spots at rims of grains the dates range from 855 ± 21 Ma to
776 ± 21 Ma, a peak occurs at ca. 815 Ma and a related isochron
is 818 ± 5 Ma (MSWD = 2.6, n = 55). For monazite enclosed in stau-
rolite, the relative probability distribution shows a peak at ca.
865 Ma and a related isochron is 865 ± 9 Ma (MSWD = 1.6,
n = 7)(Fig. 12c, g).

The monazite shows a trend of lower HREE concentration with
decreasing age for analyses older than 776 Ma (Fig. 11e). The YbN/
GdN ratio for the group of dates 568–536 Ma is close to zero while
the YbN/GdN spread for dates 905–776Ma is between 0.00 and 0.05
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(Fig. 11h). There is a trend of decreasing YbN/GdN ratio with age for
monazite included in garnet and staurolite without apparent
cracks to the matrix, compared to monazite enclosed in garnet1
with apparent cracks and rims of included monazite. A similar
trend of decreasing YbN/GdN ratio when plotted against the age is
observed for matrix monazite, with the majority of spots in mon-
azite rims having lower YbN/GdN ratio compared to spots measured
in monazite cores.
6.4. Results for garnet-staurolite schist PV256B

Monazite was found in garnet, staurolite and the matrix, and 71
spots were analyzed in 38 grains. Fifteen monazite grains up to
30 lm in size were analyzed in garnet; from these, 6 spots were
measured on grains in their cores, or on grains where the sur-
rounding garnet does not exhibit cracks, 16 spots on grains in their
rims or where the surrounding garnet exhibits cracks. Four grains
(up to 30 lm) were analyzed in staurolite and a total 7 spots were
measured. In the matrix, 19 monazite grains up to 40 lm were
analyzed, 8 spots were measured on monazite cores and 34 spots
were measured on monazite rims or on small grains (<20 lm).
BSE images show patchy and irregular structures and locally
structure-less rims comparable to sample PS118C (not shown, for
similar structures see Fig. 10).

The data yield a continuum of 207Pb-corrected 238U/206Pb dates
from 937 ± 37 Ma to 754 ± 27 Ma (Fig. 11c). Monazite in garnet is
937 ± 37 Ma to 785 ± 22 Ma, monazite enclosed in staurolite is
880 ± 31 Ma to 839 ± 30 Ma, and monazite in the matrix shows
two separate groups, first from 899 ± 29 Ma to 754 ± 27 Ma and
second from 560 ± 17 Ma to 515 ± 13 Ma. Further, we will examine
in detail only spots > 754 Ma.

The relative probability distributions (Fig. 12d) plotted for all
spots show one important peak at ca. 835 Ma and a small peak
at ca. 785 Ma (line labelled ‘‘Mnz all” in Fig. 12d). For the matrix
monazite cores, the relative probability distribution shows a peak
at ca. 860 Ma and a related isochron is 866 ± 10 Ma (MSWD = 1.3,
n = 8) (Fig. 12d, h). For the matrix monazite rims, two smaller
peaks occur at ca. 830 Ma and ca. 770 Ma, a single isochron for
all these spots is 813 ± 14 Ma (MSWD = 4.1, n = 16). For monazite
enclosed in garnet1 without apparent cracks or monazite cores, the
dates range from 937 ± 37 Ma to 861 ± 29 Ma, a peak occurs at ca.
870 Ma and a related isochron is 888 ± 29 Ma (MSWD = 3.3, n = 6).
For monazite enclosed in garnet1 with apparent cracks, the dates
range from 847 ± 25 Ma to 785 ± 22 Ma, one important peak occurs
at c. 835 Ma and a smaller peak at ca. 785 Ma, a related isochron
calculated for all these spots is 821 ± 12 Ma (MSWD = 3.0,
n = 16). For monazite enclosed in staurolite, the relative probability
distribution shows a peak at ca. 850 Ma and a related isochron is
853 ± 11 Ma (MSWD = 0.9, n = 7) (Fig. 12d, h).

The monazite shows a trend of lower HREE concentration with
decreasing age for analyses older than 750 Ma (Fig. 11f). The YbN/
GdN ratio for the group of ages 568–536 Ma is close to zero while
the spread for ages between 937 Ma and 754 Ma is 0.00–0.05
(Fig. 11i). YbN/GdN ratio tends to decrease with age for monazite
included in garnet and staurolite without apparent cracks to the
matrix, compared to monazite enclosed in garnet1 with apparent
cracks. Majority of spots in monazite rims have lower YbN/GdN

ratio compared to spots measured in monazite cores.
7. Zircon geochronology

7.1. Methodology and sample preparation for U–Pb zircon dating

Zircons were obtained using conventional separation methods
(crushing, Wilfley concentration table, magnetic and heavy liquid
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separations) from �5 kg per sample, then placed in epoxy mounts
and polished. Internal textures were obtained by cathodolumines-
cence (CL) imaging using scanning electron microscope at the
Czech Geological Survey in Prague.

The U–Pb dating of zircons was performed using Photon Machi-
nes Analyte Excite 193 nm excimer laser system equipped with a
two-volume HelEx ablation cell that was connected to an Agilent
7900 quadrupole ICP-MS instrument at the Czech Geological Sur-
vey in Prague.

The analytical procedure was applied as described in Soejono
et al. (2018). Data deconvolution using Iolite followed the method
described by Paton et al. (2010), which involves subtraction of an
‘on peak’ gas blank followed by correction for laser-induced ele-
mental fractionation (LIEF) by comparison with the behaviour of
the 91500 reference zircon (Wiedenbeck et al., 1995), which
yielded in this study concordia age of 1063.2 ± 3.0 Ma. No common
Pb correction was applied. Zircon reference samples GJ-1 (ca.
609 Ma, Jackson et al., 2004) and Plešovice (ca. 337 Ma, Sláma
et al., 2008) analysed during this study yielded concordia ages of
608.6 ± 2.6 Ma and 337.2 ± 2.0 Ma (2r), respectively.

The zircon U–Pb ages are presented in concordia diagrams and
in histograms with kernel density estimate generated with Isoplot
v. 3.70 (Ludwig, 2003). Only analyses <5% discordant were taken
into account. For the data interpretation, the 207Pb/206Pb age was
used for zircons older than 1 Ga, while the 206Pb/238U age was used
for zircons younger than 1 Ga. Maximum depositional ages (MDA)
were calculated from the youngest zircon cluster following
Dickinson and Gehrels (2009). These are presented as concordia
ages calculated from the concordant youngest zircons that overlap
in age at 1r. U–Pb isotopic data, corresponding ages and Th/U
ratios are provided as supplement (Supplementary Data B).
Fig. 13. (a, d) U–Pb concordia diagrams of the zircons from the studied metasedimentar
show calculated concordia or weighted mean 206Pb/238U ages ± 2r. Dashed curves r
histograms with kernel density distributions of zircon age populations (n, number of ana
marked concordant 206Pb/238U ages (207Pb/206Pb for ages > 1 Ga). (c, f) Th/U versus age
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7.2. Results of U–Pb zircon dating for Grt-Sil-Ky gneiss PV274B

Zircon grains are mostly 60–100 lm long, generally shortly
prismatic or stubby with subhedral crystal shapes. Most of the
grains contain older corroded cores and distinct rims. The cores
are �20–50 lm in size and show variable internal textures from
oscillatory to irregular convolute zoning (Fig. 13b). In contrast,
the variously thick (5–60 lm) rims show generally weak oscilla-
tory or sector zoning. Some grains also have thin bright outer-
most overgrowths. U–Pb zircon dating (89 concordant data from
191 analyses) yielded a wide spectrum of ages with a dominant
younger peak at ca. 880 Ma, several minor peaks between ca.
1000 Ma and 2000 Ma and few ages around 2600 Ma
(Fig. 13b). The Th/U ratios show systematic age and textural
dependence. The older cores show uniformly higher Th/U ratios
of �0.3–1.2 compared to the youngest data obtained from the
rims that have consistently very low Th/U ratios of < 0.06
(Fig. 13c). Such low Th/U ratios are generally considered as
indicative of metamorphic zircon whereas the Th/U ratios higher
than 0.1 are typical of magmatic zircon (e.g. Hoskin and
Schaltegger, 2003; Rubatto, 2017). Weighted mean age
877 ± 7 Ma (2r) calculated for the youngest rim-located age
group (n = 36) is similar with lower intercepts of two best-fit dis-
cordia lines (lower inset in Fig. 13a). The maximum depositional
age of the sedimentary protolith is determined by concordia age
of 1372 ± 14 Ma (2r) of the youngest overlapping data from
the inherited detrital zircon cores (n = 4; upper inset in
Fig. 13a). Few slightly younger ages around ca. 1100 Ma were
obtained from the spots at or near the core-rim boundary and
probably represent mixed ages or zircon affected by Pb-loss or
partial metamorphic recrystallization.
y samples PV274 and PV256 (data-point error symbols and ellipses are 2r). Insets
epresent discordia regression lines among discordant analyses. (b, e) Frequency
lyses) with cathodoluminescence images of typical zircons. Laser dating spots with
plots. Dashed curves show kernel density distributions of zircon age populations.
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7.3. Results of U–Pb zircon dating for garnet-staurolite schist PV256

Zircon grains are subhedral to anhedral, 70–150 lm long and
shortly prismatic to isometric. CL internal patterns show cores
with common oscillatory or sector zoning, or rarely unzoned cores,
and variably thick and mostly bright rims (Fig. 13e). The zircon age
population (194 concordant data from 263 analyses) shows a wide
age group spreading from ca. 1400 Ma to 3000 Ma with dominant
age peaks at ca. 1800 and 2600 Ma (Fig. 13d, e). In contrast to the
previous sample, metamorphic rims were too small to be analysed.
The concordia age of the minor youngest peak (n = 10) is
1490 ± 7 Ma and defines the maximum depositional age (inset in
Fig. 13d). The discordant analyses define two discordia lines with
a lower intercepts at ca. 880 Ma (Fig. 13d), similar to the weighted
mean age of the youngest metamorphic zircons from sample
PV274. The Th/U ratios generally range between �0.3 and 2.0 (ex-
cept few outliers) and there is no correlation between the age and
Th/U ratios (Fig. 13f).
8. Discussion

8.1. The P-T paths and metamorphic gradients

The sequence of crystallization deduced from textures com-
bined with garnet chemical zoning and mineral equilibria mod-
elling allowed constraining the P-T paths from Grt-Sil-Ky gneiss
and Grt-St schist (Fig. 14b). The inferred P-T paths therefore allow
discussion of the evolution of the P-T gradients during metamor-
phism (Fig. 14b). The earliest parts of the P-T paths can be traced
using garnet1 core compositions from �660 �C and �5.5 kbar for
the Grt-Sil-Ky gneiss and from �550 �C and �4.5 kbar for the
Grt-St schists. For the Grt-Sil-Ky gneiss, increase of P-T conditions
to �720 �C and �6.0 kbar is inferred from garnet1 near rim compo-
sition, and is compatible with the succession of inclusions from Bt-
Pl-Qz-Ilm to Sil-Bt-Pl-Qz-Ilm, indicating crossing the solidus, fol-
lowed by crossing of the upper muscovite stability field. In the
Grt-St schist, an increase to �620 �C and �6 kbar is inferred from
garnet1 rim composition, compatible with the prograde appear-
ance of garnet and staurolite, in the stability of ilmenite. This part
of prograde P-T path (M1) in both types of samples occurred under
similar and relatively high gradients of 27–32 �C/km.

The subsequent anticlockwise part of the P-T path (M2)
to �750 �C and �9 kbar in the Grt-Sil-Ky gneiss is suggested by
change in the mineral inclusion assemblage in garnet rims involv-
ing kyanite and rutile and also by garnet2 composition marked
mainly by slight but systematic increase in grossular compared
to garnet1. The profound reworking of the matrix in the kyanite
stability field is supported by EBSD and XRD analysis of the mineral
separate, which did not identify sillimanite. Similarly, an anticlock-
wise part of the P-T path to �590 �C and 8.5 kbar is suggested in
the Grt-St schist based on the texturally distinct garnet2 over-
growth on garnet1, marked mainly by a substantial increase in
grossular. This nearly isothermal burial part of the P-T path (M2)
occurred in both the Grt-Sil-Ky gneiss and Grt-St schist under
markedly lower gradients of �18–22 �C/km, compared to the M1
phase of metamorphism (Fig. 14b).
8.2. Monazite ages in the context of the P-T-t path

In-situ analysis of monazite included in porphyroblasts of gar-
net and staurolite allow discussion of the timing of porphyroblasts
crystallization on the prograde path. The dates from monazite
included in garnet and staurolite without apparent cracks to the
matrix are interpreted as approximating the upper age limits
for the growth of these porphyroblasts along the prograde path
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(e.g. following Štípská et al., 2015, 2020). The timing of further
monazite (re)crystallization along the P-T path is based on mon-
azite textures and chemical zoning. BSE images and compositional
maps of monazite show variable patterns, some grains or domains
are homogeneous, others are patchy or show concentric zoning,
and in others the individual zones have embayed or sharp bound-
aries. In particular, the embayments of different monazite compo-
sition are considered as a result of recrystallization, typically
caused by dissolution–precipitation in the presence of fluid or
hydrous melt (e.g. Putnis, 2002; Kelly et al., 2012; Grand’Homme
et al., 2016). The results of dating will be therefore considered as
a possible result of recrystallization, not only monazite growth
(e.g. following Štípská et al., 2015, 2020). This includes recrystal-
lization of matrix monazite grains, but also recrystallization of
monazite included in porphyroblasts, if the inclusions communi-
cated with the matrix, for example along cracks.

The obtained monazite dates from Grt-Sil-Ky gneiss and Grt-St
schists show a very large span from 937 Ma to 754 Ma, and in Grt-
St schist also a group of dates between 568 Ma and 515 Ma. The
group of 568–515 Ma dates, found only in Grt-St schists, is in
agreement with the presence of Ediacaran–early Cambrian meta-
morphism documented on syn-tectonic magmatic rocks from the
study area (e.g. Kozakov et al., 2006, 2008). The very large span
of 937–754 Ma dates is in agreement with the observed monazite
internal structural patterns indicating early crystallization fol-
lowed by new crystallization or recrystallization along the P-T path
during the Neoproterozoic. The inclusions of aluminosilicate in
monazite with 895–850 Ma dates (Fig. 9q, r) support the metamor-
phic age of the monazite and exclude its detrital origin. Unfortu-
nately, the inclusions are too small and did not provide EBSD
patterns decisive for distinction between sillimanite and kyanite.

8.2.1. Monazite ages in the context of the P-T-t path, in Grt-Sil-Ky
gneiss

In Grt-Sil-Ky gneiss, monazite in garnet without apparent
cracks to the matrix is 895–838 Ma, and this time span is also com-
patible with monazite dates from the leucosome (926–838 Ma),
and dates from the matrix monazite cores (891–842 Ma). The
peaks and calculated isochrons for these groups of dates are in
the range of 870–855 Ma, which can be considered as the approx-
imate time of prograde metamorphism. Since garnet with mon-
azite inclusions contains also sillimanite and monazite from the
leucosome is of the same age; anatexis and metamorphic peak in
the sillimanite stability also fall into this time span. Because of
later (re)crystallization of monazite down to ca. 750 Ma, it is likely
that some monazite dates, which we assigned to these groups
based on internal monazite structures, were also affected by
recrystallization. Therefore, the older age of ca. 870 Ma is consid-
ered as more realistic for the beginning of the prograde phase of
metamorphism reaching a peak in the sillimanite stability
at �720 �C and �6.5 kbar (Fig. 14b).

The overlapping age patterns of monazite in garnet and in leu-
cosome are interpreted to represent a major period of monazite
growth during prograde metamorphism, within the sillimanite sta-
bility field. This interpretation is based on empirical observations
showing that monazite can grow semi-continuously along a pro-
grade P-T path in Al-rich rocks. However, monazite tends to be
small and irregular at the garnet isograd, more abundant, but small
at the staurolite isograd, and abundant and large at the Al2SiO5 iso-
grad (e.g. Kingsbury et al., 1993; Rubatto et al., 2001; Wing et al.,
2003; Štípská et al., 2015, 2020; Yakymchuk et al., 2017). Thus in
the Grt-Sil-Ky gneiss, growing garnet may have first included some
rare prograde monazite, and later both sillimanite and monazite,
representing the principal prograde monazite population. It was
shown that when rocks enter suprasolidus conditions, monazite
progressively dissolves in a partial melt with increasing



Fig. 14. Summary (a) and correlation (b) of inferred P-T conditions and zircon and monazite ages from this study with Stenian–Tonian P-T paths and their zircon and
monazite ages reported from Asia.
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temperature (e.g. Stepanov et al., 2012; Yakymchuk and Brown,
2014; Yakymchuk et al., 2017). Using the equations from
Stepanov et al. (2012), Yakymchuk and Brown (2014) showed
that < 5% of monazite is dissolved in melt at 720–760 �C in meta-
pelite or metagreywacke with moderate to high LREE concentra-
tions, leaving > 95% of prograde monazite preserved. This
explains the abundant preservation of prograde monazite both in
the garnet and leucosome of the Grt-Sil-Ky gneiss.

We did not find monazite included in garnet2 or in kyanite and
therefore it is difficult to approximate time of burial into the Grt-
Ky-Rt-bearing stability field. However, matrix monazite rims are
840–768 Ma, monazite in garnet that exhibits cracks is 824–
780 Ma, and these data are compatible with 840–800 Ma dates
from matrix xenotime. Hence, we interpret a peak at ca. 825 Ma
for the matrix monazite rims as approximating the time of a major
monazite recrystallization, and we associate it with a major meta-
morphic event that caused a pervasive recrystallization of the
matrix to kyanite-bearing assemblage at �770 �C and �10 kbar
(Fig. 14b). Smaller peaks occur for matrix monazite rims and mon-
azite in garnet that exhibits cracks at ca. 790 Ma, indicating the end
of monazite recrystallization, and which we consider as the
approximate time of decompression and cooling (Fig. 14b).
Because the youngest matrix monazite spot is 768 ± 19 Ma, it is
clear that the garnet–kyanite–rutile-bearing assemblage is Tonian,
and not Ediacaran or Cambrian. The analyses have narrower spread
in HREE concentrations compared with samples of Grt-St schists.
There is a trend into a narrower range of YbN/GdN ratio to 0.02–
0.04 with decreasing age (Fig. 11g). This may be explained by the
presence of melt and very similar mineral assemblage during both
metamorphic phases in the sillimanite- and kyanite-stability fields.
Similar are the findings of Stepanov et al. (2012) who described
remarkably constant monazite/melt partitioning in experiments
over large P-T span, and therefore interpreted variations in natural
samples as originating from changes in the overall phase assem-
blage and/or the bulk composition. Nonetheless, the slightly lower
maximum value of monazite YbN/GdN ratio of ca. 0.04 for the
younger ages compared to ca. 0.06 for the older ages is compatible
with an increase of the modal proportion of garnet during burial to
the kyanite stability.

8.2.2. Monazite ages in the context of the P-T-t path, in Grt-St schist
The data from the two samples of Grt-St schists show very sim-

ilar results and will be discussed together. Monazite enclosed in
garnet1 without apparent cracks to the matrix is 937–843 Ma,
monazite enclosed in staurolite is 885–839 Ma and matrix mon-
azite cores are 905–846 Ma. The peaks and calculated isochrons
for these groups of dates are in the range of 888–855 Ma, which
can be considered as the approximate time of prograde metamor-
phism, however, based on the presence of old dates we consider
the boundary of ca. 888 Ma as more probable for the early phase
of prograde metamorphism. Another argument for considering
the older dates as more reliable timing of prograde metamorphism
is that monazite in these samples underwent (re)crystallization to
ca. 754 Ma, and some of the spots that we assigned to these groups,
based on monazite textural position and internal structures, may
have also undergone partial recrystallization. For monazite
enclosed in garnet1 with apparent cracks the dates range 855–
776 Ma and for matrix monazite rims range 838–754 Ma. The
peaks and calculated isochrons related to these groups range
between 835 Ma and 815 Ma, and a smaller peak occurs at ca.
790 Ma. The group of 568–515 Ma dates is obtained on individual
grains or on rims that show texturally sharp boundaries towards
the Tonian monazite core. No monazite of Ediacaran–Cambrian
age was found in garnet1 or staurolite, implying that the
Tonian age for the prograde path to the staurolite stability field
is robust.
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We did not find any monazite grain in the garnet2, therefore, it
is uncertain whether the garnet2 in the Grt-St schist grew during
the Tonian or Cambrian. Nonetheless, if garnet2 is Tonian, the asso-
ciated increase in pressure is comparable to the P-T-t path for the
Grt-Sil-Ky gneiss. In this context, monazite minor peaks at 835–
815 Ma may be related with monazite (re)crystallization during
the second metamorphic phase of burial to 8.5 kbar and 590 �C.
Minor peaks at ca. 790 Ma may be related with late monazite
recrystallization on decompression and cooling. Another argument
for linking these groups of dates with particular segments of the P-
T path is the monazite chemical composition.

A trend of lower HREE concentration with decreasing age is typ-
ically interpreted as a result of garnet crystallization, which con-
centrates HREE (e.g. Wang et al., 2015). Monazite with 568–
515 Ma dates have YbN/GdN ratio close to zero (Fig. 11h, i). This
indicates that by the time of Ediacaran–Cambrian monazite
growth, almost all the HREE were already tied in garnet (e.g.
Wang et al., 2015), and that all the garnet was already grown by
that time. Therefore, we consider the chemistry of the Ediacaran–
Cambrian monazite to be in favor of garnet2 growth already in
the Tonian. We speculate, that Ediacaran–Cambrian monazite
growth may be related with superposed fluid input indicated by
late chloritization.

In this interpretation, monazite dates with ca. 888–853 Ma
peaks tend to have high HREE concentrations, and thus are dating
the prograde part of the P-T path when the quantity of garnet has
been low and was progressively increasing (Fig. 11e, f and 14b).
The group of dates with 835–815 Ma peaks tends to have much
lower HREE concentrations reflecting an already high amount of
garnet that has been further increasing during burial to the kyanite
stability field. The group of monazite with ca. 790 Ma peak has very
low HREE concentration, reflecting the fact that almost all HREE
have been tied in garnet and also in monazite, thus dating the ret-
rograde P-T path. This is expressed also in a trend of decreasing
YbN/GdN ratio with age for 905–776 Ma monazite. However,
because of the indirect indications for the timing of the garnet2
growth, we present the Tonian ages for the second part of the P-
T path for the Grt-St schist with a question mark (Fig. 14).

8.2.3. Evolution of geothermal gradients through time
Since there is no Cambrian monazite in the Grt-Sil-Ky gneiss,

we consider the Tonian age for both phases of the P-T path as
robust. Because monazite of Ediacaran–Cambrian age was not
found in garnet1 or staurolite of the Grt-St schist, we consider
the Tonian age for the prograde path to the staurolite stability field
as also robust. We acknowledged the uncertainty about the age of
the garnet2 growth in the Grt-St schist, but because of the indirect
indications in favor of the Tonian garnet2 growth and therefore
also Tonian age for the second part of the P-T path (Fig. 14), we will
discuss the evolution of the geothermal gradients in the two type
of samples together.

In samples with significantly different evolution of metamor-
phic assemblages to different peak P-T conditions, we found very
similar range of dates for monazite included in prograde porphy-
roblasts, bracketing the burial of middle and lower crustal levels
under high geothermal gradient of 27–32 �C/km to ca. 890–
870 Ma. Similarly, for both the middle and lower crustal level very
similar range of dates for (re)crystallized monazite brackets the
second phase of metamorphism characterized by nearly isothermal
burial at �18–22 �C/km and following retrograde P-T path to 835–
815 Ma. It is not clear exactly when the rocks reached the pressure
peak because monazite recrystallization may have continued dur-
ing decompression. It is also not clear whether the rocks stayed at
depth under high geothermal gradient, and were exposed to long-
lasting metamorphism accompanied with continuous (re)crystal-
lization of monazite between these two phases of metamorphism,
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or whether they underwent a phase of cooling and/or exhumation
before subsequent burial.

The group of 568–515 Ma dates found in Grt-St schists supports
the existence of a late Ediacaran–Cambrian phase of metamor-
phism, which may in this sample be related only to chloritization.
However, we did not exclude completely the possibility, that gar-
net2 growth and therefore the burial at �18–22 �C/km recorded
in the Grt-St schist may be Ediacaran–Cambrian. In such a case,
the Ediacaran–Cambrian phase of metamorphism would occur
under remarkably similar metamorphic gradients as the evolution
towards the end of the Tonian metamorphic history, recorded in
the Grt-Sil-Ky gneiss.

8.3. Significance of U–Pb zircon data

The sedimentary age of the Burd Gol zone protolith has so far
been only approximately constrained as Mesoproterozoic to Neo-
proterozoic on the basis of sporadic paleontological (Mitrofanov
et al., 1981; Dergunov et al., 1997) and geochronological data
(Demoux et al., 2009a). Similarly, both samples from this study
show Mesoproterozoic calculated maximum depositional ages
(1372 ± 14 Ma for PV274 and 1490 ± 7 Ma for PV256). Thus, our
data confirm the previously proposed age of the metasedimentary
Burd Gol unit.

With the exception of the youngest metamorphic ages of ca.
880 Ma, inferred from zircon microstructure and low Th/U ratios
in the sample PV274, both samples have similar detrital zircon
spectra only differing in the size of the individual age peaks. The
detrital zircon populations can be divided into two major groups,
a late Mesoproterozoic–early Paleoproterozoic part (1400–
2100 Ma) and Neoarchean part (2400–2700 Ma). The samples also
contain few scarce data at ca. 2300 and 3000 Ma. Similar Precam-
brian peaks of detrital zircon age patterns have been reported from
several places in this part of CAOB and variously interpreted as
crustal signature of either Siberia (Gladkochub et al., 2013; Glorie
et al., 2014), Tarim (Rojas-Agramonte et al., 2011; Li et al., 2015)
or Gondwana (Jiang et al., 2011; Yang et al., 2011; Zhou et al.,
2018). The detrital zircon age populations of the two studied sam-
ples are not sufficient to identify the sedimentary provenance of
the Burd Gol zone unambiguously.

Zircon rims gave a weighted mean age of 877 ± 7 Ma in sample
of Grt-Sil-Ky gneiss as well as similar lower intercepts of two best-
fit discordia lines, comparable to the oldest groups of monazite.
These spot analysis have low Th/U values of �0.01–0.06
(Fig. 13c), generally considered as indicative of metamorphic zir-
con (e.g. Hoskin and Schaltegger, 2003; Rubatto, 2017). The age
of zircon rims and their chemical composition are therefore com-
patible with (re)crystallization of zircon during a high-
temperature metamorphic event (lower inset in Fig. 13a). In the
sample of Grt-St schist, the zircon rims were too small to be anal-
ysed, but the discordant analyses define two discordia lines with
lower intercepts at ca. 880 Ma (Fig. 13d), similar to the weighted
mean age of the metamorphic zircons from Grt-Sil-Ky gneiss, and
to the oldest monazite groups, and therefore support the existence
of a ca. 880 Ma metamorphic event in this rock. Zircon dating thus
supports the timescale for metamorphism obtained from monazite
dating in both samples.

8.4. Tonian metamorphism in the Baidrag margin compared to the
southern CAOB

The inferred P-T paths are compared with P-T conditions and P-
T paths from rocks with similar metamorphic ages, which are
increasingly reported from various regions of the Tarim-North
China collage (Fig. 14). They involve the Kuruktag block located
NE of Tarim (He et al., 2012; Ge et al., 2016) and northern Qaidam
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orogen SE of Tarim (Ren et al., 2019, 2021) but also the Yangtze
block in the NW part of the South China Craton (Haozheng et al.,
2019).

In NE Tarim, He et al. (2012) calculated conditions of �810 �C
and 10 kbar for a garnet-orthopyroxene granulite and reported
metamorphic zircon rims with 790–820 Ma ages. Ge et al. (2016)
inferred an anticlockwise P-T path from garnet pyroxenite and gar-
net clinopyroxene gneiss, characterized by prograde burial associ-
ated with increase in temperature, followed by near-isothermal
burial to 660–700 �C and 11–12 kbar, and retrograde exhumation.
They interpreted the Tonian 830–800 Ma zircon ages as the time of
retrograde metamorphism. Ren et al. (2019, 2021) documented an
older Tonian metamorphic event in Silurian eclogites and sur-
rounding schists from the SE part of the Tarim block. Here, the
metamorphic conditions related to the Tonian event were based
on mineral inclusions in garnet cores and in zircon, and revealed
an amphibolite-facies event with P-T conditions of �5.0–7.0 kbar
and �616–669 �C in an eclogite, and of �7.7–12.0 kbar
and �634–680 �C in a garnet micaschist. Metamorphic zircon
bracketed the age of amphibolite-facies phase in the eclogite to
ca. 929–916 Ma. Zircon and monazite ages of ca. 920–915 Ma show
that the garnet micaschist experienced the Tonian phase of meta-
morphism together with the enclosed eclogite.

Haozheng et al. (2019) reported 802 ± 5 Ma monazite and
797 ± 9 Ma metamorphic zircon ages for garnet–biotite–sillimanite
rocks from the South China craton, with a peak at �7–8 kbar
and �710 �C and retrograde conditions of �5–6 kbar and �650–
675 �C. Metamorphic rocks with Tonian age were also reported
from other areas, including for example migmatite from the NW
Chinese Tianshan (Wang et al., 2014), and amphibolite and meta-
graywacke from the Beishan orogen in the southern CAOB
(Soldner et al., 2020), however, for these rocks P-T conditions of
metamorphism were not provided. Wang et al. (2014, and refer-
ences therein) have shown based on zircon ages, that migmatiza-
tion occurred at 926–909 Ma. Soldner et al. (2020) reported a
zircon age of 911 ± 3 Ma obtained on metamorphic zircon rims
in an amphibolite and a monazite age of ca. 881 ± 8 Ma related
with garnet growth during a high-temperature metamorphic event
of a metagraywacke.

The P-T paths from our samples show an early prograde evolu-
tion along relatively high geothermal gradients of 27–32 �C/km,
that are comparable to geothermal gradients of 21–32 �C/km
inferred from prograde paths or P-T peaks reported by Ge et al.
(2016), Haozheng et al. (2019) and Ren et al. (2019). Our late meta-
morphic phase characterized by nearly isothermal burial and a
peak pressure at geothermal gradient of � 18–22 �C/km correlates
well with isothermal burial phase reported by Ge et al. (2016), who
reported slightly higher peak pressure conditions and slightly
lower geothermal gradient of � 15 �C/km (Fig. 14b).

8.5. Geodynamic implications

The petrological data reported in this work indicate a two stage
evolution marked by early ca. 890–855 Ma hot and later ca. 835–
815 Ma intermediate metamorphic gradient developed in a Meso-
proterozoic sedimentary sequence. The early orogenic phase indi-
cates HT conditions at low pressure typical for stretched crust of
either a continental rift or back-arc–arc domain (Thompson et al.,
2001). The pre-orogenic hot conditions and timing are comparable
to those reported by Soldner et al. (2020) for the Beishan orogen,
which have been interpreted to result from asthenospheric upwel-
ling beneath the peri-Rodinian thinned continental margin. Impor-
tantly, the surface heat flow calculated for given P-T conditions
yields values of 77–83 mW/m2, which are compatible with a Cas-
cadia type supra-subduction thinned continental margin (Curie
and Hyndman, 2006; Hyndman, 2019). These conditions are



Fig. 15. Schematic tectonic models and paleogeographic reconstructions showing proposed Neoproterozoic evolution of the Baidrag block (modified after Metelkin et al.,
2007; Li et al., 2008; Zhao et al., 2018). NC–North China Craton, SC–South China Craton, RP–Río de La Plata, SF–São Francisco.
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compatible with active stretching of the upper plate and vigorous
mantle convection above a retreating subduction zone (subduction
roll-back stage of Collins, 2002) (Fig. 15a).

The second event is linked to important pressure increase up to
8.5–9 kbar associated with increasing temperature for both the
studied samples at around 835–815 Ma. These P-T conditions
and time scales can be compared to those reported in northern
Tarim by Ge et al. (2016). These authors interpreted their P-T-t data
to result from thickening of an earlier magmatic arc transformed to
a fore-arc by subduction erosion and subsequent burial along bent
isotherms near the subduction channel. Such an evolution can be
achieved only if the progressively thickened hot crust receives
additional heat at the bottom of the crust (Loosveld and
Etheridge, 1990; Thompson et al., 2001), which is compatible with
a model of arc or back-arc thickening accompanied with continu-
ous magma underplating (Fig. 15b) (Collins, 2002; Soldner et al.,
2022).

Altogether, the data presented in this work are compatible with
the data previously acquired in the southern Tarim-North China
collage, which show that during Neoproterozoic times occurred
either supra-subduction back-arc stretching at 890–870 Ma
(Soldner et al., 2020) or back-arc or arc thickening at 820–
790 Ma (Ge et al., 2016). However, in the studied case both the evo-
lutionary stages, involving formation of a hot supra-subduction
crust and its thickening are reported at precisely the same time
scales. Such an observation has a profound implication on the
existing model of the circum-Rodinian active margin evolution
and confirms the transition from subduction roll-back driven
stretching mode to the subduction advancing mode related to
thickening between 870 Ma and 815 Ma (Fig. 15).
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Our data thus further complete the existing model of the
agglomeration of the Rodinia supercontinent with a well-
established peri-Rodinia accretion-thickening phase at 835–
790 Ma (Fig. 15). In this context, the formation of Stenian–Tonian
ophiolites (1050–900 Ma; Khain et al., 2002; Kuzmichev et al.,
2005; Gordienko et al., 2009) represents a development of periph-
eral circum-Rodinian basins followed by a generalized continental
margin stretching at 890–870 Ma (Li et al., 2008; Zhao et al., 2018;
Soldner et al., 2020). This evolution along the periphery of Rodinia
is coeval with the progressive closure of all internal Rodinian ocea-
nic basins followed by climax of Tonian-aged continental colli-
sional processes at the interior of the Rodinia supercontinent (Li
et al., 2008; Cawood et al., 2016).

The 835–790 Ma event reflects the onset of circum-Rodinian
shortening associated with onset of the rifting and progressive
opening of the paleo-Pacific ocean following the end of the colli-
sional intra-Rodinian (Tonian-aged) orogens. In analogy to other
accretionary-collisional systems such as agglomeration of the
Gondwana mega-continent and development of peripheral Terra
Australis orogen (Cawood, 2005; Cawood and Buchan, 2007), the
early hot gradient can be attributed to extension related to subduc-
tion roll-back at the super-continent margin when the internal
Rodinia oceans were not yet entirely closed. On the other hand
the later colder gradient can be related to the advancing or coupled
mode of subduction. The mechanical coupling processes operating
at the border of the super-continent reflect relocation of subduc-
tions following closure of all internal oceans from the superconti-
nent interior to its margin (Cawood and Buchan, 2007). This
relocation is typically associated with opening of a new oceanic
domain in the supercontinent interior (in this case paleo-Pacific)
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and pushing of continental blocks against the peripheral ocean. As
a consequence, the peripheral convergent boundary associated
with hot thermal conditions experiences thickening and prograde
metamorphism. In that sense the supra-subduction thickening
event characterized in this work represents an important but over-
looked aspect of the final construction of the Rodinia
supercontinent.
9. Conclusions

(1) We describe for the first time ca. 890–790 Ma metamorphic
cycle in the supracrustal rocks of the CAOB, from the NE
margin of the Baidrag block in Mongolia.

(2) The anticlockwise P-T paths are inferred through thermody-
namic modelling from sillimanite-bearing assemblage in
garnet passing to kyanite-bearing assemblage in the matrix
in a Grt-Sil-Ky gneiss, and from a Grt-St schist with two-
stage garnet growth.

(3) The first phase of metamorphism is along a high geothermal
gradient of 27–32 �C/km, and is related to an extensional
setting at ca. 890–853 Ma inferred from monazite REE com-
position and monazite and zircon dating. The second phase
of metamorphism is associated with burial at 18–22 �C/km
and is related to compression at ca. 835–815 Ma based on
monazite REE composition and dating. The exhumation is
approximated from late monazite recrystallization to ca.
790 Ma.

(4) The age spectra of the detrital zircons define maximum
depositional ages of 1372 ± 14 Ma for Grt-Sil-Ky gneiss
and 1490 ± 7 Ma for the Grt-St schist. The detrital zircon
populations show two major groups, of 1400–2100 Ma and
2400–2700 Ma and few data at ca. 3000 Ma.

(5) The contrasting geothermal gradients related to change of
tectonic regime from extension to compression are inter-
preted as reflecting supra-subduction switching at Rodinia
boundary in the sense of Collins (2002).

(6) In analogy to other peripheral accretionary systems (for
instance Terra Australis orogen, around Gondwana) the
early hot gradient can be attributed to extension related
to subduction roll-back associated to a retreating-mode
accretionary orogen, while the later colder gradient to
advancing mode of subduction. The two processes, when
operating at the border of super-continent reflect reloca-
tion of subduction from the supercontinent interior to its
margin associated with change to advancing-mode and
transient coupling across the plate boundary resulting in
compression of the upper plate (Cawood and Buchan,
2007).
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O., 2017. Geochemical and geochronological constraints on distinct Early-
Neoproterozoic and Cambrian accretionary events along southern margin of the
Baydrag Continent in western Mongolia. Gondwana Res. 47, 200–227. https://
doi.org/10.1016/j.gr.2016.09.008.

Cawood, P.A., 2005. Terra Australis Orogen: Rodinia breakup and development of
the Pacific and Iapetus margins of Gondwana during the Neoproterozoic and
Paleozoic. Earth Sci. Rev. 69, 249–279. https://doi.org/10.1016/j.
earscirev.2004.09.001.

Cawood, P.A., Buchan, C., 2007. Linking accretionary orogenesis with
supercontinent assembly. Earth Sci. Rev. 82, 217–256. https://doi.org/
10.1016/j.earscirev.2007.03.003.

Cawood, P.A., Kröner, A., Collins, W.J., Kusky, T.M., Mooney, W.D., Windley, B.F.,
2009. Accretionary orogens through Earth history. Geol. Soc. Spec. Publ. 318, 1–
36. https://doi.org/10.1144/SP318.1.

Cawood, P.A., Strachan, R., Cutts, K., Kinny, P.D., Hand, M., Pisarevsky, S., 2010.
Neoproterozoic orogeny along the margin of Rodinia: Valhalla orogen, North
Atlantic. Geology 38, 99–102. https://doi.org/10.1130/G30450.1.

Cawood, P.A., Strachan, R.A., Pisarevsky, S.A., Gladkochub, D.P., Murphy, J.B., 2016.
Linking collisional and accretionary orogens during Rodinia assembly and
breakup: Implications for models of supercontinent cycles. Earth Plan. Sci. Lett.
449, 118–126. https://doi.org/10.1016/j.epsl.2016.05.049.

Cocks, L.R.M., Torsvik, T.H., 2007. Siberia, the wandering northern terrane, and its
changing geography through the Palaeozoic. Earth Sci. Rev. 82, 29–74. https://
doi.org/10.1016/j.earscirev.2007.02.001.

Collins, W.J., 2002. Hot orogens, tectonic switching, and creation of continental
crust. Geology 30, 535–538. https://doi.org/10.1130/0091-7613(2002)
030<0535:HOTSAC>2.0.CO;2.

Compston, W., Williams, I.S., Kirschvink, J.L., Zhang, Z., Ma, G., 1992. Zircon U-Pb
ages for the early Cambrian time-scale. 149, 171-184, doi:10.1144/
gsjgs.149.2.0171.

Curie, C.A., Hyndman, R.D., 2006. The thermal structure of subduction zone back
arcs. J. Geophys. Res. B Solid Earth 111. https://doi.org/10.1029/2005JB004024.

Cutts, K.A., Kinny, P.D., Strachan, R.A., Hand, M., Kelsey, D.E., Emery, M., Friend, C.R.
L., Leslie, A.G., 2010. Three metamorphic events recorded in a single garnet:
Integrated phase modelling, in situ LA-ICPMS and SIMS geochronology from the
Moine Supergroup, NW Scotland. J. Metamorph. Geol. 28, 249–267. https://doi.
org/10.1111/j.1525-1314.2009.00863.x.

Demoux, A., Kröner, A., Badarch, G., Jian, P., Tomurhuu, D., Wingate, M.T.D., 2009a.
Zircon ages from the Baydrag Block and the Bayankhongor Ophiolite Zone: Time
constraints on Late Neoproterozoic to Cambrian subduction- and accretion-
related magmatism in Central Mongolia. J. Geol. 117, 377–397. https://doi.org/
10.1086/598947.

Demoux, A., Kröner, A., Liu, D.Y., Badarch, G., 2009b. Precambrian crystalline
basement in southern Mongolia as revealed by SHRIMP zircon dating. Int. J.
Earth Sci. 98, 1365–1380. https://doi.org/10.1007/s00531-008-0321-4.

https://doi.org/10.1016/j.gsf.2022.101520
https://doi.org/10.1130/B25659.1
https://doi.org/10.1130/B25659.1
https://doi.org/10.1016/j.epsl.2012.06.055
https://doi.org/10.1016/j.epsl.2012.06.055
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0015
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0015
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0015
https://doi.org/10.1130/L549.1
https://doi.org/10.1111/jmg.12124
https://doi.org/10.1144/jgs.158.3.445
https://doi.org/10.1144/jgs.158.3.445
https://doi.org/10.1016/S0009-2541(02)00138-9
https://doi.org/10.1016/j.gr.2016.09.008
https://doi.org/10.1016/j.gr.2016.09.008
https://doi.org/10.1016/j.earscirev.2004.09.001
https://doi.org/10.1016/j.earscirev.2004.09.001
https://doi.org/10.1016/j.earscirev.2007.03.003
https://doi.org/10.1016/j.earscirev.2007.03.003
https://doi.org/10.1144/SP318.1
https://doi.org/10.1130/G30450.1
https://doi.org/10.1016/j.epsl.2016.05.049
https://doi.org/10.1016/j.earscirev.2007.02.001
https://doi.org/10.1016/j.earscirev.2007.02.001
https://doi.org/10.1130/0091-7613(2002)030&lt;0535:HOTSAC&gt;2.0.CO;2
https://doi.org/10.1130/0091-7613(2002)030&lt;0535:HOTSAC&gt;2.0.CO;2
https://doi.org/10.1029/2005JB004024
https://doi.org/10.1111/j.1525-1314.2009.00863.x
https://doi.org/10.1111/j.1525-1314.2009.00863.x
https://doi.org/10.1086/598947
https://doi.org/10.1086/598947
https://doi.org/10.1007/s00531-008-0321-4
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Jedlička, R., Faryad, S.W., Hauzenberger, C., 2015. Prograde metamorphic history of
UHP granulites from the Moldanubian Zone (Bohemian Massif) revealed by
major element and Y + REE zoning in garnets. J. Petrol. 56, 2069–2088. https://
doi.org/10.1093/petrology/egv066.

Jian, P., Kröner, A., Windley, B.F., Shi, Y., Zhang, F., Miao, L., Tomurhuu, D., Zhang, W.,
Liu, D., 2010. Zircon ages of the Bayankhongor ophiolite mélange and associated
rocks: Time constraints on Neoproterozoic to Cambrian accretionary and
collisional orogenesis in Central Mongolia. Precambr. Res. 177, 162–180.
https://doi.org/10.1016/j.precamres.2009.11.009.

Jiang, Y.D., Štípská, P., Sun, M., Schulmann, K., Zhang, J., Wu, Q.H., Long, X.P., Yuan, C.,
Racek, M., Zhao, G.C., Xiao, W.J., 2015. Juxtaposition of Barrovian and migmatite
domains in the Chinese Altai: a result of crustal thickening followed by doming
of partially molten lower crust. J. Metamorph. Geol. 33, 45–70. https://doi.org/
10.1111/jmg.12110.

Jiang, Y.D., Schulmann, K., Sun, M., Weinberg, R.F., Štípská, P., Li, P.F., Zhang, J.,
Chopin, F., Wang, S., Xia, X.P., Xiao, W.J., 2019. Structural and geochronological
constraints on Devonian suprasubduction tectonic switching and Permian
collisional dynamics in the Chinese Altai, Central Asia. Tectonics 38, 253–280.
https://doi.org/10.1029/2018TC005231.

Jiang, Y., Sun, M., Zhao, G., Yuan, C., Xiao, W., Xia, X., Long, X., Wu, F., 2011.
Precambrian detrital zircons in the Early Paleozoic Chinese Altai: their
provenance and implications for the crustal growth of central Asia. Precambr.
Res. 189, 140–154. https://doi.org/10.1016/j.precamres.2011.05.008.

Kelly, N.M., Harley, S.L., Möller, A., 2012. Complexity in the behavior and
recrystallization of monazite during high-T metamorphism and fluid
infiltration. Chem. Geol. 322–323, 192–208. https://doi.org/10.1016/j.
chemgeo.2012.07.001.

Kelty, T.K., Yin, A., Dash, B., Gehrels, G.E., Ribeiro, A.E., 2008. Detrital-zircon
geochronology of Paleozoic sedimentary rocks in the Hangay-Hentey basin,
northcentral Mongolia: implications for the tectonic evolution evolution of the
Mongol-Okhotsk Ocean in central Asia. Tectonophysics 451, 290–311. https://
doi.org/10.1016/j.tecto.2007.11.052.

Khain, E.V., Bibikova, E.V., Kröner, A., Zhuravlev, D.Z., Sklyarov, E.V., Fedotova, A.A.,
Kravchenko-Berezhnoy, I.R., 2002. The most ancient ophiolite of the Central
Asian fold belt: U-Pb and Pb-Pb zircon ages for the Dunzhugur Complex, Eastern
Sayan, Siberia, and geodynamic implications. Earth Plan. Sci. Lett. 199, 311–325.
https://doi.org/10.1016/S0012-821X(02)00587-3.

Kingsbury, J.A., Miller, C.F., Wooden, J.L., Harrison, T.M., 1993. Monazite paragenesis
and U-Pb systematics in rocks of the eastern Mojave Desert, California, U.S.A.:
implications for thermochronometry. Chem. Geol. 110, 147–167. https://doi.
org/10.1016/0009-2541(93)90251-D.

Kotov, A.B., Kozakov, I.K., Bibikova, E.V., Sal’nikova, E.B., Kirnozova, T.I., Kovach, V.P.,
1995. Duration of regional metamorphic episodes in areas of polycyclic
endogenic processes: a U-Pb geochronological study. Petrology 3, 567–575.

Kovach, V.P., Jian, P., Yarmolyuk, V.V., Kozakov, I.K., Kovalenko, V.I., Liu, D.Y.,
Terent’eva, L.B., 2005. Magmatism and geodynamics of early stages of the
Paleoasian ocean formation: Geochronological and geochemical data on
ophiolites of the Bayan-Khongor zone. Dokl. Earth Sci. 404, 1072–1077.

Kovalenko, V.I., Yarmolyuk, V.V., Tomurtogoo, O., Antipin, V.S., Kovach, V.P., Kotov,
A.B., Kudryashova, E.B., Sal’nikova, E.B., Zagornaya, N.Y., 2005. Geodynamics and
crust-forming processes in the early Caledonides of the Bayanhongor Zone,
central Mongolia. Geotectonics 39, 298–316.

Kozakov, I.K., Sal’nikova, E.B., Yakovleva, S.Z., Plotkina, Y.V., Fedoseenko, A.M., 2006.
Vendian metamorphism in the accretionary-collisional structure of central Asia.
Dokl. Earth Sci. 407, 192–197. https://doi.org/10.1134/S1028334X06020073.

Kozakov, I.K., Sal’nikova, E.B., Wang, T., Didenko, A.N., Plotkina, Y.V., Podkovyrov, V.
N., 2007. Early Precambrian crystalline complexes of the Central Asian
microcontinent: Age, sources, tectonic position. Stratigr. Geol. Correl. 15, 121–
140. https://doi.org/10.1134/S0869593807020013.

Kozakov, I.K., Sal’nikova, E.B., Kovach, V.P., Yarmolyuk, V.V., Anisimova, I.V.,
Kozlovsky, A.M., Plotnika, Y.V., Myskova, T.A., Fedoseenko, A.M., Yakovleva, S.
Z., Sugorakova, A.M., 2008. Vendian stage in formation of the early Caledonian
superterrane in central Asia. Stratigr. Geol. Correl. 16, 360–382. https://doi.org/
10.1134/S0869593808040023.

Kozakov, I.K., Yarmolyuk, V.V., Kovach, V.P., Bibikova, E.V., Kirnozova, T.I.,
Kozlovskii, A.M., Plotkina, Y.V., Fugzan, M.M., Lebedev, V.I., Erdenezhargal, C.,
2012. The Early Baikalian crystalline complex in the basement of the Dzabkhan
microcontinent of the Early Caledonian orogenic area, Central Asia. Stratigr.
Geol. Correl. 20, 231–239. https://doi.org/10.1134/S0869593812030057.

Kozakov, I.K., Kovach, V.P., Bibikova, E.V., Kirnozova, T.I., Lykhin, D.A., Plotkina, Y.V.,
Tolmacheva, E.V., Fugzan, M.M., Erdenezhargal, C., 2014. Late Riphean episode
in the formation of crystalline rock complexes in the Dzabkhan microcontinent:
Geological, geochronologic, and Nd isotopic-geochemical data. Petrology 22,
480–506. https://doi.org/10.1134/S086959111405004X.

Kozakov, I.K., 1993. The early Precambrian in the Central Asian Fold Belt. Nauka, St.
Petersburg (in Russian).

Kröner, A., Demoux, A., Zack, T., Rojas-Agramonte, Y., Jian, P., Tomurhuu, D., Barth,
M., 2011. Zircon ages for a felsic volcanic rock and arc-related early Palaeozoic
sediments on the margin of the Baydrag microcontinent, central Asian orogenic
belt, Mongolia. J. Asian Earth Sci. 42, 1008–1017. https://doi.org/10.1016/j.
jseaes.2010.09.002.

Kröner, A., Kovach, V., Belousova, E., Hegner, E., Armstrong, R., Dolgopolova, A.,
Seltmann, R., Alexeiev, D., Hoffmann, J., Wong, J., 2014. Reassessment of
continental growth during the accretionary history of the Central Asian

http://refhub.elsevier.com/S1674-9871(22)00173-6/h0105
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0105
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0105
https://doi.org/10.1016/j.epsl.2009.09.013
https://doi.org/10.1016/j.epsl.2009.09.013
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0115
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0115
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0115
https://doi.org/10.1144/SP327.16
https://doi.org/10.1130/B30950.1
https://doi.org/10.1002/2016tc004177
https://doi.org/10.1134/S1028334X13050097
https://doi.org/10.1016/j.jseaes.2013.12.007
https://doi.org/10.1134/S1028334X09090025
https://doi.org/10.1134/S1028334X09090025
https://doi.org/10.1130/G37770.1
https://doi.org/10.1144/jgs2019-035
https://doi.org/10.1144/jgs2019-035
https://doi.org/10.1016/j.precamres.2012.04.014
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0165
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0165
https://doi.org/10.1016/j.chemgeo.2015.04.021
https://doi.org/10.1111/jmg.12639
https://doi.org/10.1111/j.1525-1314.2010.00923.x
https://doi.org/10.1111/j.1525-1314.2010.00923.x
https://doi.org/10.1111/j.1751-908X.2016.00379.x
https://doi.org/10.1111/j.1751-908X.2016.00379.x
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0195
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0195
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0195
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0195
https://doi.org/10.1016/j.precamres.2017.04.014
https://doi.org/10.1029/2018JB016697
https://doi.org/10.1016/j.chemgeo.2004.06.017
https://doi.org/10.1016/j.chemgeo.2004.06.017
https://doi.org/10.1016/S1367-9120(03)00125-1
https://doi.org/10.1093/petrology/egv066
https://doi.org/10.1093/petrology/egv066
https://doi.org/10.1016/j.precamres.2009.11.009
https://doi.org/10.1111/jmg.12110
https://doi.org/10.1111/jmg.12110
https://doi.org/10.1029/2018TC005231
https://doi.org/10.1016/j.precamres.2011.05.008
https://doi.org/10.1016/j.chemgeo.2012.07.001
https://doi.org/10.1016/j.chemgeo.2012.07.001
https://doi.org/10.1016/j.tecto.2007.11.052
https://doi.org/10.1016/j.tecto.2007.11.052
https://doi.org/10.1016/S0012-821X(02)00587-3
https://doi.org/10.1016/0009-2541(93)90251-D
https://doi.org/10.1016/0009-2541(93)90251-D
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0265
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0265
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0265
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0270
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0270
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0270
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0270
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0275
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0275
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0275
http://refhub.elsevier.com/S1674-9871(22)00173-6/h0275
https://doi.org/10.1134/S1028334X06020073
https://doi.org/10.1134/S0869593807020013
https://doi.org/10.1134/S0869593808040023
https://doi.org/10.1134/S0869593808040023
https://doi.org/10.1134/S0869593812030057
https://doi.org/10.1134/S086959111405004X
https://doi.org/10.1016/j.jseaes.2010.09.002
https://doi.org/10.1016/j.jseaes.2010.09.002
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