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ABSTRACT

Rift-related regional metamorphism of passive margins is usually difficult to observe on the surface,
mainly due to its strong metamorphic overprint during the subsequent orogenic processes that cause
its exposure. However, recognition of such a pre-orogenic evolution is achievable by careful characterization of the polyphase tectono-metamorphic record of the orogenic upper plate. A multidisciplinary approach, involving metamorphic petrology, P–T modelling, structural geology and in situ
U-Pb monazite geochronology using laser-ablation split-stream inductively coupled plasma mass spectrometry, was applied to unravel the polyphase tectono-metamorphic record of metapelites at the
western margin of the Tepl
a-Barrandian domain in the Bohemian Massif. The study resulted in discovery of three tectono-metamorphic events. The oldest event M1 is LP–HT regional metamorphism
with a geothermal gradient between 30 and 50 °C km 1, peak temperatures up to 650 °C and of
Cambro-Ordovician age (c. 485 Ma). The M1 event was followed by M2-D2, which is characterized
by a Barrovian sequence of minerals from biotite to kyanite and a geothermal gradient of
20–25 °C km 1. D2-M2 is associated with a vertical fabric S2 and was dated as Devonian
(c. 375 Ma). Finally, the vertical fabric S2 was overprinted by a D3-M3 event that formed sillimanite to chlorite bearing gently inclined fabric S3 also of Devonian age. The high geothermal gradient
of the M1 event can be explained as the result of an extensional, rift-related tectonic setting. In
addition, restoration of the deep architecture and polarity of the extended domain before the Devonian history – together with the supracrustal sedimentary and magmatic record – lead us to propose a model for formation of an Ordovician passive continental margin. The subsequent
Devonian evolution is interpreted as horizontal shortening of the passive margin at the beginning
of Variscan convergence, followed by detachment-accommodated exhumation of lower-crustal
rocks. Both Devonian shortening and detachment occurred in the upper plate of a Devonian subduction zone. The tectonic evolution presented in this article modifies previous models of the tectonic history of the western margin of the Tepl
a-Barrandian domain, and also put constraints on
the evolution of the southern margin of the Rheic ocean from the passive margin formation to the
early phases of Variscan orogeny.
Key words: early-Variscan convergence; metamorphic inheritance; monazite dating; Rheic passive
margin; thermodynamic modelling.

INTRODUCTION

The pre-convergence history of orogenic systems
plays a critical role in the mechanical and thermal
evolution of continental crust during subsequent
 ıpsk
subduction and collision (St
a et al., 2001; Mohn
et al., 2014). Continental rifting forms transient thermal and rheological patterns (Thompson et al.,
2001) and leads to the formation of passive margins
with commonly exhumed lower crust and upper
mantle. The behaviour of such a system during
© 2016 John Wiley & Sons Ltd

subsequent convergence is, however, poorly understood due to a paucity of preservation of continental
rift/passive margin architecture of conjugate margins
and their metamorphic evolution in most modern
and ancient orogenic systems. It is generally
accepted that the inversion from divergence to convergence in classical Wilson-type orogens inevitably
leads to burial of one of the passive margins in a
subduction zone, and partial or complete obliteration of the pre-subduction structural and metamorphic patterns at HP–LT conditions (e.g. Beltrando
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et al., 2014). The other margin, representing the
upper plate, is involved in a complex and polyphase
tectono-metamorphic evolution, leading to an intense
overprint and/or complete obliteration of its precollisional history. Consequently, the pre-convergence history and the onset of subduction and
transition to collision are in general difficult to decipher in most orogens.
The European Variscan orogeny is a typical Wilson-type orogen that started with Late Cambrian to
Early Ordovician rifting related to the opening of
the Rheic ocean and terminated with Carboniferous
collision (Ziegler, 1982; Weber, 1984; Matte et al.,
1990; Franke, 2000; Ribeiro et al., 2007). Its geodynamic history is marked by substantial extension
and rifting of the north Gondwanan margin
(Murphy & Nance, 1991; Nance et al., 2010) and
migration of detached Gondwanan microcontinents
to the north where they progressively amalgamated
with Laurussia, forming the Variscan orogenic belt
and ultimately the Pangea supercontinent (Ziegler,
1982; Stampfli et al., 2013). Indeed, the Early
Palaeozoic rifting event is recorded in the whole
European Variscan belt by the formation of large
Cambro-Ordovician sedimentary basins (Drost et al.,
2004; Linnemann et al., 2004), extensive felsic and
mafic magmatism (Pin & Marini, 1993; Crowley
et al., 2000; S
anchez-Garcıa et al., 2003, 2008;
Jammes et al., 2009; Ballevre et al., 2012), LP–HT
 ıpsk
granulite facies metamorphism (St
a et al., 2001)
and faunal data (Fatka & Mergl, 2009; Torsvik &
Cocks, 2009). The onset of the Variscan orogeny is
constrained by the timing of eclogite facies metamorphism, suggesting the existence of Late Silurian subduction in the French Massif Central (Lardeaux
et al., 2001, 2014; Faure et al., 2009) and early–mid
Devonian subduction in Iberia (Casado et al., 2001)
and the Bohemian Massif (Stosch & Lugmair, 1990;
Beard et al., 1995). However, the architecture of this
subduction system was largely obliterated by subsequent Carboniferous high-temperature metamorphism and deformation (Lardeaux et al., 2014;
Schulmann et al., 2014).
The western part of the Bohemian Massif is a
region where two principal Saxothuringian and
Tepl
a-Barrandian orogenic domains meet along the
Devono-Carboniferous Tepl
a suture zone (Matte
et al., 1990; Franke, 2000). Early Ordovician to Early
Devonian passive margin sedimentary sequences are
exceptionally well preserved and are the culmination
of a sedimentary sequence that begins with a Lower
to Middle Cambrian overstep sequences in both the
Saxothuringian (Franke, 1995) and Tepl
a-Barrandian
domains (Chaloupsk
y et al., 1995) that rests unconformably on the Late Neoproterozoic Cadomian
basement (Fig. 1c).
The generally accepted pre-Variscan tectonic history of the Tepl
a-Barrandian domain (TBD) encompassed the Late Neoproterozoic Cadomian orogeny

and is characterized by prolonged accretion of subduction-related arc magmatic and volcanic complexes
and associated volcanoclastic sedimentary rocks
along the northern Gondwana active margin (e.g.
Zulauf et al., 1997, 1999; Krıbek et al., 2000; D€
orr
et al., 2002; Slama et al., 2008; Hajna et al., 2010).
This advancing accretionary orogen changed to a
retreating type in the Cambrian, as marked by
important lithospheric thinning, deposition of a thick
sequence of continental clastics in graben structures
and extensive basaltic andesite–dacite–rhyolite subaerial volcanism (Waldhausrova, 1971; Pin et al.,
2007). The subsequent separation of Avalonia and
opening of the Rheic ocean is documented by the
development of a Lower Ordovician passive continental margin (Linnemann et al., 2007; Nance et al.,
2010). This Cambrian–Ordovician geodynamic evolution is attributed either to ridge-trench collision
(Linnemann et al., 2007; Sanchez-Garcıa et al., 2008,
2010) or back-arc spreading in front of outboard
Iapetus/Tornquist ocean subduction driven by either
proximal slab roll-back or distal slab pull (Van Staal
et al., 1998; Arenas et al., 2007; Catalan et al.,
2009).
During the Devonian and Carboniferous Variscan
orogenic cycle, the Saxothuringian domain experienced polyphase HP to UHP metamorphism
(Schm€adicke et al., 1995; Nasdala & Massonne,
2000), suggesting its lower plate affiliation. By contrast, the Tepla-Barrandian domain largely escaped
Variscan reworking and reveals the presence of a
Devono-Carboniferous arc established in continental
 ak et al., 2005).
crust (Janousek & Gerdes, 2003; Z
Altogether, this led Schulmann et al. (2009) to propose that the Tepla-Barrandian domain formed a
typical Andean type margin where the forearc domain was only moderately tectonically eroded
during long-lasting Saxothuringian oceanic and continental subductions.
The Tepla-Barrandian domain represents a unique
field laboratory, where the processes of extension –
including the thermal evolution of a passive continental margin and thermomechanical reworking of the
upper plate during early stages of convergence – can
be studied. We present a multidisciplinary study of
the western margin of the Tepla-Barrandian domain
adjacent to the Saxothuringian subduction system
focused on the succession of metamorphic fabrics,
relationships between crystallization and deformation, P–T modelling and dating of distinct metamorphic events. It is shown that the Early Palaeozoic
stretching of the continental crust led to substantial
elevation and thinning of metamorphic isograds followed by polyphase supra-subduction orogenic evolution in the Devonian. The latter events include
moderate thickening of previously extended crust and
the development of a major supra-subduction detachment, all preceding the main Variscan collisional
cycle.
© 2016 John Wiley & Sons Ltd
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Fig. 1. (a) Position of the Tepl
a-Barrandian domain (TBD) in the Variscan belt, (b) geological map of the TBD based on Z
et al. (2012), (c) simplified stratigraphy of the TBD based on Chlup
ac et al. (2002). TCC, Tepl
a Crystalline complex; DCC,
Domazlice Crystalline complex; JB, Jılove belt; KRVC, Krivokl
at-Rokycany volcanic complex.
© 2016 John Wiley & Sons Ltd
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GEOLOGICAL SETTING

The Tepl
a-Barrandian domain (Fig. 1b) represents
the largest relict of orogenic supra-structure preserved in the European Variscides. The contact of
this upper crustal block with the high-grade rocks of
the Variscan orogenic root (the Moldanubian
domain) to the east is obscured by voluminous subduction-related magmatism (Janousek & Gerdes,
 ak et al., 2005). To the west, the Tepla-Bar2003; Z
randian domain occurs in the hangingwall of the
major Variscan suture that is marked by the occurrence of HP/UHP rocks in the Saxothuringian
domain. The Tepl
a-Barrandian domain is composed
of an upper Proterozoic volcano–sedimentary complex, unconformably overlain by unmetamorphosed
Palaeozoic (middle Cambrian to middle Devonian)
volcano-sedimentary sequences (Fig. 1c). The central
and southeastern part of the Tepl
a-Barrandian
domain is dominated by weakly metamorphosed, siliciclastic, flysch-like sedimentary and volcanic rocks
interpreted as relicts of a Cadomian accretionary
wedge (Hajn
a et al., 2010, 2011), whereas the western
part of the Tepl
a-Barrandian domain is formed by
the Tepl
a Crystalline complex (TCC, Figs 1b & 2a)
of phyllites, metagreywackes, micaschists and paragneisses with minor amphibolites. These rocks are
intruded by Late Cambrian granitoids (528–504 Ma,
D€
orr et al., 1998; Venera et al., 2000) and pegmatites
(487–470 Ma, Glodny et al., 1998).
The TCC shows a northwestward-increasing Barrovian metamorphic field gradient manifested by biotite, garnet, staurolite and kyanite zones (Fig. 2) with
estimated P–T conditions ranging from 450 °C and
 acek & Chab, 1993;
3 kbar to 680 °C and 9 kbar (Z

Stedr
a, 1994; Zulauf, 1997, 2001). It is generally
accepted that the dominant Barrovian metamorphism
 acek, 1999;
occurred during the Variscan orogeny (Z
Zulauf, 2001; Timmermann et al., 2006) as documented by solid-state deformation and metamororr
phism of Early Palaeozoic intrusive rocks (D€
et al., 1998) and numerous U/Pb monazite and Ar/
Ar muscovite dates (385–370 Ma, Dallmeyer &
Urban, 1998; Timmermann et al., 2006). However,
the superposition of deformation structures (Zulauf,
1997, 2001), the common occurrence of two composi acek & Ch
tional varieties of garnet (Z
ab, 1993;
Zulauf, 2001) and the pre-Variscan U-Pb monazite
ages (c. 540–480 Ma, Timmermann et al., 2006) point
to a polyphase evolution of the area (Fig. 2).
Towards the northwest, the peak metamorphic
grade increases further in the structurally lower
Mari
anske L
azne Complex (MLC), where it reaches
eclogite facies conditions. The MLC consists of
amphibolites, retrogressed eclogites, meta-gabbros
and peridotites traditionally interpreted as remnants
of subducted/exhumed oceanic crust (Kastl &
Tonika, 1984; Bowes & Aftalion, 1991; Beard et al.,
1995; Jelınek et al., 1997; Zulauf, 1997; Crowley

et al., 2002; Faryad, 2012). The protolith ages of
these rocks show two distinct groups, c. 540 Ma for
amphibolites and retrogressed eclogites (Timmermann et al., 2004) and c. 500 Ma for gabbro intrusions (Timmermann et al., 2004) along the contact
with the TCC (Jasarova et al., 2016). The age of the
eclogite facies metamorphism (reaching up to 25 kbar
and 670 °C; Medaris et al., 2011; Faryad, 2012)
remains controversial (see discussion in Timmermann
et al., 2004) by contrast to the well-defined amphibolite facies overprint (600–780 °C and 9–12 kbar;
Jelınek et al., 1997; Medaris et al., 2011) dated to
380–370 Ma by both Ar-Ar and U-Pb geochronology
methods (Dallmeyer & Urban, 1998; Timmermann
et al., 2004).
TE C T O N O - M E T A M O R P H I C R E C O R D

In the TCC, three deformation events (D1-D3) were
recognized. The oldest bedding-parallel metamorphic
foliation S1 is subhorizontal and macroscopically
preserved in low-strain domains within the aureoles
of the Late Cambrian granitoids in the east (Venera
et al., 2000) and locally in hinge domains of F2 folds
across the TCC (Fig. 2b).
The S1 foliation is transposed by symmetrical N-S
trending, close to isoclinal upright F2 folds, in stereoplots documented by the redistribution of an originally gently S-dipping foliation S1 along a girdle
(Fig. 2e) with a p-pole parallel to gently S-plunging
L2 fold axes and S1–S2 intersections. F2 folding is
associated with the development of axial-planar
cleavage in low-strain domains and penetrative steep
and N-S trending foliation S2 in the rest of the TCC
(Fig. 2b,h).
The steep fabric S2 is heterogeneously affected by
open to isoclinal F3 folds with subhorizontal to SEdipping axial planes (Fig. 2b,d,h), leading to the formation of a girdle of the S2 foliation in stereoplots
(Fig. 2c). The intensity of D3 deformation increases
westwards from scarce open folds and crenulations
with subhorizontal axial planes in the east (Fig. 2h)
to nearly complete transposition of S2 by moderately
SE-dipping cleavage S3 in the west (Fig. 2b,d).
Oriented samples of micaschists, cut perpendicular
to F2 and F3 fold axes or intersection lineation were
used to determine the P–T–D–t evolution across the
entire TCC. In order to link mineral assemblage with
macroscopic fabric, we assume that in areas where
transposition is incomplete, older minerals are preferentially preserved in the hinge zones of folds, and
younger minerals are best developed in cleavage
domains. The assemblages associated with the S1–S3
fabrics are considered to result from M1–M3 metamorphic events. The mapped metamorphic isograds
in Fig. 2 do not correspond to a single metamorphic
event but reflect the polymetamorphic nature of the
studied region (e.g. presence of two garnet generations (garnet 1 and garnet 2), result in two garnet
© 2016 John Wiley & Sons Ltd
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Fig. 2. (a) Simplified geological map of the northern part of the Tepl
a Crystalline complex, including geochronological data and
sampled localities. Geochronological data are from (1) Timmermann et al. (2004), (2) Timmermann et al. (2006), (3) Dallmeyer &
Urban (1998), (4) D€
orr et al. (1998), (5) Venera et al. (2000), (6) Bowes & Aftalion (1991). (b) Scaled structural cross-section and
structural data (c–h). (f) Fold axes and intersection lineations L2, (c–e) and (g–h) are poles to S1, S2 or S3 foliation.

isograds related to M1 and M2, respectively). The
microstructural relationships of individual M1-M3
assemblages with respect to S1-S3 fabrics are illustrated in Fig. 3.
© 2016 John Wiley & Sons Ltd

For the sake of clarity in the following text, we primarily refer to metamorphic zones related to the M2
metamorphism. This is because M2 is the most
prominent metamorphism and best illustrates the
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Fig. 3. Photomicrographs showing microstructural relationships. For location of samples, see Fig. 1. (a) Discrete vertical cleavage
S2 cutting bedding-parallel foliation S1. Folded inclusion trails in garnet point to its syn-kinematic growth with S2 cleavage. (b)
Penetrative vertical foliation S2 with weak D3-M3 overprint characterized by open F3 folds and growth of chlorite at the expense
of garnet. Inclusion trails in garnet are the only relicts of S1. (c) Sillimanite-bearing foliation S3 suggesting strong D3-M3
overprint. In the field, gently inclined. (d) Garnet-bearing foliation S2 transposed by muscovite-chlorite subhorizontal crenulation
cleavage S3. Note large post-kinematic chlorite porphyroblasts. (e) Parasitic F3 folds in a long limb of tight F3 fold in a staurolitegarnet micaschist (M2) with biotite and chlorite (M3) replacing garnet. Inclusion trails in the staurolite mark older folded
anisotropy (S1?). (f) Kyanite-staurolite-garnet-bearing foliation S2 folded by D3. (g) Discrete sillimanite-bearing cleavage S3
overprinting kyanite-staurolite-garnet foliation S2. (a) Cross-polarized light, (b–g) plane-polarized light.
© 2016 John Wiley & Sons Ltd
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westward increase in peak temperature. It also correlates with the increase in the intensity of D3 overprint, which exerts a fundamental control over the
geometry and preservation/obliteration of the M1
and M2 metamorphic zoning patterns.

indicates an increasing degree of M1 metamorphism
from east to west. The highest-grade M1 metamorphism was probably reached in the western edge of
the profile, where migmatitic melanosome–leucosome
banding (S1) is overprinted by two younger deformation and metamorphic events (D2-M2 and D3-M3).

Metamorphic record of the subhorizontal S1 fabric

In the east of the studied area (Fig. 2), the shallow
dipping S1 foliation in D2/D3 low-strain domains or
in the hinges of F2 folds is only weakly affected by
crenulation and spaced cleavage S2 (Fig. 3a). There,
S1 is defined by the shape-preferred orientation of
quartz, plagioclase, biotite and muscovite and contains accessory ilmenite, apatite and zircon. To the
west, but still in the M1 biotite zone, the D2 intensity
increases, and remnants of the S1 foliation are found
only as curved inclusion trails of ilmenite and quartz
in garnet 2 (Figs 2 & 3b). Two microstructurally and
chemically distinct garnet generations are commonly
found in the central and western parts of the studied
area (Figs 2, 4 & 5). The first generation (garnet 1)
commonly lacks any inclusions and is assigned to the
M1 metamorphic event. As the occurrence of garnet
1 is restricted to the central and western parts, it

Metamorphic record of the steep S2 fabric

In the D2/D3 low-strain domains (hinges of F2 folds)
in the east where the S1 is well preserved, the S2
occurs as a spaced cleavage (Figs 3a & 6d) defined
by muscovite and biotite. In the high-strain domains
(limbs of F2 folds) and with the increasing intensity
of D2 deformation to the west, the S2 is a penetrative
matrix-bearing foliation defined by alternating micaceous and quartzofeldspathic domains (Fig. 3b,d–f).
Garnet 2 occurs almost everywhere, except for the
eastern edge of the studied cross-section. Garnet 2
contains numerous inclusions of quartz, ilmenite,
muscovite, biotite, chlorite and plagioclase, causing a
characteristic cloudy appearance of this garnet generation (Figs 4d–f & 6d,f). Ilmenite and quartz inclusions are locally aligned, reflecting the orientation of
the relict S1 (Fig. 3a–c,e). The S1 inclusion trails in

Fig. 4. Two-stage garnet. (a–c) Garnet zoning profiles showing the chemical difference of the two garnet generations. (d–f) BSE
images showing the textural difference of the two garnet generations. Position of monazite inclusions in (d) and (e) is projected to
the profiles (a) and (b), respectively.
© 2016 John Wiley & Sons Ltd
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contemporaneous F2 folding and growth of the M2
assemblage (Fig. 3e). Common accessory phases present in all metamorphic zones are ilmenite, apatite
and monazite. Towards the west, rutile and rare
xenotime are present.
Metamorphic record of the SE-dipping S3 fabric

Randomly oriented chlorite porphyroblasts or aggregates up to 1 cm overgrow the S2 foliation and/or
replace garnet in the garnet 2 zone (Figs 2 & 3b,d).
In places of sufficient D3 intensity (western garnet
zone, staurolite and kyanite zone) where S2 and S3
are mutually perpendicular (hinges of F3 folds), the
S3 cleavage is defined by aligned muscovite, biotite
and chlorite (Fig. 3d). In places where S2 and S3 are
subparallel – e.g. in reactivated limbs of F2 folds in
the staurolite (M2) zone – garnet is overgrown by
biotite and/or chlorite (Fig. 3e). Staurolite is locally
replaced by chlorite and sericite pseudomorphs.
Farther west in the kyanite (M2) zone, sillimanite
occurs in S3 cleavage domains (Fig. 3g). Towards the
west where S3 foliation becomes penetrative, kyanite
and staurolite disappear and abundant sillimanite
aggregates occur parallel to S3 (Fig. 3c).
PETROGRAPHY AND MINERAL CHEMISTRY

Fig. 5. Garnet compositional maps for samples VP24A (a) and
VP52A (b).

garnet 2 are commonly curved and oriented at high
angle to the cleavage S2, which is interpreted as contemporaneous with folding of S1 and the growth of
garnet 2 (Fig. 3a,b). Towards the west, where twostage garnet is common, garnet 2 overgrowths on
garnet 1 are asymmetric and elongated in the extension direction of S2 fabric (Fig. 4d–f), suggesting
contemporaneous growth of garnet 2 with D2 deformation during M2 metamorphism.
Farther to the west, garnet 2 is joined by
staurolite and kyanite, which are elongated parallel
to the S2 foliation and therefore interpreted as a
part of the M2 assemblage (Fig. 3f). Similar to garnet
2, curved S1 inclusion trails in staurolite oriented
at a high angle to cleavage S2 further support

In order to quantify the P–T–t evolution of the individual fabrics across the TTC, four samples with suitable assemblages and crystallization-deformation
relations were chosen for pseudosection modelling,
and five samples were used for monazite geochronology, depending on the presence of monazite and its
microstructural position (Figs 2, 4 & 6). Samples are
described from the east to the west in the direction of
increasing metamorphic grade, following Barrovian
metamorphic zones related to the M2 event based on
the matrix assemblage.
The analyses and compositional maps were
acquired on a scanning electron microscope Tescan
Vega with an X-Max 50 EDS detector (Oxford
Instruments) at the Institute of Petrology and Structural Geology, Charles University, Prague, in pointbeam mode at 15 kV and 1.5 nA with a 1–2 lm
beam diameter. Representative mineral analyses are
summarized in Tables 1–5, and garnet compositional
maps and profiles are portrayed in Figs 4–6. Calculated endmember proportions and cation ratios are
defined as follows: Alm = Fe2+/(Ca+Fe2++Mg+
Mn), Sps = Mn/(Ca+Fe2++Mg+Mn), Py = Mg/(Ca
+ Fe2++Mg+Mn), Grs = Ca/(Ca+Fe2++Mg+Mn),
An = Ca/(Ca+Na+K), Ab = Na/(Ca+Na+K), Or =
K/(Ca+Na+K), XMg = Mg/(Mg+Fe2+), XNa = Na/
(Na+K). The sign ‘?’ is used to indicate a trend in
mineral composition. Atoms per formula unit =
a.p.f.u. The mineral abbreviations are after White
et al. (2007).

© 2016 John Wiley & Sons Ltd
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Fig. 6. Second garnet generation. (a–c) Garnet zoning profiles. (d–f) BSE images of the garnet. Inset in (f) shows the polyphase
ky-st-pl inclusion in the garnet rim.

Garnet zone
Sample VP9A (single-stage garnet)

Sample VP9A is a garnetiferous fine-grained phyllite
from the garnet 2 zone with a dominant subhorizontal S1 fabric strongly affected by F2 crenulation
and vertical S2 cleavage (Figs 2 & 6a,d). The S1
foliation contains quartz, plagioclase (Ab = 0.89–
0.90), biotite (XMg = 0.39–0.41, Ti = 0.10–0.11
a.p.f.u.), muscovite (XNa = 0.09–0.15, Si = 3.02–3.07
a.p.f.u.) and ilmenite. In the S2 cleavage are muscovite (XNa = 0.13, Si = 3.04–3.10 a.p.f.u.), biotite
(XMg = 0.40–0.42, Ti = 0.10–0.11 a.p.f.u.), albite
(Ab = 0.97) and ilmenite. The strongly zoned garnet
2
porphyroblasts
(Fig. 6a,
Grs = 0.20?0.07,
Sps = 0.19?0.04, Prp = 0.04?0.08, Alm = 0.57?
0.81, XMg = 0.06–0.09) have S1 inclusion trails of
quartz and ilmenite (Fig. 6a,d). M3 is characterized
by large chlorite porphyroblasts (XMg = 0.43–0.44)
around garnet or growing unoriented in the matrix.
Smaller chlorite aligned parallel to biotite in the S1
and S2 domains is interpreted as M3 pseudomorph
after biotite (Fig. 6d). The sample does not contain
monazite and was chosen for pseudosection
modelling.
© 2016 John Wiley & Sons Ltd

Sample VP21 (single-stage garnet)

Sample VP21 is from a gently SE-dipping limb of the
F3 fold with subhorizontal axial cleavage S3 located
just above the staurolite isograd (Figs 2 & 6b,e). It is
a coarse-grained micaschist with a gently SE-dipping
penetrative S2 foliation, near parallel to S3 cleavage
due to a strong D3 overprint. The M2 mineral assemblage in S2 microlithons comprises muscovite, biotite,
quartz, plagioclase, ilmenite and up to 2 mm diameter garnet 2 (Fig. 6b, Grs = 0.28?0.12, Sps = 0.08?
0.00?0.04, Prp = 0.04?0.10, Alm = 0.60?0.77,
XMg = 0.06?0.11) with tiny epidote inclusions.
Within the S3 cleavage domains occur muscovite,
biotite and chlorite. Garnet 2 in the vicinity of the S3
cleavage domains is typically anhedral and wrapped
by biotite and chlorite. The sample was used for
monazite geochronology.
Staurolite zone
Sample VP24A (two-stage garnet)

Sample VP24A is a garnetiferous micaschist representing the easternmost two-stage garnet occurrence
and is located at the staurolite isograd (Figs 2, 4a,d
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Table 1. Representative mineral analyses for sample VP9A. Oxides are in wt%.
Sample
Mineral
Position
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
ZnO
Total
Si
Ti
Al
Fe3+
Fe2+
Mn
Mg
Ca
Na
K
Zn
Total
XMg
XNa
ab
an
or

VP9A
bi
S1

bi
S2

mu
S1

mu
S2

Pl
S1

pl
S2

chl
S1

chl
S2

ilm
i

ilm
m

34.60
1.69
18.25
21.57
0.04
8.04
0.00
0.06
9.10
n.d.
93.34
2.79
0.10
1.74
0.00
1.46
0.00
0.97
0.00
0.01
0.94
n.d.
8.00
0.40
0.01

34.76
1.71
18.60
21.29
0.09
7.91
0.00
0.03
8.78
n.d.
93.17
2.81
0.10
1.77
0.00
1.44
0.01
0.95
0.00
0.01
0.91
n.d.
8.00
0.40
0.01

45.05
0.44
35.42
1.29
0.00
0.63
0.00
0.85
9.57
n.d.
93.26
3.06
0.02
2.84
0.00
0.07
0.00
0.06
0.00
0.11
0.83
n.d.
7.00
0.47
0.12

45.65
0.53
35.05
1.37
0.00
0.74
0.00
0.90
9.33
n.d.
93.56
3.10
0.03
2.80
0.00
0.08
0.00
0.07
0.00
0.12
0.81
n.d.
7.00
0.49
0.13

65.29
0.00
21.60
0.00
0.00
0.00
2.33
10.44
0.05
n.d.
99.71
2.88
0.00
1.12
0.00
0.00
0.00
0.00
0.11
0.89
0.00
n.d.
5.00

67.06
0.00
20.12
0.00
0.00
0.00
0.66
11.28
0.06
n.d.
99.18
2.96
0.00
1.05
0.00
0.00
0.00
0.00
0.03
0.96
0.00
n.d.
5.00

23.25
0.14
22.05
27.70
0.07
12.13
0.00
0.00
0.00
n.d.
85.33
2.56
0.01
2.87
0.00
2.56
0.01
1.99
0.00
0.00
0.00
n.d.
10.00
0.44

23.36
0.10
21.93
27.79
0.06
11.98
0.00
0.00
0.05
n.d.
85.27
2.58
0.01
2.86
0.00
2.57
0.01
1.97
0.00
0.00
0.01
n.d.
10.00
0.43

0.00
53.17
0.00
45.12
0.89
0.00
0.00
0.00
0.00
n.d.
99.18
0.00
1.02
0.00
0.00
0.96
0.02
0.00
0.00
0.00
0.00
0.00
2.00
0.00

0.00
52.32
0.00
46.65
0.44
0.34
0.00
0.00
0.00
n.d.
99.75
0.00
0.99
0.00
0.01
0.97
0.01
0.01
0.00
0.00
0.00
0.00
2.00
0.01

0.89
0.11
0.00

0.97
0.03
0.00

m, matrix position, i, inclusion in garnet.
White mica was recalculated per 7 cations, biotite per 8 cations, chlorite per 10 cations, ilmenite per 2 cations and plagioclase per 5 cations.

& 5a). It has a penetrative foliation S2 defined by
alternating quartz and mica domains that is parallel
to a weakly developed discrete S3 cleavage. M2 is
best preserved in the quartz-dominated microlithons
S2, whereas M3 is best developed in the mica-dominated cleavage domains S3.
Inclusion-poor cores of two-stage garnet are interpreted as remnants of the M1 metamorphic assemblage. Garnet 1 contains rare inclusions of ilmenite,
quartz and monazite. It has low grossular and high
spessartine, with zoning characterized by decreasing
spessartine, constant grossular, and increasing
pyrope, almandine and XMg (Fig. 4a, Grs = 0.02–
0.03, Sps = 0.24?0.12, Prp = 0.09?0.12, Alm =
0.65?0.70, XMg = 0.11–0.13).
The S2 foliation in microlithons is composed of
muscovite, biotite, plagioclase, quartz, garnet 2, ilmenite and rutile. Staurolite is present at this locality,
but was not observed in the studied thin section.
Garnet 2 occurs as asymmetric overgrowths on
garnet 1, slightly elongated in the S2 foliation
(Fig. 4d). It contains numerous inclusions of quartz,
plagioclase, biotite, chlorite and less muscovite,
K-feldspar and apatite. Compared with garnet 1,
garnet 2 has higher contents of grossular and lower
spessartine. The compositional profile of garnet 2
overgrowths is slightly asymmetric and scattered,
depending on the abundance of inclusions (Figs 4a &
5a). The inclusion poorer part of garnet 2 has slightly
higher grossular, lower almandine and spessartine

and similar pyrope (Fig. 4a,d, Grs = 0.10–0.12,
Sps = 0.08?0.03?0.06,
Prp = 0.10–0.12,
Alm = 0.70–0.76, XMg = 0.11–0.13), compared with
the inclusion rich part (Fig. 4a,d, Grs = 0.06–0.09,
Sps = 0.06–0.07, Prp = 0.10–0.12, Alm = 0.73–0.77,
XMg = 0.11–0.13). Aligned biotite, muscovite, chlorite
and tourmaline occur within the mica domains and
are interpreted as belonging to the M3 assemblage.
Biotite and chlorite around garnet are interpreted as
replacing garnet 2 and unoriented chlorite as a result
of post-S3 growth. The sample was used for pseudosection modelling, and a monazite grain found in the
garnet 1 core was used for geochronology (Fig. 4d).
Sample VP27 (two-stage garnet)

Sample VP27 is a staurolite micaschist with two-stage
garnet from a subhorizontal limb of a large-scale isoclinal F3 fold (Figs 2 & 4b,e). Garnet 1 forms isometric, inclusion-free cores of two-stage garnet, and
its chemical profile is characterized by low and constant grossular, decreasing spessartine, increasing
XMg and constant almandine and pyrope
(Grs = 0.02–0.03, Sps = 0.11?0.06, Prp = 0.12?
0.13, Alm = 0.74–0.77, XMg = 0.13?0.14; Fig. 4b,e).
Garnet 1 is surrounded by asymmetrical overgrowths
of garnet 2 elongated parallel to the S2 fabric and
rich in inclusions of quartz, biotite, plagioclase, ilmenite, rutile and K-feldspar. Garnet 2 is characterized
by higher grossular content compared with garnet 1
© 2016 John Wiley & Sons Ltd
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Table 2. Representative mineral analyses for sample VP24A.
Oxides are in wt%.
Sample
Mineral
Position
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
ZnO
Total
Si
Ti
Al
Fe3+
Fe2+
Mn
Mg
Ca
Na
K
Zn
Total
XMg
XNa
ab
an
or

VP24A
bi
m

bi
i

mu
m

mu
m

pl
m

ksp
i

chl
m

ilm
i

ilm
m

35.95
1.64
18.58
18.67
0.10
9.99
0.00
0.17
9.24
n.d.
94.33
2.83
0.10
1.72
0.00
1.23
0.01
1.17
0.00
0.03
0.93
n.d.
8.00
0.49
0.03

36.07
1.31
19.89
16.41
0.00
10.90
0.00
0.28
9.10
n.d.
93.96
2.81
0.08
1.83
0.00
1.07
0.00
1.27
0.00
0.04
0.91
n.d.
8.00
0.54
0.04

46.25
0.54
36.51
0.76
0.00
0.48
0.00
2.41
7.64
n.d.
94.60
3.07
0.03
2.86
0.00
0.04
0.00
0.05
0.00
0.31
0.65
n.d.
7.00
0.53
0.32

45.74
0.49
36.19
0.75
0.00
0.41
0.07
1.56
9.07
n.d.
94.28
3.06
0.02
2.85
0.00
0.04
0.00
0.04
0.01
0.20
0.77
n.d.
7.00
0.49
0.21

65.72
0.00
21.95
0.00
0.00
0.00
2.72
10.21
0.05
n.d.
100.64
2.87
0.00
1.13
0.00
0.00
0.00
0.00
0.13
0.87
0.00
n.d.
5.00

65.66
0.00
18.58
0.80
0.00
0.00
0.09
1.18
13.93
n.d.
100.24
3.05
0.00
1.02
0.00
0.00
0.00
0.00
0.00
0.11
0.82
n.d.
5.00

24.27
0.13
22.90
23.07
0.18
14.86
0.00
0.00
0.00
0.59
86.00
2.61
0.01
2.90
0.00
2.07
0.02
2.38
0.00
0.00
0.00
0.06
10.06
0.53

0.00
52.50
0.00
44.80
1.87
0.56
0.00
0.00
0.00
n.d.
99.73
0.00
1.00
0.00
0.01
0.93
0.04
0.02
0.00
0.00
0.00
0.00
2.00

0.00
52.43
0.00
45.53
0.86
0.20
0.00
0.00
0.00
n.d.
99.02
0.00
1.00
0.00
0.00
0.97
0.02
0.01
0.00
0.00
0.00
0.00
2.00

1.00
0.87
0.13
0.00

0.11
0.11
0.00
0.88

0.02

0.01

m, matrix position, i, inclusion in garnet.
White mica was recalculated per 7 cations, biotite per 8 cations, chlorite per 10 cations,
ilmenite per 2 cations and plagioclase per 5 cations.

(Grs = 0.07?0.05, Sps = 0.06?0.02, Prp = 0.10–
0.13, Alm = 0.77–0.79, XMg = 0.11–0.14). Within the
S2 foliation are muscovite (XNa = 0.43–0.56,
Si = 3.04–3.14), biotite (XMg = 0.41–0.44, Ti = 0.11
a.p.f.u.), staurolite (XMg = 0.12–0.13, Zn = 0.06–0.09
a.p.f.u.), plagioclase (Ab = 0.88–0.90), quartz, ilmenite and rutile. Replacement of staurolite by chlorite
and sericite and the presence of biotite and chlorite
around garnet are interpreted as a weak M3 overprint. The monazite inclusion in garnet 1 was used
for geochronology (Fig. 4e).
Sample VP407A (single-stage garnet)

Sample VP407A is a staurolite micaschist from a subhorizontal limb of a F3 fold that contains only the
second garnet generation (Fig. 2, 3e & 6c,f). The
mineral assemblage related to M2 is garnet 2
(Fig. 6c, Grs = 0.25?0.05?0.06, Sps = 0.16?0.00?
0.05, Prp = 0.03?0.13?0.12, Alm = 0.57?0.80?
0.78, XMg = 0.05?0.14?0.12), staurolite (XMg =
0.12–0.13, Zn = 0.05 a.p.f.u.), muscovite (XNa =
0.19–0.28, Si = 3.00–3.14), biotite (XMg = 0.43–0.45,
Ti = 0.11 a.p.f.u.), plagioclase (Ab = 0.89–0.91),
quartz, and accessory ilmenite, rutile and tourmaline.
Garnet contains numerous inclusions of ilmenite,
chlorite, muscovite, biotite, epidote (Al = 2.62–2.69
a.p.f.u., Fe3+ = 0.37–0.44 a.p.f.u., Mn = 0.03–0.05
© 2016 John Wiley & Sons Ltd

a.p.f.u.), K-feldspar (Or = 0.95–0.99, Ab = 0.01–
0.05), plagioclase (Ab = 0.52–0.60), rutile, staurolite
(XMg = 0.17–0.22, Zn = 0.03–0.15 a.p.f.u), kyanite,
tourmaline, apatite and zircon (Fig. 6f). Garnet has
compositional zoning profile typical for garnet 2,
characterized by decrease of spessartine and grossular
and increase in almandine, pyrope and XMg from the
core to the rim (Fig. 6c). The S2 foliation in the subhorizontal F3 limb is considerably reactivated by S3
(Fig. 3e). Thus, biotite blasts wrapping anhedral garnet (XMg = 0.48–0.50), chlorite around garnet and
biotite (Fig. 3e) and chlorite+sericite pseudomorphs
of staurolite are interpreted as resulting from M3.
The sample was used for pseudosection modelling.
Kyanite zone
Sample VP52A (two-stage garnet)

Sample VP52A is a kyanite micaschist from the hinge
of F3 fold with moderately developed S3 cleavage. The
S2 foliation contains the assemblage muscovite, biotite,
garnet 1, garnet 2, staurolite, kyanite, quartz, rutile and
ilmenite (Figs 2, 3f–g, 4c,f & 5b. The first garnet generation is inclusion poor, has low grossular content,
decreasing spessartine and increasing almandine,
pyrope and XMg from core to rim (Grs = 0.03,
Sps = 0.07?0.05, Prp = 0.13–0.14, Alm = 0.76–0.78,
XMg = 0.13–0.14). Garnet 2 is characterized by a higher
content of grossular compared with garnet 1, decreased
spessartine and slightly increased pyrope and XMg.
Spessartine increases in a ~50 lm thick rim of garnet,
whereas XMg decreases (Grs = 0.09?0.05, Sps =
0.05?0.02?0.10, Prp = 0.13–0.14?0.10, Alm = 0.76–
0.79, XMg = 0.14–0.15?0.10; Fig. 5b). Garnet 2 contains numerous inclusions of quartz, plagioclase, muscovite (XNa = 0.22, Si = 3.01–3.09), biotite (XMg =
0.52–0.54,
Ti = 0.10–0.12
a.p.f.u.),
staurolite
(XMg = 0.17, Zn = 0.06), chlorite, rutile, ilmenite, tourmaline and zircon (Fig. 4f). The chemical composition
of garnet 2 is moderately variable along the inclusion
rich part of the profile, probably as a result of diffusion
near inclusions and along fractures (Figs 4c & 5b). The
minerals and their compositions in the S2 fabric are
muscovite (XNa = 0.17–0.18, Si = 3.04–3.10), plagioclase (Ab = 0.87–0.88), biotite (XMg = 0.43–0.45,
Ti = 0.12 a.p.f.u.), garnet 2, staurolite (XMg = 0.13–
0.16, Zn = 0.03–0.07), kyanite, quartz, rutile and ilmenite (Fig. 3f). In the S3 cleavage domains, muscovite
and biotite are locally interlayered with sillimanite
(Fig. 3g). Randomly oriented small chlorite grains are
rare. Monazite is abundant, xenotime is small (20 lm)
and rare. This sample was used for pseudosection modelling and monazite geochronology.
Sample VP32 (two-stage garnet)

Sample VP32 is a coarse-grained micaschist with a
moderately SE-dipping foliation composed of
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Table 3. Representative mineral analyses for sample VP407A. Oxides are in wt%.
Sample
Mineral
Position
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
ZnO
Total
Si
Ti
Al
Fe3+
Fe2+
Mn
Mg
Ca
Na
K
Zn
Total
XMg
XNa
ab
an
or

VP407A
bi
m

bi
m

mu
m

mu
m

pl
m

st
m

st
i

pl
i

ep
i

ksp
i

chl
m

ilm
i

ilm
m

34.75
1.81
18.29
19.70
0.00
9.13
0.00
0.17
8.82
n.d.
92.67
2.80
0.11
1.74
0.00
1.33
0.00
1.10
0.00
0.03
0.91
n.d.
7.99
0.45

34.70
1.77
18.62
20.39
0.00
8.72
0.00
0.13
8.85
n.d.
93.17
2.79
0.11
1.76
0.00
1.37
0.00
1.04
0.00
0.02
0.91
n.d.
8.00
0.43

44.45
0.48
36.22
1.15
0.00
0.55
0.06
1.85
8.38
n.d.
93.14
3.00
0.02
2.88
0.00
0.07
0.00
0.06
0.00
0.24
0.72
n.d.
7.00
0.46
0.25

46.44
0.64
34.31
1.26
0.00
0.99
0.00
1.38
8.94
n.d.
93.96
3.13
0.03
2.72
0.00
0.07
0.00
0.10
0.00
0.18
0.77
n.d.
7.00
0.58
0.19

65.72
0.00
21.55
0.00
0.00
0.00
2.29
10.38
0.00
n.d.
99.94
2.89
0.00
1.12
0.00
0.00
0.00
0.00
0.11
0.89
0.00
n.d.
5.00

27.38
0.64
53.49
13.28
0.23
1.06
0.00
0.00
0.22
0.50
96.80
3.93
0.07
9.06
0.00
1.59
0.03
0.23
0.00
0.00
0.04
0.05
15.00
0.12

28.82
0.00
53.90
11.30
0.00
1.80
0.72
0.58
0.27
1.06
98.44
4.02
0.00
8.87
0.00
1.32
0.00
0.37
0.11
0.16
0.05
0.11
15.00
0.22

55.27
0.00
28.35
0.00
0.00
0.00
9.86
5.92
0.05
n.d.
99.45
2.49
0.00
1.51
0.00
0.00
0.00
0.00
0.48
0.52
0.00
n.d.
5.00

38.11
0.10
28.42
6.45
0.47
0.00
23.11
0.00
0.00
n.d.
96.66
2.98
0.01
2.62
0.00
0.42
0.03
0.00
1.94
0.00
0.00
n.d.
7.99

65.32
0.00
18.56
0.00
0.00
0.00
0.00
0.06
15.10
n.d.
99.04
3.06
0.00
1.03
0.00
0.00
0.00
0.00
0.00
0.01
0.90
n.d.
5.00

23.52
0.13
22.26
24.89
0.11
13.83
0.00
0.00
0.00
n.d.
84.75
2.57
0.01
2.87
0.00
2.28
0.01
2.26
0.00
0.00
0.00
n.d.
10.00
0.50

0.00
51.89
0.00
46.86
0.00
0.20
0.00
0.00
0.00
n.d.
98.96
0.00
0.99
0.00
0.01
0.99
0.00
0.01
0.00
0.00
0.00
0.00
2.00
0.01

0.00
54.82
0.00
42.13
1.97
0.00
0.00
0.00
0.00
n.d.
98.93
0.00
1.06
0.00
0.00
0.90
0.04
0.00
0.00
0.00
0.00
0.00
2.00
0.00

0.89
0.11
0.00

0.52
0.48
0.00

0.01
0.00
0.99

m, matrix position, i, inclusion in garnet.
White mica was recalculated per 7 cations, biotite per 8 cations, chlorite per 10 cations, staurolite per 15 cations, feldspars per 5 cations, ilmenite per 2 cations and epidote per 12.5 oxygen atoms.

muscovite, biotite, plagioclase, quartz, two-stage garnet
and sillimanite (Fig. 2). It is difficult to interpret
whether the minerals grew or were only reoriented during formation of the S2 and S3 fabrics. However, garnet 2 is attributed to the S2 fabric, and sillimanite to
the S3 fabric. The sample was used for monazite
geochronology.
PHASE EQUILIBRIA MODELLING
Calculation methods and strategy

P–T pseudosections were calculated using THERMO3.33 (Powell & Holland 1985, 1988, recent
upgrade) and DATASET 5.5 (Holland & Powell, 1998;
November 2003 upgrade) in the MnNCKFMASHTO
system. The following solution models were used: silicate melt from White et al. (2007); cordierite, staurolite, and chlorite are a combination of models from
Mahar et al. (1997) and Holland & Powell (1998);
garnet, biotite, and ilmenite from White et al. (2005);
muscovite and paragonite from Coggon & Holland
(2002); K-feldspar and plagioclase from Holland &
Powell (2003) and epidote from Holland & Powell
(1998). All calculations were performed with H2O in
excess. P–T conditions and P–T paths were determined by comparing the observed and modelled mineral assemblages and mineral compositions.

CALC

The whole-rock compositions used for the modelling were estimated by quantitative analysis of a
representative area of the thin sections using an SEM
equipped with an EDS detector in order to approach
as closely as possible the composition effective at the
scale of the thin section (e.g. Broussolle et al., 2015;
Jiang et al., 2015). For each sample, four to nine
spectra were acquired in scanning mode at 15 kV
and 1.5 nA for 300 s, each spectrum covering an area
of ~16 mm2. The criteria for definition of the representative areas include grain size and distribution of
the minerals in order to involve all the phases in their
appropriate abundances and to avoid late cracks,
alteration zones or veins. The dimensions of the representative areas used for the whole-rock composition
estimates are between 65 and 150 mm2, and the composition is presented as insets in the diagrams in
molar percent normalized to 100% (Figs 7–11).
As this method does not allow the determination
of the Fe3+ content of the effective bulk-rock composition, the effects of the variable content of the
Fe3+ in the whole-rock composition on the calculated mineral equilibria were studied and show that
an increase in the Fe3+ content in the whole rock: (i)
shifts the epidote stability to higher temperature and
increases the pistacite content in epidote, (ii) increases
the stability of ilmenite with respect to rutile and
shifts the rutile-in line to higher temperature and
© 2016 John Wiley & Sons Ltd
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Table 4. Representative mineral analyses for sample VP52A. Oxides are in wt%.
Sample

VP52A

Mineral
Position
SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
ZnO
Total
Si
Ti
Al
Fe3+
Fe2+
Mn
Mg
Ca
Na
K
Zn
Total
XMg
XNa
ab
an
or

mu
m

mu
m

mu
i

bi
m

bi
m

bi
i

pl
m

st
m

st
i

ilm
i

ilm
m

44.59
0.91
35.75
0.97
0.00
0.56
0.00
1.27
8.87
n.d.
92.92
3.04
0.05
2.87
0.00
0.05
0.00
0.06
0.00
0.17
0.77
n.d.
7.00
0.51
0.18

45.55
0.87
34.95
1.08
0.00
0.78
0.00
1.19
8.88
n.d.
93.30
3.09
0.04
2.80
0.00
0.06
0.00
0.08
0.00
0.16
0.77
n.d.
7.00
0.56
0.17

45.77
0.74
35.72
1.19
0.00
0.65
0.00
1.52
8.20
n.d.
93.79
3.09
0.04
2.84
0.00
0.07
0.00
0.06
0.00
0.20
0.71
n.d.
7.00
0.49
0.22

34.39
2.00
18.73
20.05
0.00
8.96
0.00
0.35
8.57
n.d.
93.04
2.76
0.12
1.77
0.00
1.35
0.00
1.07
0.00
0.05
0.88
n.d.
8.00
0.44
0.06

34.22
2.05
18.58
20.10
0.00
8.92
0.00
0.27
8.48
n.d.
92.62
2.76
0.12
1.77
0.00
1.36
0.00
1.07
0.00
0.04
0.87
n.d.
8.00
0.44

35.12
1.78
19.13
17.50
0.00
10.85
0.00
0.34
8.43
n.d.
93.15
2.78
0.11
1.78
0.00
1.16
0.00
1.28
0.00
0.05
0.85
n.d.
8.00
0.52

64.73
0.00
21.82
0.00
0.00
0.00
2.66
10.18
0.07
n.d.
99.45
2.86
0.00
0.00
0.00
0.00
0.00
0.00
0.13
0.87
0.00
n.d.
5.00

26.16
0.77
54.15
14.14
0.24
1.42
0.00
0.00
0.00
0.25
97.14
3.74
0.08
9.13
0.00
1.69
0.03
0.30
0.00
0.00
0.00
0.03
15.00
0.15

26.34
0.76
54.52
13.28
0.15
1.57
0.00
0.00
0.00
0.55
97.16
3.75
0.08
9.16
0.00
1.58
0.02
0.33
0.00
0.00
0.00
0.06
14.98
0.17

0.00
52.14
0.00
45.77
0.82
0.57
0.00
0.00
0.00
0.00
99.30
0.00
0.99
0.00
0.02
0.95
0.02
0.02
0.00
0.00
0.00
0.00
2.00
0.02

0.00
55.21
0.00
43.04
0.89
0.41
0.00
0.00
0.00
0.00
99.55
0.00
1.05
0.00
0.00
0.91
0.02
0.02
0.00
0.00
0.00
0.00
2.00
0.01

0.87
0.13
0.00

m, matrix position, i, inclusion in garnet.
White mica was recalculated per 7 cations, biotite per 8 cations, chlorite per 10 cations, staurolite per 15 cations, plagioclase per 5 cations, ilmenite per 2 cations and epidote per 12.5 oxygen atoms.

Table 5. Representative mineral analyses of garnet. Oxides are
in wt%.
Sample

VP9A

24A

407A

52A

Position

core

rim

Garnet
1

Garnet
2

core

rim

Garnet
1

Garnet
2

SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Cr2O3
Total

36.19
0.18
20.53
27.84
7.21
1.03
6.86
0.03
99.86

35.71
0.02
20.40
35.05
2.78
1.65
3.48
0.05
99.15

36.17
0.07
20.76
29.91
10.03
2.07
0.80
0.03
99.83

36.53
0.05
20.86
33.62
2.03
2.83
3.72
0.06
99.69

36.14
0.11
20.55
27.60
6.78
0.84
7.52
0.00
99.56

36.44
0.08
20.52
34.95
0.28
1.81
5.67
0.01
99.75

35.98
0.02
20.58
36.13
2.91
3.14
0.99
0.03
99.77

36.25
0.01
20.64
36.27
0.79
3.44
2.40
0.03
99.83

pressure, and (iii) increases the pressure stability of
magnetite (data not shown). The studied sample
VP407A
contains
inclusions
of
epidote
(pistacite = 40–44%). Both kyanite-bearing samples
(VP407A & VP52A) contain rutile in association with
kyanite and none of the samples contains magnetite.
These observations best fit pseudosection calculations
at O = 0.01–0.04 mol.% that reproduce the high pistacite content in epidote, the absence of magnetite
and the coexistence of rutile with kyanite.
Corrections of the effective whole-rock composition by excluding the garnet 1 were tested in samples
containing two-stage garnet. Because of the low
© 2016 John Wiley & Sons Ltd

modal proportion of garnet 1, this correction does
not have a significant effect on pseudosection topology. It involves a shift of the garnet-in line to higher
temperature but has almost no effect on garnet compositional isopleths (Fig. 8). Garnet 1 in sample
VP52A is poor in spessartine relative to VP24A
(cf. Fig. 4a,c), thus the shift of garnet-in line is negligible and the fractionated pseudosection is not
shown. The effect of garnet 2 fractionation in the
sample VP407A is discussed (Figs 6b,e, 9 & 10),
while the effect in sample VP9A is insignificant due
to low modal proportion of garnet 2 and is not
shown.
The mineral changes related to M3 and described
in the above section are of a very local character,
except for samples with well-equilibrated M3 assemblages in the very west of the profile. Thus, M3 P–T
paths shown in Figs 7–11 are only schematic and
represent rather qualitative trends.
P–T evolution of sample VP9A (garnet zone, single-stage
garnet)

The observed M2 mineral assemblage mu–pl–bi–g–
ilm is located in the wide field above the garnet-in
line (Fig. 7a). The composition of the garnet 2 core
(grs = 0.20?0.17, sps = 0.19?0.13, XMg = 0.06?
0.07) is correlated with compositional isopleths at the
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Fig. 7. P–T pseudosection (a) and garnet compositional isopleths (b) of the sample VP9A. Arrows, ellipses and points A–C show
inferred P–T paths based on the mineral assemblage and garnet chemistry.

Fig. 8. P–T pseudosection and garnet compositional isopleths of the sample VP24A for the second (a, b) and first (c, d) garnet
generation showing the effect of fractionation of garnet 1. Bulk-rock composition in (a) is different compared with (b) due to a
subtraction of garnet 1 with averaged composition based on chemical profile in Fig. 4a and abundance 0.5 vol% coming from the
observed areal analysis. Ellipses and arrows show inferred P–T paths based on the mineral assemblage and garnet chemistry.

garnet-in line at ~540–560 °C and 7.5–8.1 kbar in the
mu–pa–pl–bi–g–ab–ilm field (point A, Figs 6a & 7a,
b). The absence of paragonite and albite in the final

matrix assemblage is explained by their breakdown during later metamorphism. The garnet 2 rim composition
(grs = 0.10?0.07, sps = 0.04, XMg = 0.09) corresponds
© 2016 John Wiley & Sons Ltd
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Fig. 9. P–T pseudosection (a) and garnet compositional isopleths (b) of the sample VP407A. Arrows, ellipses and points A–F show
inferred P–T paths based on the mineral assemblage and garnet chemistry.

to compositional isopleths in mu–pl–bi–g–ilm field at
570–600 °C and 7.5–8.5 kbar (point B, Fig. 7a). The
presence of chlorite and albite in the S2 cleavage is
interpreted to result from D3 reactivation of the S2
foliation on a poorly constrained retrograde P–T
path towards some of the fields containing chlorite+biotite+albite, below 530 °C and 6.5 kbar (point
C, Fig. 7a).
P–T evolution of the sample VP24A (staurolite zone, twostage garnet)

Garnet 1 in two-stage garnet in sample VP24A
(Fig. 8) is the only reliable relict of the M1 assemblage, and its composition is used to estimate P–T
conditions of the M1 metamorphic event (Fig. 8c,d).
The compositional isopleths for the garnet 1 core
(grs = 0.02–0.03, sps = 0.24, XMg = 0.11–0.12) intersect at 540–560 °C and 2.8–3.5 kbar in the mu–pl–
bi–g–ilm field at the boundary with fields containing
one or more of the following phases: paragonite,
andalusite or chlorite. Paragonite and andalusite were
not observed in the sample, probably due to reequilibration of the matrix during later M2. Interpretation
of the rim of garnet 1 – with higher XMg and lower
sps (grs = 0.02–0.03, sps = 0.16?0.12, XMg = 0.12?
0.13) – is problematic, because the observed zoning
might be a product of diffusion of Mn at the transition to garnet 2, that is allowed by diffusional
increase of Mg and Fe, while Ca as the least diffusive
element remained immobile (Figs 4a & 5a).
© 2016 John Wiley & Sons Ltd

The M2 matrix mineral assemblage lies in the mu–
pl–bi–g–ilm–ru field at >620 °C and >7.8 kbar. P–T
conditions derived from the garnet 2 composition
(grs = 0.06–0.12, sps = 0.04–0.06, XMg = 0.11–0.13)
are 580–600 °C, 6–8.5 kbar in the mu–pa–pl–bi–g–ilm
field (Fig. 8a,b). The absence of paragonite and the
presence of rutile can be explained by a prograde M2
P–T path to the rutile stability field. M3 is poorly constrained; the stability of chlorite in the cleavage
domains only suggests temperature below ~550 °C.
P–T evolution of sample VP407A (staurolite zone, singlestage garnet)

In sample VP407A, the matrix M2 mineral assemblage mu–pl–bi–g–st–ru–ilm corresponds to the field
at 640–650 °C and 8.0 kbar (point D, Fig. 9a). Tiny
polyphase inclusions of pl–st–ky (ky identified by
EBSD) preserved in the garnet rim (Fig. 6f) suggest
peak P–T conditions in the stability field of kyanite.
The composition of staurolite enclosed in the garnet
rim (XMg = 0.17–0.22, Figs 6f & 10a; Table 3) also
supports peak M2 conditions ~650 °C, 7.5–8.0 kbar
(point D, Fig. 9a).
If epidote inclusions close to the garnet core are
relicts of the prograde path, the M2 P–T path might
have passed through the epidote stability field (point
A, Fig. 9a). The compositional isopleths for the garnet 2 core (grs = 0.22–0.25, sps = 0.16, XMg = 0.05)
intersect at 510–530 °C, 6.2–6.8 kbar, in mu–chl–pl–
bi–g–ilm field (point B, Fig. 9a), in the vicinity of
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Fig. 10. The effect of fractionation of garnet core on the compositional isopleths of XMg in the staurolite (a) and XMg (b),
spessartine (c) and grossular (d) content in the garnet for sample VP407A. For details, see text.

paragonite-in line and close to the stability field of
epidote. The garnet rim with its minimum spessartine
content (grs = 0.07–0.12, sps = 0.00–0.01, XMg =
0.11–0.13) is consistent with a temperature increase
to 580–620 °C and a wide pressure estimate

6–9 kbar, within mu–pa–bi–g–ilm-bearing fields with
staurolite, plagioclase or rutile depending on the pressure (ellipse in the vicinity of point C, Fig. 9a).
The spessartine content for the garnet rim is higher
in the P–T section (sps = 0.01–0.02) compared to the
© 2016 John Wiley & Sons Ltd
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Fig. 11. P–T pseudosection with XMg staurolite isopleths (a) and garnet compositional isopleths (b) of the sample VP52A. Arrows,
ellipses and points A–D show inferred P–T paths based on the mineral assemblage and garnet chemistry.

profile (min values of sps <0.01). Single-stage fractionation of the Mn-rich garnet core was performed
to test the effect of garnet fractionation. The proportion of the garnet core with an average composition
of grs = 0.23, sps = 0.15, prp = 0.04, alm = 0.58 in
the analysed representative area is 0.5% and was subtracted from the bulk-rock composition. The garnet
fractionation does not change the topology of the
pseudosection; the only effect is a shift of the garnetin line by ~20 °C to higher temperature (Fig. 10b–d).
The shift of the compositional isopleths of staurolite
(XMg, Fig. 9a) and garnet (grs, sps, XMg, Fig. 9b–d)
is negligible, and the only significant change is a shift
of 0.02 sps isopleth to the lower pressure and temperature and appearance of isopleths sps <0.01 within
the area of minimum spessartine ellipse (Fig. 10c).
The peak P–T conditions deduced from the mineral assemblage are not consistent with the garnet
zoning: the garnet rim shows increased sps and grs
and decreased prp and alm content (grs = 0.05?0.06,
sps = 0.00?0.06, XMg = 0.14?0.12). However, the
garnet rim composition could have been modified by
diffusion during the retrograde M3 P–T evolution
from the peak P–T conditions in the kyanite field
(point D, Fig. 9a) through the staurolite field
(marked by the garnet rim composition; point E,
Fig. 9a), towards the chlorite stability field (documented by replacement of garnet by chlorite; close to
point F, Fig. 9a). The matrix staurolite composition
(XMg = 0.12–0.13, Fig. 10a, Table 3) is not consistent
with the prograde M2 P–T path, and like the garnet
© 2016 John Wiley & Sons Ltd

rim, it could be explained by reequilibration of its
peak P–T composition during the retrograde M3
event (Fig. 10a).
P–T evolution of the sample VP52A (kyanite zone, twostage garnet)

Like sample VP24A, the only vestige of the M1
assemblage in sample VP52A is garnet 1. The compositional isopleths for the first garnet generation
(grs = 0.03–0.04, sps = 0.07?0.05, XMg = 0.13–0.14)
in sample VP52A (Fig. 11) intersect at 610–650 °C
and 5–6 kbar in the fields containing mu–pl–bi–g–ilm
plus staurolite or sillimanite. The presence of kyanite
and staurolite in the matrix of sample VP52A limit
the M2 P–T conditions to at least 650 °C and 6.8–
7.8 kbar in the field mu–pl–bi–g–st–ky–ilm, eventually with rutile (point B, Fig. 11a). P–T conditions
close to the upper pressure domain of the staurolite
field are supported by the composition of staurolite
inclusions in the garnet 2 (XMg = 0.17, Table 4). The
compositional isopleths for the maximum XMg and
minimum Mn content in the garnet (grs = 0.07–0.08,
sps = 0.02–0.03, XMg = 0.14–0.15) intersect in the
field mu–pl–bi–g–ilm close to the staurolite-in reaction at ~610 °C, 7 kbar (point A, Fig. 11a). The estimated P–T path between points A and B is in
agreement with XMg range of 0.13–0.16 in the matrix
staurolite (Fig. 11a; Table 4).
Like sample VP407A, the composition of garnet 2
does not correspond to the peak P–T conditions
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suggested by the kyanite-bearing mineral assemblage
and XMg in the staurolite inclusions. However, the
change in the peak P–T garnet 2 composition might
be due to diffusion during the high-temperature part
of the M3 event. This possibility is supported by the
presence of a retrograde sps-rich and low XMg rim
(grs = 0.06–0.07, sps = 0.03?0.10, XMg= 0.15?
0.010). The M3 event is again poorly constrained, but
the M3 P–T path continued through the sillimanite
field (to the vicinity of point C, Fig. 11a, sillimanite
occurs in the cleavage domains) to <560 °C (to the
vicinity of point D, Fig. 11a) towards the fields containing chlorite. It is possible that also the XMg in the
garnet 1 was modified by diffusion during peak M2
or M3 conditions; however, relatively high temperature reached by the M1 event is further supported by
rocks presenting leucosome and melanosome layering
interpreted as a result of syn-M1 migmatization in
the westernmost part of the studied area.
Inclusions of K-feldspar

The presence of numerous K-feldspar inclusions in
garnet 2 of samples VP24A, VP407A and other samples from the staurolite and kyanite zone is not compatible with the P–T conditions inferred for the M2
event, especially in samples where K-feldspar is
enclosed in the garnet core (Fig. 6f). During the prograde metamorphism of pelites, metamorphic K-feldspar forms first by decomposition of muscovite at
>600 °C at pressures <3.5 kbar or from melt at
>650 °C at pressures >3.5 kbar. We propose three possible origins for the K-feldspar inclusions as (i) detrital
grains, (ii) local equilibration due to water undersaturation, (iii) late alteration of biotite to chlorite or (iv)
products of regional HT pre-M2 metamorphic event
or pre-M2 magmatic veins, that were mixed into the
pelitic host during the high-strain D2 deformation.
MONAZITE GEOCHRONOLOGY
Analytical methods and strategy

Prior to analysis, monazite grains were imaged with
backscattered electrons (BSE) and secondary electrons
(SE) using a scanning electron microscope at the Institute
of Petrology and Structural Geology (Charles University
in Prague) and at the University of California, Santa
Barbara. Compositional maps of Y, La, Nd, Th and U
were made on the Cameca SX-100 electron microprobe
at University of California, Santa Barbara, using an
accelerating voltage of 15 kV, a 200 nA beam current, a
0.5 lm/pixel step size, and a dwell time of 0.2 s.
Monazite was dated via laser-ablation split-stream
inductively coupled plasma mass spectrometry
(LASS), allowing simultaneous isotopic and elemental analysis from the same volume of mineral at the
University of California, Santa Barbara (see Kylander-Clark et al., 2013 for a detailed description of the

method). The analyses were obtained with a 10 lm
laser spot, fired at a frequency of 3 Hz for a 20 s
ablation time.
All of the monazite chemical data were processed
using IOLITE version 2.3 (Paton et al., 2010), which
corrects for down-hole fractionation and machine
drift using measurements of monazite reference material (RM) 44069 (Aleinikoff et al., 2006) interleaved
with the unknowns. A secondary reference material,
Bananeira monazite (Palin et al., 2013), was used to
assess in-run precision and accuracy (Fig. S1;
Table S1). The long-term reproducibility of
238
U/206Pb and 207U/206Pb ratios in monazite measured by this technique were estimated by Hacker
et al. (2015) to be 1.9% and 1.3%, respectively,
based on over 600 repeat analyses of Bananeira monazite over several years. REE data were processed
semi-quantitatively using Bananeira monazite as the
primary reference material and 44069 monazite as the
secondary reference material. U-Pb data were evaluated using Isoplot (Ludwig, 2008). Because the secondary standards yielded dates within 2% of their
TIMS-determined values, we include a 2% error on
the dates of unknowns measured in this study; uncertainties are first presented as analytical uncertainties
only, and propagated uncertainties (i.e., 2% added in
quadrature) follow in square brackets, [ ]. Individual
analyses were not corrected for common lead,
because the 204Pb signal in the reference material is
indistinguishable from background. Isochrons were
calculated by reference to Stacey & Kramers (1975)
207
Pb/206Pb values.
Results
Sample VP21 (garnet zone, single-stage garnet)

Thirty spots were analysed from 20 monazite grains
from sample VP21 (Fig. 12; Tables S2 & S3), two
from monazite enclosed within a garnet 2 porphyroblast (Fig. 12a). The X-ray maps show Y-poor cores
surrounded by discontinuous, convex-inward, Y-rich
rims (Fig. 12b–e). The variability in REE concentrations is small (<1 order of magnitude), and there is
no correlation with U-Pb date. The resulting intercept age is 375.2  3.1[8] Ma (MSWD = 1.6,
Fig. 12f). No older population was observed.
Sample VP52A (kyanite zone, two-stage garnet)

Fifty-five spots from 25 monazite grains were analysed in sample VP52A (Fig. 13; Tables S2 & S3).
The data define two age populations. The younger
population has an age of 375.6  2.7[8] (MSWD = 1,
Fig. 13k), and the older (n = 5, Fig. 13a–e,j) gives an
age of 485  11 Ma (MSWD = 0.4, Fig. 13a–e,j,k).
An additional three analyses that plot between the
two populations are interpreted to represent mixed
analyses. X-ray maps for the c. 375 Ma population
© 2016 John Wiley & Sons Ltd

VARISCAN OVERPRINT O F RHEIC PAS SIVE MAR GI N 19

(a)

(b)

(c)

correlation between U-Pb date and composition or
textural position in the rock.
Sample VP32 (kyanite zone, two-stage garnet)

(d)

(e)

In sample VP32 (Fig. 14; Tables S2 & S3), 57 spots
were analysed from 27 monazite grains. The data can
be divided into two groups: 55 analyses with an age
of 379.0  2.1[8] Ma (MSWD = 0.5, Fig. 14g) and
two concordant analyses with a concordia age of
489  16 Ma (MSWD = 0.5, Fig. 14a,b,g). The older
two analyses are from the core of a monazite grain
with c. 383 Ma rim enclosed in mica (Fig. 14a,b).
Yttrium X-ray maps of monazite show again Y-poor
cores surrounded by Y-rich rims (Fig. 14c–f). Like
VP21 and VP52A, there is no correlation between UPb date and composition or textural position in the
rock.
Samples VP24A and VP27 (monazite enclosed in garnet 1)

(f)

The two additional monazite grains enclosed within
Ca poor garnet 1 of samples VP24A and VP27
(Fig. 4d,e; Tables S2 & S3) give ages of 485.9  8.2
[10] Ma (MSWD = 0.07; n = 3) and 485.4  8.4[10]
Ma (MSWD = 0.32; n = 3), respectively. The total
age for garnet 1 inclusions is 485.7  5.9[10] Ma
(MSWD = 0.16;
n = 6,
Fig. 15a).
Considered
together, the pre-Variscan dates from all samples
define an age of 485.5  5.0[10] Ma (MSWD = 0.26;
n = 13, Fig. 15b).
Interpretation of geochronological data

Fig. 12. Monazite geochronology of sample VP21. (a) BSE
image of the garnet 2 with monazite inclusions. (b–e) Monazite
yttrium maps showing the yttrium-poor core and yttrium-rich
rim. (f) Tera–Wasserburg concordia diagram of the
geochronological data. Circles are 10 lm wide and represent
the spot size of the analyses. All spots yield the same age
within uncertainty.

show a pattern analogous to VP21: Y-poor cores and
Y-rich rims (Fig. 13f–i). The older population of
spots in the monazite in Fig. 13e,j preserves intermediate Y and REE concentrations. The two spots from
the monazite in Fig. 13c give an age of 492 Ma for
the core and 384 Ma in the rim (Fig. 13d). The monazite is enclosed in kyanite (Fig. 13c,d), suggesting a
maximum c. 384 Ma age for the kyanite. The HREE
concentrations are more variable (two orders of magnitude variation in Lu) than VP21, but there is no
© 2016 John Wiley & Sons Ltd

The majority of the U-Pb analyses are concordant.
However, each sample has several discordant analyses that can be explained by the presence of common
Pb with a 207Pb/206Pb ratio consistent with the model
of Stacey & Kramers (1975). Because of this, the
intercept ages calculated with the discordant analyses
are no different than ages calculated using only concordant analyses. The common Pb in these few analyses may come from (i) unobserved inclusions or
fractures in the monazite, (ii) Pb incorporated into
the monazite during growth or recrystallization
(Holder et al., 2015), (iii) or ablation of small
amounts of another phase, especially if the analysis
was conducted near the edge of a grain.
Samples VP52A and VP32 contain a few monazite
grains (9% and 3% of analyses, respectively) with
c. 485 Ma dates, which we interpret as a metamorphic age related to growth of garnet 1 during regional metamorphism. Analogous dates were previously
obtained by Timmermann et al. (2006) from the
southern part of the TCC using EMPA and IDTIMS analyses of monazite. These authors concluded
that the common c. 490–480 Ma EMPA ages (e.g.
sample locality 4 and 5 in Fig. 2) do not represent a
true metamorphic age, but resulted from dissolution-
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Fig. 13. Monazite geochronology of sample VP52A. (a) BSE image of the garnet 2 with monazite inclusion. (b) BSE image and
age data of the monazite inclusion. (c) BSE image of kyanite with monazite inclusion. (d) BSE image and age data of the
polyphase monazite inclusion. (e) BSE image of the polyphase monazite inclusion. (f–i) Monazite yttrium maps showing the
yttrium-poor core and yttrium-rich rim. (j) Yttrium map of the polyphase monazite inclusion from (e) with the locations of preVariscan dates. (k) Tera–Wasserburg concordia diagram of the geochronological data. Circles are 10 lm wide and represent the
spot size of the analyses. Unlabelled spots yielded Variscan dates, which are all the same within uncertainty.

(g)
(b)

(d)

(a) (c)

(e) (f)

Fig. 14. Monazite geochronology of sample VP32. (a) BSE image of the polyphase monazite in the matrix. (b) BSE image and age
data of the polyphase monazite inclusion. (c–f) Monazite yttrium maps showing the yttrium-poor core and yttrium-rich rim.
(g) Tera–Wasserburg concordia diagram of the geochronological data. Circles are 10 lm wide and represent the spot size of the
analyses. Unlabelled spots yielded Variscan dates, which are all the same within uncertainty.

reprecipitation of c. 540 Ma metamorphic monazite
due to increased fluid activity associated with the
emplacement of numerous Cambro-Ordovician intrusions. By contrast, our data do not show any evidence for such a process – e.g. by proving the
existence of c. 540 Ma age domains in the analysed

monazite crystals – and therefore, our c. 485 Ma age
is interpreted as a true metamorphic age. The formation of monazite at 485 Ma is likely associated with
a regional metamorphic event, as there does not seem
to be a spatial link to Cambro-Ordovician intrusions,
and the c. 485 Ma age is restricted especially to the
© 2016 John Wiley & Sons Ltd
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Fig. 15. Tera–Wasserburg concordia diagrams for the monazite enclosed in the first garnet generation (a) and all pre-Variscan
spots together (b).

samples containing the two-stage garnet. This interpretation is corroborated by the occurrence of
c. 485 Ma monazite grains enclosed in garnet 1,
which provide the upper age limit for the M1 metamorphism.
Variscan monazite ages in this study cover a short
time-span between 379 and 375  8 Ma. These ages
overlap with the 382–373 Ma EMPA and 387–
382 Ma ID-TIMS monazite dates of Timmermann
et al. (2006) from the southern part of the TCC. The
monazite ages are interpreted to reflect the main
phase of Variscan regional metamorphism in the
TCC and generally overlap Ar-Ar muscovite cooling
ages between 380 and 371 Ma (Dallmeyer & Urban,
1998).
The in situ dating performed in this study allows
us to link the Variscan ages with the M2 mineral
assemblage. For example, sample VP21 shows a single-generation garnet typical of the garnet 2 generation (cf. Figs 12a & 6b,e), which contains two
monazite inclusions of Variscan age located near the
core of a garnet porphyroblast, implying its Variscan
age. Likewise, the kyanite porphyroblast in sample
VP52A can be linked to the Variscan cycle, based on
the Variscan rim of monazite enclosed in the kyanite
(Fig. 13c,d). Monazite enclosed in staurolite has not
been observed; nevertheless, the continuity of the
structural and metamorphic record together with
in situ age data suggests a Variscan age for the main
Barrovian M2 mineral assemblage in the area.
Following Gibson et al. (2004), the M1, M2 and
M3 events can be linked to a specific age using the
microstructural relationships of garnet growth and
breakdown combined with the observed yttrium zoning in monazite. Our oldest spots are located in the
© 2016 John Wiley & Sons Ltd

intermediate-Y monazite cores (Fig. 13j) corresponding to the intermediate-HREE concentrations in
Tables S2 & S3 and Fig. S2. Besides the yttrium element maps, we use the HREE concentrations measured by LASS ICP-MS as a proxy for Y. In the
absence of xenotime, Y-rich monazite usually forms
when a garnet decomposes or in a garnet-free assemblage (Spear & Pyle, 2010). By this logic, a Y-poor
monazite forms when garnet is a major sink for Y. In
our rocks, the pre-Variscan intermediate-Y relict
monazite inclusions and monazite in the matrix
(Figs 13j & S2; Table S2 & S3) suggest crystallization
that predated or was synchronous (intermediate-Y)
with growth of garnet 1. By contrast, the early-Variscan low-Y monazite cores are interpreted to have
formed synchronously and/or after garnet 2 (Fig. 12).
The M3 event is associated with the breakdown of the
garnet, which is likely manifested by the growth of
Y-rich patchy monazite rims. Both the Y-poor monazite cores and Y-rich rims, however, are statistically
of the same age (Fig. S2), which may be explained in
the context of the age overlap also revealed by monazite U-Pb and Ar-Ar cooling ages (Dallmeyer &
Urban, 1998; Timmermann et al., 2006, this study).
These overlapping age results imply that both D2-M2
and D3-M3 events were early-Variscan, temporally
very close and reflecting a single continuous process
of burial followed by exhumation rather than two separate tectono-metamorphic events.
DISCUSSION

First, we discuss the P–T evolution of individual
deformation events from late Cambrian to Devonian.
Second, an attempt is made to restore the geometry
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of M1 and M2 metamorphic zoning based on spatial
differences between peak P–T estimates determined
for individual metamorphic events. Subsequently, the
tectonic significance of all three metamorphic events
is discussed in the context of the architecture of the
former Cambro-Ordovician passive margin that was
thickened and exhumed during Devonian. Finally, we
correlate the metamorphic and geochronological evolution in the frame of the European Variscan belt.
Microstructure and P–T evolution associated with
individual deformation events

The microstructural, geochronological and structural
data together with the inferred P–T paths are summarized in Fig. 16 and form a P–T–D–t framework
for the following tectonic interpretations. In general,
all three metamorphic events show a westward
increase in temperature marked by M1-M3 isograds
shown in Fig. 2. However, fundamental differences
have been identified in the metamorphic field gradients of the events: (i) M1 records HT–LP metamorphism with increasing temperature and pressure/
depth towards the west; (ii) M2 records Barroviantype MT-MP metamorphism, which in the studied
region shows increasing temperature towards the west
at similar pressure; and (iii) M3 records MT/HT-LP
metamorphism marked by decompression of the M2
assemblage.
The Cambro-Ordovician (c. 485 Ma) tectono-metamorphic event D1-M1 (Fig. 16a–c) clearly shows normal metamorphic sequence covering biotite and
garnet zones and possibly reaching temperatures of
600–650 °C in the M2 kyanite zone. Even if not preserved in current exposures, the M1 andalusite isograd is expected in the M2 staurolite zone based on
the results of our thermodynamic modelling (Fig. 8)
and is in accordance with 487–470 Ma andalusite acek,
bearing pegmatites (Glodny et al., 1998; Z
1999). The composition of garnet 1 cores is consistent
with
an
overall
high-temperature
gradient
~50 °C km 1 in the M2 staurolite zone that decreases
to ~30 °C km 1 in the M2 kyanite zone (Fig. 16c).
The structural analysis indicates that the original
position of the bedding-parallel S1 fabric prior to D2
and D3 deformation was subhorizontal (Figs 2b,e, 3a
& 6d). This interpretation is in good agreement with
the emplacement of the easterly Tis granite at
c. 505 Ma, which represents a subhorizontal sill following the main anisotropy of the country rocks
(Venera et al., 2000). The orientation of S1 in the
M2 kyanite zone is difficult to restore, although rare
superposed folds also suggest a gently inclined orientation.
Formation of the vertical fabric associated with the
growth of the Barrovian sequence of minerals across
the study area is interpreted as a result of crustal
thickening and dated as Devonian (380–375 Ma).
The D2-M2 event is characterized by the

transposition of the S1 fabric and the growth of a
sequence of index minerals: garnet (550 °C, Fig. 16d),
staurolite (600 °C, Fig. 16e) and kyanite (650 °C,
Fig. 16f). Garnet 2 is present in nearly entire studied
region, whereas the two-stage garnet is preserved
only in the M2 staurolite and M2 kyanite zones
(Fig. 16e,f). There are also samples from the staurolite and kyanite zones where only second garnet generation occurs (Fig. 2). This may have been caused
by the M2 re-equilibration. The prograde part of the
early-Variscan P–T path is characterized by a MPMT metamorphic field gradient, which increases from
~20 °C km 1 to ~25 °C km 1 towards the west.
Based on the crystallization–deformation relations,
the temperature peak of the prograde P–T path
reached during M2 also corresponds to the transition
from D2-M2 to D3-M3. This transition occurred at
temperatures above the fluid-present granite solidus
(>650 °C) along the contact with the Mari
anske
Lazne Complex in the M2 kyanite zone. The D3-M3
event (Fig. 16g–i) includes both a pressure and temperature drop and overall retrogression of the peak
M2 mineral assemblage. The highest M3 temperatures were reached in the west (Fig. 16i) in the stability field of sillimanite. As the temperature decreased,
garnet was replaced by biotite and chlorite (Fig. 16g–
i). Typically, the M3 retrogression was static in the
M2 garnet zone (Fig. 16g), whereas in the M2 staurolite and kyanite zones, it was syntectonic with D3
deformation (Fig. 16h,i).
Restoration of M1 Cambro–Ordovician metamorphic
pattern

The symmetry of the F2 folds, the stable subhorizontal orientation of the L2 fold axes and S1–S2 intersections and the absence of kinematic indicators
suggest that D2 event reflects a pure shear-dominated
horizontal shortening associated with homogeneous
crustal thickening. Its intensity and metamorphic
grade decrease towards the east (see also Zulauf,
1997, 2001). The D2 architecture, thus, represents a
well-documented orogenic and thermal structure that
can be used to restore the D1 extensional pattern and
to characterize the D3 post-thickening detachment
history.
The above-mentioned structural observations suggest that the D1 fabrics were originally subhorizontal, whereas the D2 fabrics were subvertical. Our
metamorphic study reveals that M1 formed a continuous syn-extensional metamorphic zoning over which
the contractional M2 metamorphic zoning was superimposed. Therefore, the geometries of deformation
fabrics and metamorphic zones provide first-order
geometrical constraints that allow restoration of the
geometry of the M1 metamorphic zones prior to D2
shortening.
The most intriguing observation arising from our
P–T estimates (summarized in Fig. 16) is an uneven
© 2016 John Wiley & Sons Ltd
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Fig. 16. Interpretative P–T–D–t scheme and simplified microstructure evolution for the studied area based on the structural,
geochronological and P–T data. For details, see text.

© 2016 John Wiley & Sons Ltd
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pressure difference between M1 and M2, showing
~5 kbar M1 to M2 pressure increase in M2 staurolite zone but only ~2 kbar increase in M2 kyanite
zone. Supposing that the D2 thickening was homogeneous and superimposed on horizontal metamorphic isograds inherited from symmetrical rifting, the
M1-M2 pressure difference should be proportional
to the M1 pressure conditions, thus increasing
towards the west, contrary to our observation.
However, if the D1 extension was asymmetrical
(Lister et al., 1986), the early extensional metamorphic isograds (and deeper crustal levels) should later
have been exhumed asymmetrically and laterally juxtaposed during extension (Fig. 17b). Subsequent
homogeneous horizontal shortening D2 imposed on
such a crustal architecture and corresponding metamorphic pattern would result in a similar magnitude
of downward transport of laterally juxtaposed metamorphic isograds M1 across the entire thinned
domain (Fig. 17a,b). Because the temperature associated with D2-M2 increases to the west and because
the highest M1 conditions were reached in the west,
the difference between the M1 and M2 peak P–T
conditions in the M2 kyanite zone is relatively small
(Fig. 16). By contrast, to the east, the difference
between M1 shallow level metamorphic assemblages
and peak M2 is greater.

Tectonic model of pre-Variscan and early-Variscan events
Model of Cambro–Ordovician rifting in the deep crust and
on the surface

The Late Cambrian to Early Ordovician activity in
the TCC is documented by bimodal magmatism manifested by numerous intrusions of granitoids with
ages ranging from c. 511 Ma (Lestkov, Hanov and
Tepla metagranitoids, D€
orr et al., 1998) to
505  1 Ma (Tis granite, Venera et al., 2000) and of
gabbros with slightly younger ages of 503–496 Ma
(Timmermann et al., 2006) located mainly in the
vicinity of the Marianske Lazne Complex (Fig. 1b).
This study, however, brings several important constraints for the Cambro-Ordovician event: (i) a gently
SSW-dipping metamorphic fabric S1 developed at
c. 485 Ma, (ii) normal metamorphic sequence is associated with the S1 fabric, and (iii) the elevated LP–
HT geotherm ~50 °C km 1 in the higher structural
levels decreases to 30 °C km 1 in the deeper crust.
The initial stage of rifting in the TCC is dated to at
least c. 510 Ma (Fig. 17a), when the mantle upwelling provided enough heat for crustal and mantle
melting and the emplacement of gabbros in the lower
crust (Bowes & Aftalion, 1991; D€
orr et al., 1998;
Timmermann et al., 2004) and granitoids in the

Fig. 17. Tectonic model of the studied area. (a, b) Pre-Variscan evolution. (c, d) Variscan evolution. For details, see text.
© 2016 John Wiley & Sons Ltd
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upper crust, where they caused contact metamorphism (Tis granite, Lestkov massif, Polom massif,
 acek & Ch
Z
ab, 1993; Zulauf, 1997; D€
orr et al., 1998;
Venera et al., 2000). Later, progressive lithospheric
attenuation and elevated heat flow led to regional
LP–HT metamorphism of the area dated to
486  5 Ma and finally associated with late intrusions of andalusite-bearing pegmatites at c. 487–
 acek, 1999).
470 Ma (Glodny et al., 1998; Z
Based on our data, the M1-D1 event in the TCC is
interpreted to represent the mid-crustal record of
Cambro-Ordovician thinning (Fig. 17a) and elevation
of M1 metamorphic isograds (Fig. 17b). Such an
interpretation can be correlated with the existing data
on the early Palaeozoic evolution of the Prague basin
east of the Tepl
a-Barrandian domain (e.g. Drost
et al., 2004, 2007; Hroch et al., 2012 and references
 ak et al., 2012) that remained unaffected by
therein; Z
the Variscan metamorphism (Fig. 1b). In particular,
the Cambrian Krivokl
at-Rokycany volcanic belt
dated to 509–495 Ma (Rb-Sr whole rock and U-Pb
zircon in rhyolite, Dornsiepen, 1979; Drost et al.,
2004) may correspond to the surface expression of
deep Cambrian magmatism in the TCC (Fig. 17a).
Furthermore, the regional deformation and
c. 485 Ma metamorphic event in the TCC temporally
overlaps the Ordovician unconformity in the Prague
basin (Figs 1b & 17b). This is evident in the composition of basal Ordovician conglomerates that were
partly derived from still active, but decaying Late
Cambrian volcanism into a shallow water environment (Hroch et al., 2012). The thermal relaxation
and cessation of magmatic/volcanic activity in the
TCC after the metamorphic peak at c. 485 Ma
probably led to a thermal subsidence manifested by a
sag-phase marine sedimentation in the Prague basin
lasting until the Early Devonian (Fig. 1c).
Position of the modelled samples in a structural profile and
its implications for P–T paths

Before the tectonic model for the Devonian tectonic
evolution is described, two important features regarding the present-day profile (Fig. 2b) have to be highlighted to understand its 3D geometry and how they
are reflected in a presented P–T record. First, the
present-day sequence of metamorphic zones in M1 is
influenced by the intense E–W horizontal shortening
D2 and the younger D3 deformation that produced a
gently SE-dipping fabric. This led to the apparent
westward gradient in M1 (Fig. 2a), which is an artefact of superimposed deformation. The original M1
metamorphic field gradient trended to higher grade
in the NNE as documented by the gentle SSE dip of
S1 prior to the D2 deformation (Fig. 2e,f) and is in
agreement with the presence of two-stage garnet only
in the northern part of TCC (Fig. 1b). Second, the
S3 foliation between the samples used for P–T modelling from garnet zone (sample VP9A) and kyanite
© 2016 John Wiley & Sons Ltd

zone (sample VP52A) is generally flat-lying (average
orientation 143/22, Figs 2a,b & S3). Therefore, the
easternmost modelled sample is almost at the same
structural level as the westernmost sample with
respect to the S3 foliation, and thus with respect to
the peak M2 pressure. According to simple geometric
estimation, the depth difference with respect to the
S3 foliation in between easternmost and westernmost
sample is ~3 km. This corresponds to a pressure difference of ~0.8 kbar, within the error of P–T estimates. However, the pressures were not the same
along the whole section, as documented by Jasarov
a
et al. (2016), who determined a pressure of ~12 kbar
for coronitic metagabbro in the M2 kyanite zone,
whereas the eastern part of the profile outside of the
D3 deformation zone recrystallized at 4–5 kbar
(Zulauf, 1997, 2001).
Devonian crustal thickening and syn-convergent
detachment

Our structural and metamorphic data illustrate that
the D2-M2 event corresponds to an intense lateral
shortening of the passive margin resulting into a
quasi-homogeneous crustal thickening. The consequence of D2 shortening is intense folding and reorientation of M1 metamorphic zones parallel to the
near vertical S2 foliation (Fig. 17c). As there is no
pressure difference between the easternmost and
westernmost samples, and temperature increases
westward, M2 isograds are developed obliquely to
the vertical S2 fabric (Fig. 17c).
In Fig. 17c, we propose that this obliquity reflects
non-steady thermal structure developed during the
D2 deformation, likely due to incipient arc-related
magmatism below the TCC. Although evidence of
magmatic activity is scarce in the western TBD, there
are two small plutons (Fig. 1b) dated to c. 375 Ma
 ak et al., 2011)
and c. 373 Ma (Venera et al., 2000; Z
that are related to early stages of the main arc magmatism phase of the Central Bohemian Plutonic
 ak et al., 2011). Moreover, D2
Complex (CBPC, Z
shortening led to the development of a crustal bulge
(Schulmann et al., 2014) accompanied by the erosion
of upper crust (Fig. 17c,d), documented by inversion
of the Prague basin and mid-Devonian siliciclastic
sedimentation (Strnad & Mihaljevic, 2005). In our
model (Fig. 17c,d), formation of such a bulge at
c. 375 Ma led to limited Devonian magmatism in the
western part of TBD and can explain its rapid cessation and a shift of the major magmatic phase of the
CBPC towards the east (354–346 Ma, Holub et al.,
1997; Janousek & Gerdes, 2003; Janousek et al.,
2004, 2010).
The subsequent evolution of the thickened crust
was characterized by the formation of a flat fabric,
the retrogression of peak mineral assemblages and
the formation of normal metamorphic sequence in
the TCC. We associate this phase with the
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development of the D3 detachment marked by a gap
in metamorphic conditions between the lower-grade
metasedimentary TCC in the east and the highergrade mafic Mari
anske L
azne Complex in the west
(Figs 2b & 17d).
The D3 detachment in the TCC seems to have
been established just after D2 thickening as suggested
by the same age of Y-poor monazite cores and Y-rich
monazite rims, interpreted to reflect M2 garnet
growth followed by its breakdown on a retrograde
M3 P–T path. Interpreted P–T insets in Fig. 16g–i
suggest that retrogression in the west started at
higher temperature compared with the east, in agreement with the higher degree of M3 reequilibration in
the west and with the observed M2 metamorphic field
gradient. Our structural observations indicate that
the D3 detachment is located in the hottest western
zone of the TCC and was responsible for the
exhumation of the deep-seated lower crust of the
Mari
anske L
azne Complex to the west. The D3
shearing probably developed parallel to the M2/M3
metamorphic isograds (and isotherms), reflecting the
thermally activated rheological transitions in the
otherwise lithologically homogeneous system. The D3
deformation, therefore, induced thinning of the M2
metamorphic isograds due to a partitioned simple
shear-dominated deformation. The extensional tectonics affected the bulk of the Tepl
a-Barrandian
domain, documented also by normal shearing and
intrusions of Late Devonian calc/alkaline granitoids
further east (Kosler et al., 1993; Venera et al., 2000;
 ak et al., 2005).
Z
CONCLUSIONS

The configuration and interaction of Laurentia, Baltica and Gondwana during the Palaeozoic were governed by two major oceans, Iapetus and Rheic
(Nance et al., 2010). The Late Proterozoic opening
and Silurian closure of the Iapetus Ocean were
accompanied by the formation of an early Palaeozoic
passive margin along eastern North America and the
formation of the Caledonide orogen and several
accretionary orogenies in the Appalachians (e.g. Mac
Niocaill et al., 1997; Van Staal et al., 1998; Cocks &
Torsvik, 2011). The Rheic Ocean, which opened at
latest Cambrian along the southern flank of Iapetus,
was the principal interior ocean of the Palaeozoic
and its evolution governed formation of the vast
Devonian to Carboniferous Ouachita–Appalachian–
Variscan orogen (Nance & Linnemann, 2008). Following a protracted period of continental rifting
related to subduction of the Iapetus Ocean at c. 510
Ma (Van Staal et al., 1998), the Rheic Ocean finally
opened in the Early Ordovician by the separation of
Laurussia and several peri-Gondwanan terranes from
the northern Gondwana margin. The passive margins
of the Rheic ocean are only documented in southern
margins of North American Gondwana derived

terranes and Iberia (Sanchez-Garcıa et al., 2003;
Murphy et al., 2009) using sedimentary and magmatic records.
This study fills an important gap in knowledge of
the deep crustal architecture and tectono-metamorphic character of the Cambro-Ordovician passive
margin of the European Variscan belt. During Devonian convergence, this ancient Cambro-Ordovician
passive margin was in the upper plate during oceanic
and continental subduction. The UHP record in the
Saxothuringian continental prism and the long-lasting
arc magmatism east of the Tepla-Barrandian domain
indicate that the subduction was responsible for closure of large oceanic domain (Schulmann et al.,
2009). Therefore, we speculate that the studied area
may record both the formation and destruction of
southern passive margin of a so far unknown branch
of the Rheic ocean.
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