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P–T–t–D record of crustal-scale horizontal flow and
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ABSTRACT

The Chandman massif, a typical structure of the Mongolian Altai, consists of a migmatite–magmatite
core rimmed by a lower grade metamorphic envelope of andalusite and cordierite-bearing schists.
The oldest structure in the migmatite–magmatite core is a subhorizontal migmatitic foliation S1 parallel to rare granitoid sills. This fabric is folded by upright folds F2 and transposed into a vertical
migmatitic foliation S2 that is syn-tectonic, with up to several tens of metres thick granitoid sills.
Sillimanite–ilmenite–magnetite S1 inclusion trails in garnet constrain the depth of equilibration during
the S1 fabric to 6–7 kbar at 710–780 °C. Reorientation of sillimanite into the S2 fabric indicates that
the S1–S2 fabric transition occurred in the sillimanite stability field. The presence of cordierite, and
garnet rim chemistry point to decompression to 3–4 kbar and 680–750 °C during development of the
S2 steep fabric, and post-tectonic andalusite indicates further decompression to 2–3 kbar and
600–650 °C. Widespread crystallization of post-tectonic muscovite is explained by the release of H2O
from crystallizing partial melt. In the metamorphic envelope the subhorizontal metamorphic schistosity S1 is heterogeneously affected by upright F2 folds and axial planar subvertical cleavage S2. In the
north, the inclusion trails in garnet are parallel to the S1 foliation, and the garnet zoning indicates
nearly isobaric heating from 2.5 to 3 kbar and 500–530 °C. Cordierite contains crenulated S1 inclusion trails and has pressure shadows related to the formation of the S2 fabric. The switch from the
S1 to the S2 foliation occurred near 2.5–3 kbar and 530–570 °C; replacement of cordierite by finegrained muscovite and chlorite indicates further retrogression and cooling. In the south, andalusite
containing crenulated inclusion trails of ilmenite and magnetite indicates heating during the D2 deformation at 3–4 kbar and 540–620 °C. Monazite from a migmatite analysed by LASS yielded elevated
HREE concentrations. The grain with the best-developed oscillatory zoning is 356  1.0 [7] Ma
(207Pb-corrected 238U/206Pb), considered to date the crystallization from melt in the cordierite stability
~680 °C and 3.5 kbar, whereas the patchy BSE-dark domains give a date of 347  4.2 [7] Ma
interpreted as recrystallization at subsolidus conditions. The earliest sub-horizontal fabric is associated with the onset of magmatism and peak of P–T conditions in the deep crust, indicating important
heat input associated with lower crustal horizontal flow. The paroxysmal metamorphic conditions are
connected with collapse of the metamorphic structure, an extrusion of the hot lower crustal rocks
associated with vertical magma transfer and a juxtaposition of the hot magmatite–migmatite core
with supracrustal rocks. This study provides information about tectono-thermal history and
time-scales of horizontal flow and vertical mass and heat transfer in the Altai orogen. It is shown
that, similar to collisional orogens, doming of partially molten rocks assisted by syn-orogenic magmatism can be responsible for the exhumation of orogenic lower crust in accretionary orogenic systems.
Key words: Altai orogen; arc-type magma; exhumation; migmatite dome; monazite dating.
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INTRODUCTION

The metamorphic evolution of collisional orogens
typically represented by the Himalaya-Tibet system is
characterized by Barrovian metamorphic series culminating in anatexis and granulite facies conditions in
the central part of the orogen and by the presence of
coherent (U)HP units in the domain of subducted
continental lower plate (Liou et al., 2004; Guillot
et al., 2008; Zhang et al., 2010; Kylander-Clark
et al., 2012). A similar metamorphic pattern is also
characteristic of the Palaeozoic Variscan collisional
orogen, exemplified by the Bohemian Massif, where
the underthrust continental plate reached eclogite
facies conditions up to the diamond stability field
(Massonne et al., 2007), whereas the thickened orogenic root is characterized by coeval HP granulites
(Konop
asek & Schulmann, 2005). This region is
characterized by exhumation of high-grade metamorphosed lower crust in the form of large metamorphic
domes associated with large-scale gravity-driven vertical motion (Schulmann et al., 2014).
The metamorphic evolution of accretionary orogens is characterized by a HP belt generally like the
Franciscan-type
blueschist–serpentinite
melange
derived from the subducting oceanic plate, and by a
wide TTG (tonalite–trondhjemite–granodiorite)-type
zone with low-P–high-T type metamorphic series,
exemplified by Japan (Uyeda & Miyashiro, 1974).
The Central Asian Orogenic Belt (CAOB) is a vast
accretionary system built by several successive accretionary phases, of which the most important are the
Late Cambrian and Devonian–Carboniferous (Zonenshain, 1973). These accretionary pulses are characterized by a number of discontinuous high-P belts of
Early Palaeozoic (Khain et al., 2003; de Jong et al.,
 ıpsk
2006; St
a et al., 2010) or Late Palaeozoic ages
(Gao et al., 1995; Gao & Klemd, 2003) and by wide
belts of high-grade metamorphic rocks of mostly
Devonian to Carboniferous age in both the Chinese
and Gobi Altai (Jian et al., 2010; Burenjargal et al.,
2014). Here, the deep-seated rocks reach amphibolite
to LP granulite facies conditions (Hrdlickova et al.,
2008; Jiang et al., 2012).
In contrast to the relatively well understood metamorphic evolution of the European Palaeozoic collisional orogen (Schulmann et al., 2009), the
Palaeozoic metamorphic evolution of the high-grade
orogenic core of the Altai mountain range in China
and Mongolia remains poorly understood. Progress
in understanding the European orogen is essentially
due to the combination of petrological, microstructural, structural and geochronological approaches
that together allowed better understanding of the
complexity of the polyphase tectono-metamorphic
evolution, in particular in the eastern part of the
Variscan orogen represented by the Bohemian Massif
 ıpsk
(e.g. St
a et al., 2008; Skrzypek et al., 2011).
Despite a large effort during the last decade, the

petrological studies carried out in both the Chinese
and Mongolian Altai are concentrated mostly on the
estimation of peak P–T conditions, retrograde P–T
trajectories or geochronology attempting to date paroxysmal stages of metamorphism (Kr€
oner et al.,
2010; Burenjargal et al., 2012, 2014). However, the
complexity of the metamorphic and structural evolution of this area (Economos et al., 2008; Hrdlickov
a
et al., 2008; Lehmann et al., 2010; Burianek et al.,
2011) calls for integrated structural, metamorphic
petrology and geochronological studies that may
provide information about tectonic history and timescales of thermal evolution of the Altai orogeny as
well as about mechanisms responsible for exhumation
of the high-grade rocks.
This paper provides a structural and petrological
characterization of a Palaeozoic part of the CAOB
represented by the Devonian–Carboniferous Altai
orogen, which is commonly called Hercynian (Ruzhentsev & Pospelov, 1992). We concentrate on a critical part of the eastern Mongolian Altai, the
Chandman massif, where high-grade metamorphic
rocks and granite intrusions form a domal structure
surrounded by a low- to medium-grade envelope
(Lehmann et al., 2010). This area is suitable for studying relationships between mineral fabrics and the relative and absolute ages of mineral growth sequences.
Based on a detailed knowledge of the geometry and
succession of orogenic fabrics, combined with crystallization–deformation
relationships,
pseudosection
modelling and monazite U/Th–Pb and REE data
(obtained via laser ablation–split-stream inductively
coupled plasma–mass spectrometry, or LASS) we constrain the tectono-metamorphic evolution of different
crustal levels during ‘Hercynian’ orogeny in the Mongolian Altai. It is shown that a multidisciplinary metamorphic geology study (structural, petrological and
geochronological analysis) may shed light on thermomechanical processes controlling poorly understood
orogenic mechanisms of accretionary systems.
GEOLOGICAL SETTING

The CAOB represents Earth’s largest accretionary
orogen located between the Siberian craton to the
north and the North China and Tarim cratons to the
south (S
or et al., 1993; Windley et al., 2007). It is
ß eng€
formed by a number of cratonal terranes of Grenvillean age (Rojas-Agramonte et al., 2011) and Late
Proterozoic to Devonian ocean-derived terranes
including magmatic arcs, passive margins, and accretionary prisms (Badarch et al., 2002).
The CAOB in Mongolia can be subdivided into
two parts: a Cambrian accretionary system in the
north (called Caledonian in the early Russian literature; Markova, 1975) separated by a fault zone called
the main Mongolian lineament (Fig. 1b), (Tomurtogoo, 1997) from a Devonian–Carboniferous (called
Hercynian; Mossakovsky et al., 1993) orogenic belt
© 2015 John Wiley & Sons Ltd
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Fig. 1. (a) Location of Mongolian Central Asian Orogenic Belt. (b) Terranes in Mongolia modified after Badarch et al. (2002).
(c) Geological and metamorphic map of the Chandman massif after Hanzl & Krejcı (2008). Location of field photographs and
samples for petrology and geochronology is indicated. (d) NE–SW cross-section modified after Hanzl & Krejcı (2008).
Subhorizontal and undulating lines = S1, subvertical lines = S2.
© 2015 John Wiley & Sons Ltd
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to the south (Zonenshain et al., 1976). Following
early Russian nomenclature, Kr€
oner et al. (2010)
divided the south Mongolian CAOB in four tectonics
zones: (i) the Lake zone, composed of Late Proterozoic ophiolites, thrust over a Grenvillean basement
 ıpsk
during the Early Cambrian (St
a et al., 2010); (ii)
the Gobi Altai Zone represented by a Cambrian
accretionary wedge affected by Devonian and Carboniferous calcalkaline magmatism and DevonianEarly Carboniferous metamorphism (Hrdlickova
et al., 2008; Burenjargal et al., 2014); (iii) the Trans
Altai Zone formed by an oceanic domain of Siluro–
Devonian age mainly consisting of back arcs and
oceanic arcs (Lamb & Badarch, 2001); and (iv) the
South Gobi Zone represented by a continental block
of Grenvillean age (Kr€
oner et al., 2010; RojasAgramonte et al., 2011).
The studied area covers the Chandman massif in
the Gobi Altai Zone, a metamorphic orogenic zone
stretching from the Mongolian Altai terrane in the
Altai Autonomous Republic of the Russian Federation, via the Chinese Altai to the Gobi Altai of
southwest Mongolia (Fig. 1b). The Gobi Altai Zone
mainly consists of a thick greenschist facies volcanosedimentary series of Cambrian–Ordovician age
called the Tugrug formation (Badarch et al., 2002).
This series is unconformably covered by a thick
sequence of terrigenous Silurian sedimentary rocks
and Lower Devonian volcanosedimentary sequences
with limestones. In places, the Devonian sedimentary
rocks contain volcanics with a back-arc geochemical
signature (Demoux et al., 2009). All sedimentary
sequences of the Gobi Altai Zone are unconformably
covered by Carboniferous continental siliciclastic sediments interpreted as intramontane basins (Kr€
oner
et al., 2010). The Palaeozoic sequences are intruded
by numerous calc–alkaline Carboniferous granites
and alkaline Permian plutons (Kr€
oner et al., 2010).
Geology of the Chandman massif

The Chandman massif is formed by a migmatite–
magmatite core, surrounded from the south and
north by low- to medium-grade volcano-sedimentary
rocks (Fig. 1c). These are interpreted here as a metamorphic envelope.
The core is 20 km long and 15 km wide, composed
mainly of magmatic rocks – granodiorites, diorites
and granites – associated with migmatitic orthogneisses, metasedimentary rocks and amphibolites.
The granitoids have I-type calcalkaline chemistry
interpreted to reflect a magmatic arc signature
(Economos et al., 2008). The depth of magma crystallization was estimated as 11–13 km using Al-inhornblende barometry, and the temperature of solidification was 725–775 °C, based on Hbl–Pl thermometry (Economos et al., 2008).
Most of the orthogneiss bodies are located on
the NE margin of the migmatite–magmatite core,

they are granitic to granodioritic in composition,
commonly associated with folded, boudinaged and
gneissic metapegmatite and metagranite veins with
small garnet crystals (Economos et al., 2008), which
are locally transposed by the main metamorphic fabric. Biotite–amphibole gneisses are interlayered with
migmatites and granitoid orthogneisses mostly on the
eastern slope. The layered amphibolite gneisses are
fine grained, with banding defined by variable abundance of hornblende from 70 to 30%. Biotite–
migmatite occurs mostly in the central and NE parts,
and is intruded by diorite and granite. The migmatites are coarse grained, with abundant biotite–
sillimanite layers, quartz-plagioclase leucosomes and
small garnet (Hrdlickova et al., 2008). Several lenses
of amphibolite, composed of green amphibole, plagioclase, epidote and rare quartz occur close to the
contact between the southern part of the Chandman
massif core and low-grade rocks of the metamorphic
envelope to the south.
The metamorphic envelope south of the migmatite–magmatite core is dominated by low-grade
metasedimentary rocks, which vary from chlorite–
sericite to biotite–andalusite phyllites. The phyllites
are accompanied by chlorite schists, which are finegrained well-foliated rocks composed of quartz,
chlorite, albite and calcite. Lenses of quartzites, metabasalts and greenschists parallel to the main fabric of
the phyllites are also abundant. This series is called
the Tugrug formation and is presumably the oldest
lithostratigraphic unit in the Mongolian Altai
(Rauzer, 1987). It was recently dated as Upper
Cambrian–Lower Ordovician using detrital zircon
collected farther west (Jiang et al., 2011). The intrusive boundaries between the Tugrug formation and
the migmatite–magmatite core are difficult to constrain because they are commonly disrupted by late
dominantly strike-slip faults (Economos et al., 2008;
Valtr & Hanzl, 2008). The metamorphic envelope in
the north is represented by a narrow E-W trending
strip of medium-grade biotite–cordierite-bearing
gneiss, which is considered by Rauzer (1987) as a
lithological equivalent of the Tugrug formation. Like
in the south, the contacts of these paragneisses with
granitoids of the migmatite–magmatite core are
severely modified by late faults that obliterate primary relationships (Valtr & Hanzl, 2008). Despite the
late faulting, the structure of the migmatite–magmatite core and the metamorphic envelope is concordant
(see below).
In the south of the Chandman massif, kyanitebearing schists, marbles and Ordovician orthogneiss
of the Khan Kayrkhan complex (Hrdlickov
a et al.,
2008) and Lower Carboniferous very low-grade siliciclastic sedimentary rocks are separated by a Cenozoic
fault from the Tugrug formation. The Carboniferous
sedimentary rocks of the Tsokhoriin Nuruu formation are traditionally interpreted as intramontane
basins related to the Hercynian orogeny in the
© 2015 John Wiley & Sons Ltd
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Mongolian Altai (Rauzer, 1987). This hypothesis is
confirmed by the presence of Late Devonian to Early
Carboniferous detrital zircon in clastic sedimentary
rocks of these Carboniferous basins, suggesting synorogenic infill (Kr€
oner et al., 2010). Granitoids crosscutting migmatites and orthogneisses of the
Chandman massif have yielded U–Pb zircon ages of
345  2 Ma
(Hrdlickov
a
et al.,
2008)
and
341  3 Ma (Kr€
oner et al., 2010) (Fig. 1c), whereas
the orthogneiss yielded a zircon U–Pb SHRIMP protolith age of 350.4  1.7 Ma (Kr€
oner et al., 2010).
Muscovite 40Ar/39Ar geochronology yielded a
365  18 Ma plateau age for the migmatite gneiss
from the southern part of the Chandman massif and
a 330  11 Ma plateau age from the schist of the
Tugrug formation (Lehmann et al., 2010). These data
were augmented by J. Lehmann et al. (pers. comm.)
who provided new muscovite plateau ages of
353  3.7 and 347  4.9 Ma for migmatites and
Tugrug andalusite schists, respectively, and an
amphibole 354  5.3 Ma 40Ar/39Ar age for the
granodiorite of the core of the massif. The 40Ar/39Ar
ages are interpreted to reflect cooling.
STRUCTURAL GEOLOGY

The structure is characterized by three superposed
deformation fabrics (Lehmann et al., 2010). The first
deformation is best preserved in medium- to lowgrade schists of the metamorphic envelope in the
north and south, where it is represented by a composite sub-horizontal foliation S1 (Fig. 2d). In the
migmatite–magmatite core, this fabric is characterized
by a metamorphic schistosity and intercalated granite
veins and leucosomes within paragneisses in the stromatitic migmatites (Fig. 2a,b). L1 lineations are not
present on S1 surfaces due to dominantly S>>L type
strain and severe reworking by later deformations.
The volume of melt emplaced parallel to S1 was
moderate, being represented by thin sills.
The S1 metamorphic foliation is reworked by a D2
event, resulting in upright folds and an axial planar
cleavage in low-grade rocks (Fig. 2d). Locally, the S1
fabric is entirely transposed into a new S2 foliation,
which varies from migmatitic (Fig. 2a) in the massif
core to greenschist facies along the margins (Fig. 2c).
In the core, vertical sheets of granites, granodiorites
and tonalites metre to hundreds of metre-scale
intruded parallel to the S2 fabric (Fig. 2b). Some
granites are entirely gneissic and have a strong solidstate foliation, whereas others have only magmatic
fabrics represented by the shape-preferred orientation
of feldspar and biotite (J. Lehmann et al., pers.
comm.). Most of the S2 fabrics are of S>>L type
without visible lineations. The F2 fold hinges are
sub-horizontal, confirming the originally sub-horizontal attitude of the S1 foliations.
A dramatic Early Permian switch in the main tectonic shortening direction from E–W to NNE–SSW
© 2015 John Wiley & Sons Ltd

induced tight, steeply dipping folds throughout the
Chandman massif and reoriented all of the SW Mongolian tectonic zones into a WNW-ESE strike (Lehmann et al., 2010). This is revealed by the (i)
trajectories of the steep S2 metamorphic foliation
and a magmatic foliation (Sm), and bedding in the
Ordovician to Devonian rocks (Fig. 1c); (ii) opposite
sense of rotation around vertical axes of the D1- and
D2-structures in the eastern and western limbs; (iii)
outcrop-scale bending of the D1- and D2-related
structures around a vertical axis; (iv) local WNWESE striking steep spaced cleavage in the Chandman
massif and associated spaced to slaty cleavage in the
metamorphic envelope (fig. 9E in Lehmann et al.,
2010). Although the Permian D3 horizontal shortening event strongly affected all crustal levels, it did not
reset the 40Ar–39Ar Carboniferous cooling ages of
white mica of the high-grade parts of the Chandman
massif (Lehmann et al., 2010). This is in agreement
with the lower greenschist facies mineralogy of the S3
slaty cleavage. Unfolding of D3 implies that the
Chandman massif was originally an elongate NNESSW dome surrounded by low-grade and mediumgrade schists in the west and east (J. Lehmann et al.,
pers. comm.). In conclusion, apart from a strong
change in orientation, the D3 overprint preserved all
older structural features and mutual relationships
between host-rock and intrusions as well as the thermal structure inherent to the formation of the
Chandman massif.
PE T R O G R A P H Y

Two samples of migmatites from the migmatite–
magmatite core of the Chandman massif and two samples of schists from the metamorphic envelope (the
Tugrug formation) were chosen for detailed study to
infer and correlate their P–T–d paths (see localizations
in Fig. 1c). Sample M109P72/06 (45°26.771N,
98°19.719E) is a stromatitic garnet–sillimanite-bearing
migmatite with possible cordierite pseudomorphs,
3 km E from a granitoid intrusion in the northern part
of the massif. Sample M668A (45°27.722N,
98°06.799E) is a stromatitic sillimanite–andalusite–cordierite-bearing migmatite within a large migmatitic
zone at the contact with a granite in the NW part of
the massif. Sample M619C (45°28.925N, 98°24.065E)
is a garnet–cordierite-bearing schist from rocks supposed to be a part of the Tugrug formation in the
northern part of the massif (Economos et al., 2008); it
is 8 km NE from a granitoid intrusion. Sample
M682A (45°23.416N; 97°99.712E) is an andalusitebearing schist from the Tugrug formation, 1.5 km SW
from a granitoid intrusion in the South of the massif.
Analytical procedure

Mineral analyses and compositional maps of garnet
were performed on an electron microprobe
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Fig. 2. Field photographs (position indicated in Fig. 1c). (a) Migmatite with subhorizontal S1 foliation reworked by subvertical S2
fabric, central part of the Chandman massif. (b) Granite–migmatite contact S1 folded by F2 folds, NW part of the Chandman
massif. (c) Micaschist with andalusite porphyroblasts, southern Tugrug formation. (d) S1 foliation folded by F2 folds in cordierite
schist, the northern part of the Chandman massif, supposed Tugrug formation.

CAMECA SX-100 at the Institute of Mineralogy at
the University of Stuttgart in point beam mode at
15 kV and 10 nA, and on a scanning electron microscope Tescan VEGA equipped with an X-Max 50
EDS detector (Oxford Instruments) at the Institute of
Petrology and Structural Geology (Charles University
in Prague) in point beam mode at 15 kV and 1.5 nA.
Whole-rock analyses of REE were performed by
Acme Laboratories, Canada. The sample petrography
is documented in Figs 3 and 4, the sequence of crystallization is represented in Fig. 5, representative
mineral analyses are summarized in Tables 1 and 2
and garnet zoning is shown in Fig. 6. The sign ‘=>’ is

used for a trend in mineral composition or for zoning
and the sign ‘–’ for a range of mineral compositions;
p.f.u. = per formula unit. Mineral abbreviations are
after White et al. (2007).
Garnet–sillimanite migmatite M109P72

In outcrop, the migmatite is stromatitic with welldefined leucosomes and melanosomes. The shallowly
dipping migmatitic foliation S1 is folded by F2 folds
with subvertical axial planes, leading to almost complete transposition into a subvertical migmatitic foliation (Fig. 2a). The sample was taken from the S1
© 2015 John Wiley & Sons Ltd
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Fig. 3. BSE images and microphotograph showing assemblages and microstructural relations in migmatites. (a) Migmatite with
mica- and quartz-dominated layers parallel to S1 foliation, folded and strongly transposed into S2 fabric. (b) Detail of garnet core
with sillimanite, ilmenite and magnetite inclusion trails oriented at high angle to the external S2 foliation. (c) Fine-grained
muscovite aggregate interpreted as a pseudomorph after S1 sillimanite. Biotite replacement by chlorite. (d) Sillimanite oriented
parallel to S2 foliation, surrounded by chlorite and muscovite. (e) Andalusite in a migmatite. (f) Pinnitized cordierite partially
replaced by coarse chlorite and muscovite.

foliation strongly affected by the S2 cleavage. It is
composed of quartz (45%), plagioclase (10%), biotite
(15%), muscovite (10%) and accessory garnet,
K-feldspar, sillimanite, chlorite, magnetite, ilmenite,
apatite, monazite and pseudomorphs filled with chlorite and muscovite. Under the microscope, the S1
foliation is defined by alternating quartz-rich (up to
0.5 cm) and mica-rich layers (0.1–0.2 cm) (Fig. 3a),
transposed into the S2 cleavage. Garnet (2 mm in
size) includes sillimanite (100–200 lm), ilmenite
© 2015 John Wiley & Sons Ltd

(20–50 lm) and magnetite (up to 200 lm) oriented at
a high angle to the external S2 foliation (Fig. 3b);
this texture is interpreted as a result of garnet growth
in the S1 fabric. Biotite (0.1–0.5 mm) and ilmenite
are oriented parallel to the S1 and S2 fabrics; the S2
fabric is further defined by the orientation of recrystallized quartz. The matrix does not contain sillimanite, but fine-grained pseudomorphs dominated by
muscovite elongated parallel to the S1 and S2 fabrics
are interpreted as replacing sillimanite (Fig. 3c).
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Fig. 4. BSE images and microphotographs showing assemblages and microstructural relations in schists of the metamorphic
envelope. (a) Inclusion trails in garnet parallel to the external S1 foliation. (b) Cordierite porphyroblast with inclusion trails of
quartz, pseudomorphed by aggregate of chlorite and muscovite. Matrix foliation S1 is defined by elongation of quartz ribbons,
muscovite and biotite and is folded. Note intensification of S2 fabric around the right side of cordierite, indicating continuation of
the S2 development after cordierite growth. (c) Detail of crenulated inclusion trails of quartz and ilmenite in cordierite, indicating
growth of cordierite during S2 fabric development. (d) Andalusite schist with dominant S2 foliation marked by quartz ribbons,
with relict domains where mica is oriented parallel to S1 fabric. (e) Andalusite porphyroblasts have crenulated inclusion trails of
biotite, ilmenite and magnetite. (f) S2 pressure shadows around andalusite indicating its growth during S2 fabric development.

Plagioclase aggregates (100–300 lm) and magnetite
(up to 0.4 mm) have no clear relation to the foliations, and coarse muscovite seems to post-date both
fabrics. The chlorite–muscovite pseudomorphs (up to
0.5 mm) are interpreted as being after cordierite,
post-dating the S2 fabric (Fig. 3a). Biotite is in places
chloritized (Fig. 3c).
Garnet zoning shows increases in grossular, almandine and XFe, and a decrease in spessartine from core
to rim (grs0.03 => 0.06, alm0.48 => 0.53, prp0.10 =>
0.09, sps0.39 => 0.32, XFe0.83 => 0.85) (Fig. 6c). Biotite
has XFe = 0.57–0.59 and Ti = 0.08–0.10 (p.f.u.).
Muscovite has Si = 3.06–3.09 (p.f.u.) and paragonite = 0.10–0.14. Plagioclase has an = 0.29–0.30.
Sillimanite–andalusite–cordierite migmatite M668A

In outcrop, the migmatite is stromatitic, with the S1
fabric defined by alternating leucosomes and melanosomes that are folded into a subvertical foliation S2
(Fig. 2b). There is a granite dyke parallel to the S2
fabric. The sample contains the index minerals sillimanite, andalusite and cordierite, plus quartz (25%),
plagioclase (25%), biotite (20%), muscovite (15%)

and accessory chlorite, ilmenite, magnetite and monazite. The S2 foliation is defined by quartz and plagioclase-rich layers (0.1–0.5 cm grain size) alternating
with mica-rich layers (up to 0.4 cm). Sillimanite is
fibrolitic to prismatic (0.1–0.5 mm in size), oriented
parallel to the S2 fabric and commonly surrounded
by an aggregate of muscovite and chlorite (Fig. 3d).
Andalusite (0.1–0.5 mm in size) occurs as aggregates
or matrix grains with no preferred orientation;
some grains include sillimanite (Fig. 3e). Cordierite
(0.1–0.2 mm in size) is yellow in plane light, included
in plagioclase and in the matrix, and is everywhere
surrounded by aggregates of randomly oriented
muscovite and chlorite, interpreted as replacing cordierite (Fig. 3f). Biotite (up to 0.5 mm) and ilmenite
(up to 50 lm) tend to be oriented parallel to the S2
foliation. Muscovite (0.1–0.3 mm) seems to be oriented randomly, and some include sillimanite; it is
interpreted as post-dating the S2 fabric. Chlorite is
replacing biotite.
Cordierite analyses have low totals (87.8–89.5 wt
%) and significant K, with 0.28–0.31 cations p.f.u.,
0.22–0.39 Na, 0.12–0.16 Ca, 5.30–5.31 Si and 0.61–
0.89 Fe + Mg, pointing to considerable alteration.

Fig. 5. Crystallization–deformation relationships. Arrow indicates growth, full line indicates stability and dashed line uncertain
stability. See text for details.
© 2015 John Wiley & Sons Ltd
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Table 1. Representative mineral analyses: migmatites M109P72, M668A. Mx = matrix. 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/(Ca + Na + K), ab = Na/(Ca + Na + K).
Lithology

M109P72-migmatite

M668A-migmatite

Mineral
Position
Analysis

g
core
line50

g
rim
line1

bi
mx
pt20

mu
mx
pt24

pl
mx
M109_11

ilm
mx
pt18

mt
mx
pt3

bi
mx
pt11

mu
mx
M668_1

SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
Total
Cations
Charge
Si
Ti
Al
Fe3+
Fe2+
Mn
Mg
Ca
Na
K
Total
XFe/an
grs/or
sps/ab
alm
prp

36.22
0.12
20.77
21.65
17.55
2.57
1.17
0.02
0.00
100.07
8
24
2.93
0.01
1.98
0.15
1.32
1.20
0.31
0.10
0.00
0.00
8.00
0.83
0.03
0.39
0.48
0.10

36.32
0.06
21.09
24.07
14.37
2.32
1.96
0.00
0.00
100.19
8
24
2.93
0.00
2.01
0.12
1.50
0.98
0.28
0.17
0.00
0.00
8.00
0.85
0.06
0.32
0.53
0.09

36.35
1.47
18.34
16.38
0.33
13.2
0.04
0.28
9.58
95.97
8
24
2.76
0.08
1.64
0.00
1.04
0.02
1.49
0.00
0.04
0.93
8.00
0.59

45.99
0.6
34.77
2.41
0.00
0.58
0.01
1.12
9.99
95.47
7
24
3.06
0.03
2.73
0.09
0.05
0.00
0.06
0.00
0.14
0.85
7.00

61.01
0.00
24.83
0.17
0.00
0.00
0.00
6.01
8.24
100.26
5
16
2.70
0.00
1.30
0.01
0.00
0.00
0.00
0.28
0.71
0.00
5.00
0.29
0.00
0.71

0.00
50.95
0.00
43.04
4.9
0.00
0.49
0.02
0.06
99.46
2
6
0.00
0.97
0.00
0.07
0.84
0.11
0.02
0.00
0.00
0.00
1.94
0.88

0.04
0.05
0.21
91.55
0.23
0.01
0.04
0.00
0.01
92.14
3
12
0.00
0.00
0.00
1.98
0.99
0.01
0.00
0.00
0.00
0.00
2.98

34.98
1.67
18.93
17.66
0.23
11.57
0.00
0.24
9.51
94.79
8
24
2.71
0.10
1.73
0.00
1.14
0.02
1.33
0.00
0.04
0.94
8.00
0.54

45.40
0.00
35.10
2.12
0.00
0.60
0.00
0.75
10.09
94.04
7
24
3.06
0.00
2.79
0.05
0.07
0.00
0.06
0.00
0.09
0.90
7.00

pl
mx
pt8

ilm
mx
pt9

mt
mx
pt20

cd
mx
M668_9

62.54
0.02
22.49
0.23
0.00
0.02
4.21
9.5
0.06
99.07
5
16
2.79
0.00
1.18
0.01
0.00
0.00
0.00
0.20
0.82
0.00
5.00
0.20
0.00
0.80

0.01
51.98
0.00
40.54
4.92
0.05
0.02
0.17
0.16
97.85
2
6
0.00
1.01
0.00
0.00
0.87
0.11
0.00
0.00
0.01
0.01
2.00
0.89

0.00
0.04
0.00
92.53
0.00
0.01
0.00
0.01
0.04
92.64
3
12
0.00
0.00
0.00
2.00
1.00
0.00
0.00
0.00
0.00
0.00
3.00

46.4
0.00
30.62
5.05
0.00
2.42
1.34
0.10
1.95
87.9
11
18
5.30
0.00
4.12
0.00
0.48
0.00
0.41
0.16
0.02
0.28
10.79

Table 2. Representative mineral analyses: schists M619C, M682A.
Lithology

M619C-cordierite schist

M682A-andalusite schist

Mineral
Position
Analysis

g
core
line220

g
rim
line197

bi
mx
M619_2

mu
mx
M619_4

pl
mx
M619_1

chl
mx
pts4

bi
mx
pts23

mu
mx
pts31

pl
mx
pts26

ilm
mx
pts6

mt
mx
pts7

SiO2
TiO2
Al2O3
FeO
MnO
MgO
CaO
Na2O
K2O
Total
Cations
Charge
Si
Ti
Al
Fe3+
Fe2+
Mn
Mg
Ca
Na
K
Total
XFe/an
grs/or
sps/ab
alm
prp

35.95
0.17
20.84
18.06
20.84
1.76
2.14
0.17
0.05
99.98
8
24
2.91
0.01
1.99
0.19
1.04
1.43
0.21
0.19
0.03
0.01
8.00
0.86
0.06
0.47
0.39
0.06

35.9
0.22
20.95
20.89
18.57
1.85
1.54
0.07
0.00
99.99
8
24
2.91
0.00
2.00
0.14
1.27
1.28
0.22
0.13
0.01
0.00
8.00
0.86
0.04
0.41
0.47
0.07

36.63
1.53
19.03
15.85
0.49
12.2
0.13
0.08
8.90
94.94
8
24
2.82
0.09
1.72
0.00
1.02
0.03
1.40
0.01
0.09
0.87
8.00
0.58

47.41
0.48
35.53
0.94
0.00
0.00
0.98
0.89
10.18
96.41
7
24
3.11
0.02
2.75
0.00
0.05
0.00
0.01
0.00
0.11
0.85
7.00

63.50
0.00
22.84
0.19
0.00
0.00
3.87
9.42
0.09
99.92
5
16
2.81
0.00
1.19
0.01
0.00
0.00
0.00
0.18
0.81
0.01
5.00
0.18
0.01
0.81

26.74
0.31
20.68
20.83
0.84
16.39
0.1
0.16
1.47
87.52
20
28
5.56
0.05
5.07
0.17
3.45
0.15
5.08
0.02
0.06
0.39
20.00

35.54
2.02
18.42
18.33
0.10
10.54
0.00
0.16
9.88
94.99
8
24
2.76
0.12
1.69
0.00
1.19
0.01
1.22
0.00
0.02
0.98
8.00
0.51

46.86
0.51
32.12
3.20
0.02
1.13
0.04
0.85
10.12
94.85
7
24
3.15
0.02
2.55
0.08
0.10
0.00
0.11
0.00
0.11
0.87
7.00

60.73
0.01
24.15
0.15
0.00
0.00
6.09
8.44
0.06
99.63
5
16
2.70
0.00
1.27
0.00
0.01
0.00
0.00
0.29
0.71
0.00
5.00
0.29
0.00
0.71

48.19
0.06
0.02
48.88
1.85
0.06
0.01
0.00
0.01
99.08
2
6
0.00
0.92
0.00
0.16
0.88
0.04
0.00
0.00
0.00
0.00
2.00
0.95

0.00
0.03
0.00
92.96
0.00
0.00
0.00
0.00
0.01
93.00
3
12
0.00
0.00
0.00
1.98
1.00
0.00
0.00
0.00
0.00
0.00
2.98
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(a)

(c)

(b)

(d)

Fig. 6. Garnet chemistry for migmatite M109P72 and schist M619C (for location see Figs 3b & 4a). (a, b) X-ray maps (warmer
colours indicate greater concentrations; colour scale adjusted to highlight concentration variation in garnet), (c, d) garnet profiles.

Biotite has XFe = 0.52–0.54 and Ti = 0.08–0.12
(p.f.u.). Muscovite has Si = 3.06–3.08 (p.f.u.) and
paragonite = 0.09–0.12.
Garnet–cordierite schist M619C

At the sample locality, the schists are fine grained
with a shallowly dipping S1 foliation defined by finegrained muscovite and biotite, folded by open to
tight F2 folds with steep axial planar cleavage
(Fig. 2d). Cordierite porphyroblasts are up to 1 cm
in size. The sample contains the index minerals biotite (15%), garnet (<1%) and cordierite (10%), and
the matrix is composed of muscovite (30%), quartz
© 2015 John Wiley & Sons Ltd

(25%), biotite (15%), plagioclase (15%) and accessory chlorite, ilmenite, monazite and zircon. The S1
foliation is marked by recrystallized ribbons of quartz
(up to 0.4 mm in size) and plagioclase (up to
0.1 mm) alternating with mica-rich domains, and by
oriented muscovite (50–100 lm), biotite (50–100 lm)
and ilmenite (10–50 lm). The S1 foliation is crenulated, and local S2 cleavage domains are marked by
a different orientation of biotite and muscovite
(Fig. 4b). Garnet is small (0.1–0.3 mm in size) and
contains oriented inclusions of elongate quartz and
ilmenite parallel to the external S1 fabric (Fig. 4a);
interpreted as a result of growth during the development of the S1 foliation. Cordierite forms large

370 A. BROUSS OLLE ET AL.

porphyroblasts (0.2–1 cm in size) with numerous oriented inclusion trails of quartz and ilmenite that are
microfolded (Fig. 4c); this is inferred to reflect the
beginning of cordierite growth during the development of the S2 fabric. The S2 crenulations in the
matrix intensify at the boundary with the cordierite
porphyroblasts (Fig. 4c), suggesting continuation of
the D2 deformation after cordierite growth. Cordierite is replaced by fine-grained aggregates dominated
by muscovite with chlorite.
Garnet is zoned from core to rim with decreasing
grossular and spessartine, increasing almandine,
pyrope and constant XFe (grs0.06 => 0.04, alm0.39 =>
0.47, prp0.06 => 0.07, sps0.47 => 0.41, XFe0.86 => 0.86;
Fig. 6d). Plagioclase is an = 0.18. Muscovite has
Si = 3.08–3.11 p.f.u. and paragonite = 0.10–0.11. Biotite has XFe = 0.54–0.58 and Ti = 0.07–0.10 p.f.u.
Analysis of an area within the cordierite porphyroblast
shows 0.52 K p.f.u., 0.03 Na, 0.08 Ca, 6.94 Si and 0.98
Fe + Mg, pointing to considerable alteration. Chlorite
has XFe = 0.59–0.60.
Andalusite schist M682A

In the field, the rocks are fine-grained schists with
andalusite porphyroblasts (Fig. 2c), the S1 foliation
marked by mica, and open to tight F2 folds with a
steep axial planar cleavage. Under the microscope,
the rock contains the index mineral andalusite (10%);
minor fine-grained aggregates of chlorite and muscovite with subordinate quartz and ilmenite may be
pseudomorphs after cordierite. The matrix is composed of chlorite (20%), biotite (15%), muscovite
(20%), quartz (20%), plagioclase (10%) and accessory ilmenite, magnetite and monazite. The S1
foliation is folded and is defined by muscovite (0.1–
0.5 mm), biotite (0.1–0.8 mm) and ribbons of recrystallized quartz (up to 0.5 mm). The S2 cleavage is
locally defined by oriented biotite, muscovite and
ilmenite (Fig. 4e). Plagioclase (100–200 lm) occurs in
quartz ribbons, in andalusite and in the matrix.
Andalusite (0.1–2 cm in size) contains crenulated
inclusion trails of ilmenite (up to 50 lm), biotite (50–
200 lm), muscovite (50–100 lm) and magnetite (up
to 200 lm). S2 pressure shadows are developed
around some andalusite, therefore andalusite is interpreted as growing during the D2 deformation event
(Fig. 4d,f). Locally, chlorite occurs around andalusite
and replaces biotite (Fig. 4d,f).
Plagioclase is an = 0.28–0.31. Muscovite has
Si = 3.03–3.15 p.f.u. and paragonite = 0.10–0.11. Biotite has XFe = 0.50–0.54 and Ti = 0.09–0.11 p.f.u.

(Holland & Powell, 1998, November 2003 upgrade),
in the system MnO–Na2O–CaO–K2O–FeO–MgO–
(MnNCKFMASHTO)
Al2O3–SiO2–H2O–TiO2–O
with silicate melt model (liq) from White et al.
(2007), cordierite (cd) and staurolite (st) combined
from Mahar et al. (1997) and Holland & Powell
(1998), garnet (g) from White et al. (2008), chloritoid
(ctd) combined from White et al. (2000) and Mahar
et al. (1997), biotite (bi) from White et al. (2005),
muscovite (mu) and paragonite (pa) from Coggon &
Holland (2002), plagioclase (pl) and K-feldspar (ksp)
from Holland & Powell (1998), magnetite (mt) from
White et al. (2002), ilmenite (ilm) from White et al.
(2005) and orthopyroxene (opx) from White et al.
(2002).
Whole-rock compositions were estimated by quantitative analysis of a representative area of the thin-sections using a SEM equipped with an EDS detector in
order to approach as closely as possible the bulk composition effective at the scale of the thin section. The
dimensions of the representative areas used for the
bulk rock composition estimates of the samples are
between 56 and 75 mm2. Criteria for their definition
include grain size and distribution of the minerals in
order to involve all the present phases in appropriate
ratios and to avoid late cracks, alteration zones or
veins. The whole-rock compositions are presented as
insets in the diagrams in molar per cent normalized to
100% (Figs 7–11). The water content used for the
calculation of migmatite pseudosections is chosen to
stabilize the matrix phase assemblage just above the
solidus (White et al., 2004), with compositional

PSEUDOSECTION MODELLING
Calculation methods

Pseudosections were calculated using THERMOCALC 3.3
(Powell et al., 1998, 2014 version) with data set 5.5

Fig. 7. P–X pseudosection, X-axes represents variation of iron
oxidation ratio, at X = 0 none of iron is ferric, at X = 1.73%
of iron is ferric. The arrow indicates the oxidation ratio of iron
chosen for P–T pseudosection of sample M109P72, allowing
stability of g–sill–bi–pl–ksp–q–ilm–mt–liq.
© 2015 John Wiley & Sons Ltd
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(a)

(b)

(c)

Fig. 8. Pseudosection for migmatite M109P72. The arrow indicates the P–T evolution deduced from the succession of
crystallization and garnet chemistry. The isopleth notation used is: x(g) = Fe/(Ca + Fe + Mg + Mn) 9 100, z(g) = Ca/(Ca + Fe +
Mg + Mn) 9 100, m(g) = Mn/(Ca + Fe + Mg + Mn) 9 100. For details, see text.

isopleths for garnet close to the observed chemistry at
the garnet rim (Hasalov
a et al., 2008). This water content is lower than that for a H2O-saturated metasedimentary rock reaching the solidus on a prograde P–T
path, but consistent with some amount of earlier melt
loss. As major melt loss is expected after muscovite
dehydration melting during prograde metamorphism,
no further melt loss or gain during decompression and
cooling to the solidus is expected, and the rock is considered to have been a closed system (Figs 7–9a; for
 ıpsk
approach see White et al., 2004; St
a et al., 2008).
Significant chloritization of the migmatites points to
considerable fluid flux at subsolidus conditions, therefore the effect of adding H2O into whole-rock composition on retrograde evolution is studied in H2Osaturated pseudosection (example calculation in
Fig. 9b). Pseudosections for schists are calculated with
H2O in excess (Figs 10 & 11). The fields of interest in
the pseudosections are contoured with the calculated
compositional and molar proportion isopleths for garnet. P–X sections with X-axes representing variable
iron oxide ratio were constructed to approximate the
amount of ferric iron (O). An example calculation is
shown for migmatite sample M109P72 (Fig. 7).
P–X pseudosection for garnet–sillimanite migmatite
M109P72

The X-axis represents variation in the iron oxidation
ratio, where X = 0 no ferric iron, and X = 1 means
© 2015 John Wiley & Sons Ltd

73% ferric iron (Fig. 7; e.g. Boger et al., 2012). Calculation is done with quartz, K-feldspar and ilmenite
in excess. The major features of the diagram involve
sillimanite stability in the upper part and cordierite
stability in the lower part of the diagram. The magnetite-in line runs through the fields at X > 0.2 and
pressure <5.3 kbar; magnetite is stable with g–sill–bi–
pl–ksp–q–ilm–liq for X = 0.37–0.70. The value at
X = 0.52 corresponding to 35% ferric iron (O = 1.19)
is used for pseudosection calculation to allow for
magnetite and ilmenite stability in the garnet–sillimanite-bearing field, as observed in thin section.
P–T evolution for garnet–sillimanite migmatite M109P72

The pseudosection shows assemblages typical for
middle to low-P migmatites in the suprasolidus area,
with garnet stable in all fields, magnetite stable below
7.8 kbar, the sillimanite/cordierite transition running
from 660 °C and 4 kbar to 850 °C and 8 kbar, the
biotite–orthopyroxene transition above 780 °C, the
plagioclase-in line ~720–740 °C and H2O-present
assemblages in the low-P and low-T part of the
pseudosection (Fig. 8a).
The minerals observed in the S1 foliation in garnet–sillimanite, ilmenite, magnetite, quartz (Fig. 3b) –
correspond to the g–sill–bi–pl–ksp–q–ilm–mt–liq field
in the middle pressure part of the pseudosection.
Garnet must have been growing to include these minerals, which suggests crossing of the molar isopleths
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(a)

(b)

Fig. 9. Pseudosections for migmatite M668A. (a) The arrow indicates the P–T evolution at suprasolidus conditions deduced from
the succession of crystallization. (b) Pseudosection calculated with H2O in excess for subsolidus conditions, and used for
interpretation of retrograde evolution. For details, see text.

towards high temperature, and therefore this microstructure is interpreted as a result of heating at
~6 kbar and 700–750 °C. The presence of (pseudomorphs after) cordierite and the absence of sillimanite in the matrix indicate decompression into the
g–cd–bi–pl–ksp–q–ilm–mt–liq field. The garnet composition, with generally low grossular and high almandine and spessartine (grs0.03 => 0.06, alm0.48 => 0.53,
sps0.39 => 0.32,
XFe0.83 => 0.85),
prp0.10 => 0.09,
broadly correlates with the calculated isopleths along
the P–T path inferred from the sequence of mineral
crystallization. The garnet rim composition (grs0.06,
alm0.53, sps0.32) roughly correlates with the calculated
compositional isopleths in the g–cd–bi–pl–q–ksp–
ilm–mt–liq field and is therefore interpreted as
diffusionally re-equilibrated and consistent with
decompression to 3–4 kbar and 650–750 °C (Fig. 8b,
c). The correlation of the garnet core with the isopleths is only modest, however, and the relative contribution of growth and diffusion zoning in the
garnet core are not used to determine the P–T path.
The presence of widespread muscovite suggests further cooling and beginning of its crystallization after
crossing of the liq-out and H2O-in lines ~3 kbar and

640 °C. H2O released on cooling at ~670 °C from
the crystallizing melt is one of the likely sources of
fluid for widespread retrogression. Significant chloritization of cordierite and biotite points to H2O addition below ~540 °C (not shown for this sample but
see the example in Fig. 9b).
P–T evolution of sillimanite–andalusite–cordierite
migmatite M668A

For the calculation, O = 0.97, corresponding to 35%
ferric iron, is chosen to allow stability of sillimanite
with magnetite and ilmenite, as observed in thin section (Fig. 3c,d). The pseudosection for sample
M668A (Fig. 9a) is similar in topology to the suprasolidus area of the diagram for sample M109P72, the
major difference being that garnet is stable only at
temperatures above 760 °C. The sillimanite/cordierite
transition runs from 660 °C and 3 kbar to 850 °C
and 8 kbar, and the biotite and magnetite-out lines
occur at high temperature. H2O present assemblages
are in the LP–LT part of the pseudosection (Fig. 9a).
Index minerals observed in the S2 fabric are sillimanite, with later cordierite and andalusite. This is
© 2015 John Wiley & Sons Ltd
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(a)

(b)

(c)

Fig. 10. Pseudosection for schist M619C. The arrow indicates the P–T evolution deduced from succession of crystallization and
garnet chemistry. For details, see text.

consistent with an overall P–T path outside the
stability of garnet, with peak P–T located in the
assemblage sill–bi–pl–q–ilm–mt–liq (3–5.5 kbar and
660–770 °C), decompression to cd–bi–pl–q–ilm–mt–
liq (2–4.5 kbar and 640–820 °C) and decompression
with cooling into the andalusite stability field below
3 kbar and 650 °C. In the absence of garnet, the
peak conditions and decompression are less well constrained than for the garnet-bearing sample
M109P72, but the growth of andalusite better constrains the retrograde part of the P–T path. It is
likely that the path crossed the liq-out line in the area
where H2O is released on cooling. Widespread chloritization requires H2O input into the rock on the retrograde P–T path below ~540 °C (pseudosection
calculated with H2O in excess in Fig. 9b).
P–T evolution of garnet–cordierite schist M619C

Infinitesimal Fe3+ (O = 0.01) is considered in the calculation because no magnetite is observed (Fig. 10).
The major features of the pseudosection involve
garnet stability above 490 °C, a cordierite-in line
running from 515 °C/2 kbar to 610 °C/5 kbar,
andalusite stability above 3 kbar and 550 °C and
muscovite stability up to 550 °C/2 kbar and 630 °C/
4 kbar.
The minerals observed in the S1 foliation–garnet,
biotite, muscovite, minor chlorite, ilmenite, plagioclase and quartz (Fig. 4a,b) – correspond to the g–
bi–mu–chl–pl–q–ilm–H2O field in the lower pressure
© 2015 John Wiley & Sons Ltd

Fig. 11. Pseudosection for schist M682A. The arrow indicates
the P–T evolution deduced from succession of crystallization.
For details, see text.

part of the pseudosection. Porphyroblasts of cordierite with crenulated inclusion trails indicate further
heating to 530–570 °C during formation of the S2
cleavage.
Garnet
zoning
(grs0.06 => 0.04,
alm0.39 => 0.47, prp0.06 => 0.07, sps0.47 => 0.41, XFe
0.86 => 0.86; Fig. 6d) is compatible with growth of
garnet during heating below 3 kbar and 500–530 °C
and equilibration of rims in the cordierite stability
field. The upper pressure limit is also supported by
absence of andalusite in the sample. The chlorite in
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the matrix and included in cordierite are interpreted
as replacing biotite and cordierite during cooling
below 520 °C.
P–T evolution of andalusite schist M682A

For the calculation, O = 1.25 corresponding to 35%
ferric iron is chosen to allow stability of magnetite
and ilmenite as observed in the thin section (Fig. 4e,
f). The major difference from the pseudosection for
sample M619C is that the higher oxidation state stabilizes magnetite rather than garnet (Fig. 11).
Widespread andalusite porphyroblasts containing
crenulated inclusion trails of ilmenite and magnetite
indicate heating during the D2 deformation event to
the and–bi–mu–pl–q–ilm–mt–H2O field at 3–4 kbar
and 540–620 °C. Because the major porphyroblast is
andalusite, the lower pressure limit is close to the
cordierite-in line above 2.8 kbar, indicating a slightly
higher pressure of metamorphism compared to cordierite schist M619C. The presence of chlorite is
attributed to retrogression.
MONAZITE GEOCHRONOLOGY AND TRACEELEMENT CHEMISTRY
Methodology and sample preparation

Prior to analysis, monazite grains were imaged with
backscattered electrons (BSE) and secondary electrons
(SE) using a Tescan VEGA scanning electron microscope at the Institute of Petrology and Structural
Geology (Charles University in Prague). Compositional mapping for Y, La, Th and U was performed in
WDX mode on a CAMECA SX100 at the Joint laboratory of the Czech Geological Survey and Masaryk
University (Brno, Czech Republic) at the following
conditions: accelerating voltage 15 kV, beam current
80 nA, step size 1 lm, dwell time 0.25 s.
Monazite U/Th–Pb and REE data were acquired
at the Department of Earth Science, University of
California, Santa Barbara, via LASS (laser ablation–
split-stream inductively coupled plasma–mass spectrometry), allowing simultaneous isotopic and
elemental analysis from the same volume of mineral.
The analytical procedure followed methods described
in Kylander-Clark et al. (2013) and in Appendix S1.
The 238U/206Pb and 207Pb/206Pb isotopic ratios for
each analysis were plotted on Tera–Wasserburg
diagrams using Isoplot (Ludwig, 2003). Because
LA-ICP-MS allows one to collect many analyses
from the same monazite or the same sample, the
analyses may have sufficient spread in U/Pb ratios to
define a 238U/206Pb–207Pb/206Pb isochron without the
need to assume a common 207Pb/206Pb ratio from a
model (e.g. Stacey & Kramers, 1975) or from a lowU mineral presumed to be in equilibrium. The uncertainty given for each date is at the 95% confidence
interval for the in-run uncertainty, assuming a Gauss-

ian distribution of measurement errors, and the longterm uncertainty is given in square brackets. For discordant U–Pb ratios, we report a ‘207-corrected date’
(Compston et al., 1992) by assuming a Stacey & Kramers (1975) common-Pb value. The data are provided as Table S1.
Results

The migmatite sample M109P72 was chosen for dating because it best preserves the structural and petrological transition from the deeper S1 fabric marked
by sillimanite inclusions in garnet to the steep exhumation fabric S2 marked by garnet + cordierite. All
monazite grains from sample M109P72 occur within
the matrix; no monazite is included in garnet. Five
grains were studied; they are euhedral to round, and
range in size from 30 to 150 lm (Fig. 12). In BSE
and X-ray images, three grains show concentric oscillatory zoning coupled locally with sector zoning, or
domains with oscillatory zoning that are locally
faded, truncated by patchy or homogeneous domains;
Th tends to increase at the rim. Two grains show
patchy domains only (Fig. 12) in which elemental
abundance seems to be non-systematic.
One hundred and twenty-one spots in five grains
were analysed by LASS. The data yield a continuum
of 207Pb-corrected 238U/206Pb dates from 363  7
[7] Ma to 344  9 [7] Ma, with similar ranges of
dates from individual grains (Fig. 13c). All of these
dates may be considered as a single population with
a weighted mean 207Pb-corrected 238U/206Pb date of
355  0.8
[7] Ma
(MSWD = 0.9,
n = 121)
(Fig. 13a). However, domains with contrasting type
of zoning may be different in age. Thus, grain 12 –
which has the best-developed oscillatory zoning –
gives 356  1.0 [7] Ma (MSWD = 0.65, n = 56),
indistinguishable from the date obtained on all the
analyses, whereas the analyses from patchy, BSEdark domains in grain 10 that does not show any
oscillatory zoning give a younger date of 347  4.2
[7] Ma (MSWD = 0.42, n = 9) (Fig. 13b).
All of the analyses have similar REE patterns
(Fig. 13d) with a negative Eu anomaly compatible
with the presence of feldspar and elevated HREE
concentrations compatible with (re)crystallization in
an assemblage with little or no garnet (e.g. fig. 5 in
Rubatto et al., 2013).
DISCUSSION
P–T–d evolution

In order to discuss the evolution of the lower and
middle–upper crust during emplacement of the magmatic sheets in the migmatite–magmatite core and
the lower grade envelope of the Chandman Massif,
the P–T–d evolution of two high-grade and two
lower grade samples is now summarized (Fig. 14).
© 2015 John Wiley & Sons Ltd
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(a)

(b)

(c)

Fig. 12. Dated monazite grains from sample M109P72. (a) Backscattered electron (BSE) images, (b) X-ray maps (warmer colours
indicate greater concentrations; colour scale adjusted to highlight concentration variation in monazite), (c) age maps, circles
indicate the location of the analysis and are 10 lm in diameter.

The metamorphic evolution of the migmatite–magmatite core of the Chandman massif is constrained
by two samples (Fig. 14a): (i) The migmatite sample
(M109P72) reveals sillimanite–ilmenite–magnetite
inclusion trails in garnet, oriented at a high angle to
the external steep S2 foliation, that constrain the
depth of equilibration during formation of the S1
migmatitic fabric to 6–7 kbar at 710–780 °C. The
reorientation of sillimanite (now present as
fine-grained pseudomorphs dominated by muscovite)
into the S2 fabric indicates that the S1–S2 fabric
© 2015 John Wiley & Sons Ltd

transition occurred in the sillimanite stability field.
Cordierite and garnet rim chemistry point to decompression during development of the S2 steep fabric to
3–4 kbar and 680–750 °C. Further cooling and
decompression occurred during the release of H2O
from crystallizing partial melt at 640–670 °C, followed by widespread crystallization of post-tectonic
muscovite. Significant chloritization requires further
fluid migration and H2O addition at conditions below
~540 °C. (ii) The sequence of crystallization in
sample M668A in the S2 fabric is sillimanite without
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(a)

(c)

(b)

(d)

Fig. 13. Monazite LASS results for sample M109P72 (n = 121). (a) Tera-Wasserburg concordia plot. Error ellipses 2r.
(b) Probability density plot of 207Pb corrected 238U/206Pb ages, plotted for all analyses (full line) and separately for oscillatory
zoned grain 12 (dashed line), and for BSE-dark patchy zones in grain 10 (dashed line). (c) Weighted mean plot of 207Pb corrected
238
U/206Pb ages, sorted by individual grains and by decreasing age. Error bars 2r. (d) REE patterns of measured monazite
compared to study of Rubatto et al. (2013).

garnet, with later cordierite and andalusite, which is
consistent with the P–T path of the sample
M109P72, with the end of the P–T path constrained
by crystallization of andalusite to 2–3 kbar and
600–650 °C, then passing below 540 °C as indicated
by widespread chloritization.
The metamorphic evolution of the medium- to
low-grade upper crustal rocks of the metamorphic
envelope of the Chandman massif is also constrained
by two samples (Fig. 14b): (i) The minerals and garnet zoning of sample M619C indicate nearly isobaric
heating from 2.5 to 3 kbar and 500 to 530 °C to the
cordierite stability field during development of the S1
foliation; because the growth of cordierite was syntectonic with the S2 fabric development, the switch

from the S1 into the S2 foliation occurred near 2.5–
3 kbar and 530–570 °C. Replacement of cordierite by
fine-grained muscovite and chlorite indicates further
cooling. (ii) In sample M682A, andalusite containing
crenulated inclusion trails of ilmenite and magnetite
indicates heating during the D2 deformation at 3–
4 kbar and 540–620 °C. The slightly higher peak P–T
conditions compared to sample M619C are supported
by abundant andalusite and a coarser grained matrix.
Comparison of the P–T–d paths from the migmatite–magmatite core and lower-grade envelope indicates that all crustal levels were heated during
formation of the shallowly dipping S1 foliation.
Despite the lack of ages for the D1 structures, the
consistent geometry of the S1 fabrics and high-grade
© 2015 John Wiley & Sons Ltd
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(a)

(b)

Fig. 14. Sketches show petrological successions in migmatites and schists samples and inferred P–T paths for S1, S2 and post S2.
Path in (a) shows M109P72 and M668A inferred from Figs 8 and 9. Path in (b) shows M619C and M682A inferred from Figs 10
and 11. Monazite crystallization and recrystallization ages are indicated. For discussion, see text.

metamorphism in different crustal levels are interpreted as a result of a common tectonic history with
an elevated metamorphic gradient similar to other
metamorphic domes in the Altai and elsewhere (Aguilar et al., 2015; Jiang et al., 2015). This stage was
followed by upright F2 folding and development of
the steep foliation S2. This later fabric is associated
with nearly isothermal decompression and exhumation of the high-grade rocks to ~3–4 kbar where cooling occurred, possibly accompanied by further
decompression. The upper crustal sequences were further heated during development of the upright F2
folds, but the petrology of the studied samples does
not permit distinguishing whether the rocks were buried or exhumed during this stage. The upright folding
was therefore responsible for exhuming the lower
crustal portions into middle–upper crustal levels,
where further heating ensued. The whole composite
lower and middle–upper crustal section then underwent shared cooling at the same (middle–upper) crustal level.
Conditions of monazite crystallization and
‘recrystallization’

Most of the monazite dated in this study shows oscillatory zoning (Fig. 12). Such zoning is commonly
interpreted to be a result of growth from melt (e.g.
Townsend et al., 2000; Rubatto et al., 2013), and in
migmatites may reflect complete monazite dissolution
during anatexis and new monazite growth as
© 2015 John Wiley & Sons Ltd

predicted by Kelsey et al. (2008). The oscillatory zoning is locally faded or truncated by homogeneous or
patchy domains that are usually interpreted to indicate metamorphic recrystallization (e.g. Townsend
et al., 2000; Williams et al., 2011; Kelly et al., 2012;
and references therein). The REE patterns for all
dated monazite are all similar, with a negative Eu
anomaly indicative of the presence of feldspar and
elevated HREE abundances typical for monazite (re)
crystallization in the absence of garnet or in the presence of a very small amount of garnet (e.g. Rubatto
et al., 2013). Pseudosection modelling shows that
such petrographic context is achieved during decompression from the g–sill–bi–pl–ksp–q–ilm–mt–liq field
to the g–cd–bi–pl–ksp–q–ilm–mt–liq field (Fig. 8).
During such decompression, the garnet molar proportion decreases to 1 mol.%, compatible with
<1 vol.% of garnet observed in the studied sample
(M109P72). It is therefore suggested that monazite
growth occurred in the presence of melt at low pressure within the assemblage g–cd–bi–pl–ksp–q–ilm–
mt–liq, characterized by minor garnet (Fig. 8). Kelsey
et al. (2008) calculated that all the monazite in a
metapelite with an average content of LREE
(500 ppm) will dissolve during melting ~750–780 °C
between 5 and 10 kbar (figs 1b & 3b in Kelsey et al.,
2008). Thus, if the peak of metamorphism is above
the 100% monazite dissolution surface, monazite
does not start to grow at the metamorphic peak or at
the beginning of the retrograde P–T path, but only
when the P–T conditions cross back over the 100%
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dissolution monazite line. The total amount of LREE
(Sc to Gd) for sample M109P7 is 105 ppm (for sample M668a, it is 176 ppm). Comparing the amount of
LREE and the calculated pseudosection to the diagrams in figs 2d and 3b of Kelsey et al. (2008) it is
likely that all monazite in the studied sample
M109P72 crystallized near the solidus between 660
and 700 °C and 3–4 kbar at c. 356 Ma. The patchy
domains in monazite are interpreted as a result of
recrystallization in the presence of fluid (e.g. Kelly
et al., 2012 and references therein) that occurred at
around/or down to c. 347 Ma. Some of these fluids
may be released by partial melts on cooling just after
crossing the solidus, as indicated in the pseudosection
(Fig. 8), or may be fluids released from other magmatic and migmatitic rocks. The extensive chloritization of the migmatites is evidence for continued fluid
circulation below ~540 °C (Fig. 9b). Such long-lasting recrystallization of monazite is compatible with
the long, 351 to 341 Ma, span of emplacement ages
obtained for granitoids in the area (Figs. 14 & 15)
(Hrdlickov
a et al., 2008; Kr€
oner et al., 2010).
Significance of P–T evolution of the horizontal fabrics

The structure and metamorphic pattern of the
Chandman massif allow its subdivision into a granite–migmatite core and a metamorphic envelope. Like
other high-temperature gneiss domes (e.g. Aguilar
et al., 2015; Jiang et al., 2015), the contact between
the high-grade orogenic infra-structure and the medium- to low-grade super-structure is sharp, due to
extreme thinning of layers in the limbs of domal
structures (e.g. Whitney et al., 2004; Rey et al.,
2011). In addition, in the Chandman massif, the original relationships were modified by late faulting that
obliterated the original dome architecture. The peakpressure metamorphic conditions achieved during D1
indicate that the migmatitic core represents a deep
orogenic crust metamorphosed at pressures of
~7 kbar, corresponding to a maximum depth of
~25 km. The rocks from the metamorphic envelope
reached ~3 kbar, i.e. ~12 km during D1. Because S1
was sub-horizontal prior to D2 (Fig. 16a), the highgrade core and envelope can be interpreted to reflect
different crustal levels affected by horizontal flow
(Whitney et al., 2004). The absence of mineral and
stretching lineations related to the S1 fabric may indicate that the flow was dominated by a coaxial strain
component. The horizontal flow was associated with
heating reaching 710–780 °C in the deep crustal levels
and 530–570 °C in the shallow crustal levels. The
metamorphic gradient of the deep crust was thus
~30 °C km 1, whereas in the shallow crustal levels it
was significantly higher, reaching almost 50 °C km 1
(Fig. 16a). The two P–T gradients therefore define a
non-linear geotherm, which is characterized by two
segments: hot in the upper crustal levels and colder
in the deep crustal levels. A similar geotherm was

reported by Riel et al. (2013), who interpreted such a
geothermal gradient to result from buffering of maximum temperature by the latent heat of biotite melting in migmatites according to Thompson &
Connolly (1995) and Depine et al. (2008). Alternatively, convection in the migmatitic deep crust, might
have produced a very hot conductive geotherm in the
upper crust and a stable and steep geotherm in the
deep migmatitic crust (Riel et al., 2013). However,
the heating related to the S1 fabric indicates that the
two gradients may be also explained by syn-folding
emplacement of granite sills advecting heat and
enhancing dehydration melting in the migmatite
domain – i.e. a combination of the two models
above.
The timing of the D1 event in the Chandman massif is not constrained, but a 385  5 Ma Late Devonian age for granulite facies metamorphism was
reported from the nearby Tseel metamorphic dome
by Kozakov et al. (2002). Similar ages of c. 390 Ma
were reported from the high-grade complexes of the
Chinese and Mongolian Altai farther west by Jiang
et al. (2010, 2012). This matches the dominant peak
of magmatism in the Chinese and Mongolian Altai at
c. 400 Ma (e.g. Yuan et al., 2007; Cai et al., 2011).
Significance of P–T evolution of the subvertical fabrics

The S2 vertical fabric in the deep crustal rocks is
clearly associated with isothermal decompression and
exhumation to shallow crustal levels, whereas the
rocks from the upper crustal levels show heating during D2 (Fig. 16b). The D2 in the core of the Chandman massif is also associated with massive ingress of
juvenile magma represented by the syn-D2 emplacement of numerous magmatic sills. Thus, during the
D2 event, the Chandman core records temperatures
of 680–750 °C at 3–4 kbar, while the adjacent upper
crust shows increase of temperature to 530–570 °C at
the same pressure. These features indicate that a large
quantity of heat was advected to shallow crustal levels together with the exhumed deep crustal rocks and
heated the adjacent upper crustal material, which in
turn did not experience important vertical motion.
The exhumation of the Chandman massif core can be
therefore seen as a result of vertical extrusion of a
hot lower crustal material assisted by large-scale
movement of juvenile melts. Such an evolution is
compatible with a model of Miyazaki (2007) explaining the origin of HT/LP metamorphism by focused
melt migration and solidification in the central migmatite zone. Indeed, the metamorphic structure of
the Chandman massif is remarkably similar to the
Higo Metamorphic Complex in Japan as described
by Miyazaki (2004). This author suggested that the
initially simple thermal structure – marked by
increasing temperature and pressure with depth – collapsed due to activity on high-angle faults. In the
Chandman massif, the collapse of the horizontal D1
© 2015 John Wiley & Sons Ltd
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structure was due to localized, but ductile, vertical
extrusion of partially molten rocks and simultaneous
emplacement of axial planar granitoid sheets. The
granitoids may be responsible for localizing deformation and exhuming the whole deep crustal migmatitic
edifice as proposed for other areas by Hollister &
Crawford (1986).
The age of the D2 metamorphic event is constrained by monazite ages of this study to 356  1
[7] Ma, and probably reflects crystallization of late
partial melt in the migmatite at the end of the
emplacement of the Chandman massif core to supracrustal levels. This is in accord with a U–Pb zircon
age from one of the Chandman granitoid sheets
(Kr€
oner et al., 2010) and amphibole and muscovite
40
Ar/39Ar cooling ages ranging from 364 to 353 Ma
(Lehmann et al., 2010) (Fig. 15). The monazite age
from this study is also consistent with a U–Pb zircon
age of 358  5 Ma from the nearby Tseel complex
that is interpreted to reflect amphibolite facies retrogression (Kozakov et al., 2002). The tectonic activity

related to the D2 persisted until c. 345 Ma as
documented by a monazite recrystallization age of
347  4 [7] Ma, zircon ages of granite sheets
(Hrdlickova et al., 2008; Kr€
oner et al., 2010) and a
40
Ar/39Ar age from host–rock andalusite schists (J.
Lehmann et al., pers. comm.) (for ages see Fig. 15).
Geodynamic framework of metamorphism in the
Chandman massif

The Palaeozoic (Hercynian) metamorphism of the
Mongolian and Chinese Altai reveals common timescales and metamorphic history (Kozakov et al., 2002;
Jiang et al., 2010, 2012; Burenjargal et al., 2014). In all
cases, the tectono-metamorphic history is characterized by moderate or negligible thickening associated
with a high geothermal gradient. The tectono-metamorphic processes reported from the Chandman massif are unknown from collisional systems of
comparable age, such as the European Variscides. The
evolution of the Chandman massif originated as a

Fig. 15. Summary of ages available in the Chandman massif (for locations see Fig. 1c) presented according to the D1 and D2
events for the intrusive rocks, the Tugrug formation in the North and in the South. Plotted monazite ages are from two
representative grains only, from oscillatory zoned grain 12 (356  1 Ma) and from dark patchy domains of grain 10
(347  4 Ma). For discussion, see text.
© 2015 John Wiley & Sons Ltd
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(a)

(b)

Fig. 16. Tectono-metamorphic model. (a) Subhorizontal fabric associated with onset of magmatic activity interpreted as lower
crustal horizontal flow. Magma is causing heating in the deep and upper crust. (b) Localized collapse of metamorphic structure,
extrusion of hot lower crustal rocks associated with vertical magmatic transfers and a juxtaposition of hot magmatite–migmatite
core to supracrustal rocks.
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metamorphic structure typical of the western Pacific
type (Miyazaki, 2004, 2007). Such a metamorphic environment is characteristic of a suprasubduction setting
(Miyashiro, 1973; Riel et al., 2013) and characterizes
magmatic recycling of an accretionary system during
subduction retreat (e.g. Collins, 2002). In the CAOB,
the anomalously high geothermal gradient is sometimes interpreted to have resulted from ridge subduction (Windley et al., 2002; Sun et al., 2009). These
interpretations are based on the presence of HT metamorphic rocks and associated juvenile magmatism;
without structural and microstructural observations,
the mechanistic evolution is not constrained. This
work proposes a new thermo-mechanical model that
the Mongolian Altai metamorphic system has a syncompressional metamorphic evolution and a collapse
of the metamorphic edifice due to localized extrusion
of the migmatite–magmatic core. Such a massive
magma-assisted vertical transfer of partially molten
crust has not previously been described and potentially
represents a common mechanism for exhumation of
deep-seated rocks. The model presented involves a
sequence of structural events similar to that inferred
for domes formed by extension of hot crust as proposed by McFadden et al. (2010) and Roger et al.
(2015) for the European Variscan belt. The latter
model involves contraction at depth, which generates
convergent vertical flow of low-viscosity orogenic crust
to fill the gap formed by coevally extended upper crust.
In our view, the Mongolian Altai represents a specific
type of syn-convergent HT tectono-metamorphic environment that needs to be further explored in order to
better understand and constrain the tectonic evolution
of accretionary systems worldwide.
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