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Abstract Structural analysis, U–Pb monazite and xenotime dating, Ar–Ar dating of biotite and amphibole
and thermodynamic modeling of peak metamorphic assemblages allow constraining the tectono‐thermal
evolution of the migmatite‐magmatite domain on the southern periphery of Precambrian Zavkhan Block. The
main subvertical metamorphic fabric resulted from upright folding and almost complete transposition of early
sub‐horizontal foliation of uncertain age. P–T conditions of 760–790°C at 0.7–0.8 GPa and in situ U–Pb
metamorphic monazite 505–495 Ma ages characterize this tectono‐metamorphic event. It was associated with
syn‐deformational partial melting and intrusion of axial planar syntectonic leucogranite veins. Monazite and
xenotime from these veins give U–Pb age of c. 500 Ma, confirming that the migmatization and formation of
subvertical fabric were coeval. Such time constraints are contemporaneous with ages of gneissified Ikh‐Mongol
Arc granite sheets intruding horizontally shortened partially molten crust thereby confirming syn‐compressional
nature of arc emplacement. Thermal modeling of cooling history of the whole migmatite‐magmatite domain
constrained by Ar–Ar ages is compatible with the shortening of the hot system followed by moderate erosion.
The P–T and geochronological data of the Zavkhan block margin are almost identical to those of short lived late
Cambrian magmatism and metamorphism described in the Khondalite belt in Far East China and in other places
of Mongolian Collage suggesting that these two domains may have formed a continuous belt.

1. Introduction
Magmatic arcs play an important role in the accretionary history of the Altaides (Şengör et al., 1993) known also
as Central Asian Orogenic Belt (CAOB; Mossakovsky et al., 1993), which represents one of the world's largest
Phanerozoic accretionary orogens. This large orogenic system interpreted as supercollage by Xiao et al. (2015),
may be divided into three “collages” that each experienced a different accretionary history: (a) the western
Kazakhstan Collage, (b) the eastern Mongolian Collage and (c) the southern Tarim‐North China Collage
(Figure 1b). The first two collages were affected by seaward migration of magmatic arcs from the Cambrian to
Carboniferous (e.g., Sengör & Natal'In, 1996). The migration of these arcs over the accretionary complexes was
interpreted to be related to the roll‐back of the enigmatic Paleo‐Asian Ocean (e.g., Xiao et al., 2018), but recent
investigations show that at least for the Mongolian Collage, the ocean involved for the early Paleozoic period was
Panthalassa (Paleo‐Pacific; Jiang et al., 2017). Although most of the magmatic arcs are oceanic and poorly
preserved (Safonova et al., 2017), there is one giant Japan‐type magmatic arc firmly established on the western
and southern “external” margins of the Precambrian continental crust of the Mongolian Collage, the c. 1,800 km
long Cambrian–Ordovician Ikh Mongol Arc (Figure 1b; Janoušek et al., 2018).

Although, the chemistry and timing of Cambrian–Ordovician magmatism were extensively studied by many
authors (e.g., Rudnev et al., 2009, 2013; Salnikova et al., 2001; Soejono et al., 2016; Yarmolyuk et al., 2011) the
tectonic regime controlling the emplacement mode of magmatic bodies was so far not addressed. It is generally
accepted, that this arc formed above a retreating subduction system and its at least 60‐Myr‐long life span was
intimately connected to the sedimentary infill of a contemporaneous accretionary wedge (e.g., Chen et al., 2015;
Hanžl et al., 2024; Jiang et al., 2011, 2017; Long et al., 2007; Soejono et al., 2018). Altogether, it was tacitly
assumed that the long‐lasting rollback of the oceanic plate generated a magmatic arc together with a giant
accretionary forearc basin during a long‐lasting extensional regime (e.g., Buriánek et al., 2022).
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This study attempts to characterize the tectonic regime of Ikh Mongol Arc emplacement and to relate it to the
general geodynamic scenario of the formation of the Mongolian Collage. We propose that the studied migmatitic‐
magmatic domain on the margin of the Zavkhan Block belongs to deep crustal levels of the Ikh Mongol Arc
edifice. We present new U–Pb monazite and xenotime ages of metasediments and their partial melts, 40Ar/39Ar
amphibole and biotite ages, structural data and estimates of peak P–T conditions. These new data show that at the
Cambrian–Ordovician boundary, the high‐temperature metamorphism occurred synchronously with the main
period of Ikh Mongol Arc magmatism. The structural record indicates that the arc magmas were emplaced as
vertical sheets parallel to the vertical anisotropy of hot host–rocks during the late Cambrian contractional regime.

Figure 1. Central Altai Orogenic Belt (CAOB) and study area. (a) Position of the CAOB after Şengör et al. (1993). (b) Internal zoning of the CAOB after Soejono
et al. (2021). (c) Geological map of studied area highlighted in (b) based on new mapping and Togtokh et al. (1995).

Tectonics 10.1029/2024TC008437

PEŘESTÝ ET AL. 2 of 30

 19449194, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024T

C
008437 by C

ochrane France, W
iley O

nline L
ibrary on [30/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Similarities with the NE China Khondalite Belt in the east and differences with the Sayan‐Baikal orogen in the
north allow proposing a new model of early Paleozoic construction of the Mongolian Collage.

2. Geological Setting
2.1. Regional Background

The Mongolian segment of the CAOB occupies territory between the Siberian Craton to the north and the Tarim
and North China cratons to the south (Figure 1a). The Mongolian Collage (Xiao et al., 2015) at the eastern part of
the CAOB resulted from successive accretion of micro‐continental blocks, ophiolites, magmatic arcs, accre-
tionary wedges and back‐arc basins to the southern margin of Siberia (e.g., Badarch et al., 2002; Kröner
et al., 2014; Safonova et al., 2017).

It has been shown that the complex geological architecture of the Mongolian Collage originates from the long‐
lasting Neoproterozoic to Permian–Triassic multi‐stage evolution (e.g., Wilhem et al., 2012; Windley et al., 2007;
Xiao et al., 2015) including: (a) the Tonian active margin of Rodinia followed by development of passive margin
sequences associated to its break‐up and drift of the individual micro‐continental blocks away from the Rodinian
margin (Kovach et al., 2021; Kozakov et al., 2014; Levashova et al., 2010; Soejono et al., 2023; Štípská
et al., 2023), (b) late Ediacaran to early Cambrian closure of multiple oceanic basins between these micro-
continents and Siberia (Buriánek et al., 2017; Donskaya et al., 2017; Gladkochub et al., 2008; Sukhbaatar
et al., 2024; Štípská et al., 2024), (c) early Paleozoic active margin related to the subduction of the Paleo‐Pacific
oceanic plate beneath the Mongolian Collage micro‐continental ribbon (Janoušek et al., 2018; Jiang et al., 2017;
Kröner et al., 2010; Soejono et al., 2021; Xiao et al., 2004) and finally (d) the late Paleozoic–Mesozoic collisional
evolution (Aguilar et al., 2024; Guy et al., 2014; Xiao et al., 2018).

This study focuses on the southern edge of the Zavkhan Block, one of the major fragments of Precambrian crust in
the Mongolian Collage (Figure 1). The Zavkhan Block consists of the Archean to Mesoproterozoic basement
(Dergunov et al., 1997; Kozakov et al., 2007; Mitrofanov et al., 1985) and its Neoproterozoic to Lower Cambrian
passive margin sequences (Bold et al., 2016; Kovach et al., 2021; Kozakov et al., 2014; Levashova et al., 2010).
The Lake Zone contains the Neoproterozoic ophiolites, accretionary wedges and oceanic arcs accreted against or
thrust over the northerly basement of the Zavkhan Block during the early Cambrian (Skuzovatov et al., 2018;
Štípská et al., 2010). Both the continental basement and the Lake Zone were intruded by the Cambrian–
Ordovician (c. 530–470 Ma) arc‐type rocks (Dijkstra et al., 2006; Kovach et al., 2011; Marinov et al., 1973)
of the Ikh Mongol Arc (Janoušek et al., 2018). South of the Lake Zone is an up to 300‐km‐wide late Cambrian to
Silurian volcanic‐sedimentary complex of the Mongol Altai Zone, recently interpreted as a giant accretionary
wedge sourced from the northerly IkhMongol Arc (Jiang et al., 2017; Soejono et al., 2018; Xiao et al., 2009). This
complex was metamorphosed, intruded by large quantities of Devonian granitoids and unconformably covered by
Devonian extensional sedimentary basins (e.g., Buriánek et al., 2022; Jiang et al., 2016).

2.2. Geology of the Studied Area

The study area is situated on the southern periphery of the Zavkhan Block, close to the contact with the Lake
Zone, in the vicinity of Altai City (Figure 1c). Based on the lithology, age and structural record, the rocks of
interest can be subdivided into three lithotectonic units (Bold et al., 2016; Soejono et al., 2023; Togtokh
et al., 1995): the (a) metasedimentary Khavchig Complex and the (b) metaigneous Zalaa Uul Complex which are
both intruded by the (c) metaigneous Teeg Uul Complex. The rocks of these three units are interfolded together
and separated from the southwestern Lake Zone by thrust faults (Figure 1c).

The rock assemblage of the Khavchig Complex consists of alternating biotite paragneiss, sometimes with garnet
and/or sillimanite (Figure 2d), coarse‐grained marble (up to c. 1 cm grain size), quartzite, migmatitic amphibolite
(±garnet) and calc‐silicate. The whole sequence is intruded by coarse‐grained pegmatite (with up to decimeter
scale feldspars), that are preferentially associated with marble or quartzite bodies. The U–Pb dating of detrital
zircons (Bold et al., 2016; Soejono et al., 2025) showed both the Paleoproterozoic and Neoproterozoic maximum
depositional ages of the Khavchig Complex metasediments, indicating transgressive relationship or tectonic
juxtaposition of stratigraphically distinct sequences.

The Zalaa Uul Complex is a high‐grade metamorphic unit, whose protoliths are mainly intermediate to mafic
magmatic rocks (granodiorite, tonalite and gabbro) transformed into orthogneiss, amphibolite, metagabbro and
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amphibole‐biotite gneiss (Figures 2a–2c, Soejono et al., 2023). Recent U–Pb zircon dating of the Zalaa Uul
Complex (orthogneiss, metatonalite) by Soejono et al. (2023) yielded Tonian ages (830–805 Ma), which have
been interpreted as the timing of magma crystallization in an extensional setting. Serpentinized ultramafic bodies
are usually spatially linked to coarse‐grained gabbroic intrusions. Most of the rock types show evidence for partial
melting, as documented by numerous, mainly trondhjemitic centimeter‐ to meter‐scale dikes and melt‐pods
(usually folded, Figures 2a and 2c).

In contrast to the Zalaa Uul Complex, the Teeg Uul Complex is characterized by lithologically rather homoge-
neous medium‐grained equigranular felsic orthogneiss with biotite and amphibole, dated by Soejono et al. (2023)
to 503± 3Ma. The orthogneiss shows intrusive relationships to the host Zalaa Uul Complex (Figure 2e) as well as
to the Khavchig Complex.

As described above, the majority of the rocks in the Zalaa Uul and Khavchig complexes show evidence of partial
melting. However, the westernmost part of the Zalaa Uul Complex close to the contact with the Lake Zone and
most of the complexes along the contact with the northern limiting fault are affected by a low‐grade greenschist‐
facies overprint (Figure 1c).

3. Structural Record
The structural record in the area results from the superposition of four distinct deformation events (D1–D4), which
together led to a complex fold interference pattern in the map view (Figure 3a). The oldest metamorphic foliation
S1 appears locally as relics folded by cm‐scale close to isoclinal folds F2 with variable, but usually steep fold axes
L2 (Figures 2a–2c and 3b). Importantly, such folds have not been observed in the Teeg Uul Complex, where S1 is

Figure 2. Field photographs. (a) Hinge zone of folded S1 fabric in banded amphibolite of Zalaa Uul Complex. (b) Domain of
tight to isoclinal F2 folds in banded amphibolite (Zalaa Uul Complex). (c) Asymmetric F2 fold in migmatitic amphibolite
(Zalaa Uul Complex, map view). (d) Main S2 fabric in sillimanite‐garnet gneiss (Khavchig Complex). (e) Intrusive contact of
Teeg Uul orthogneiss with Zalaa Uul migmatitic amphibolite—note complex structural record and higher strain in the
amphibolite contrasting to simple S2 fabric in the orthogneiss. (f) Open F3 folds with weakly developed S3 fracture cleavage
in pegmatite dike parallel to S2 (Khavchig Complex, map view). (g) Migmatitic fabric in the gneiss of the Khavchig
Complex. (h) Migmatization in amphibolites (Khavchig Complex). (i) S1 and S2 parallel leucosomes in gneiss (Khavchig
Complex).
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apparently missing (see also Soejono et al., 2023). S1 is in most places completely transposed by the dominant,
subvertical fabric S2 developed in all the complexes. The S2 is commonly a migmatitic fabric, defined by
alternating melanosome and lecosome bands (Figure 2). In stereoplot, the poles to the S2 foliation are distributed
along a fully developed girdle with subvertical NNE‐dipping maximum and steep, north‐dipping π‐pole
(Figure 3c). The formation of the girdle results from the superposed, post‐metamorphic event D3, responsible for a
large‐scale folding in the map view and small‐scale heterogeneously developed open folds and crenulations with
subvertical L3 fold axes (Figure 3c). The fold axes of large‐scale folds are equivalent to the orientation of the π‐
pole of the S2 girdle in Figure 3c, whose orientation is compatible with the fold axes calculated as all possible
intersections of the S2 limbs (Figure 3d). There is usually no new S3 fabric related to the D3 event, apart from
rarely developed subvertical NW–SE to NS trending fracture cleavage (Figure 2f). Similarly, the post‐
metamorphic event D4 weakly modified the existing pattern by large‐scale open folds F4 with subvertical NE‐
trending axial planes (Figure 3a) resulting in the final map‐view fold interference pattern (with shared fold
axis, type 3 of Ramsay, 1967).

This work focuses on the tectonic significance of the main S2 fabric, whose relationships to the migmatitic event
D2–M2 can be best illustrated on the key outcrop PV229 (Figure 4). The outcrop is dominated by banded
amphibole‐biotite gneiss and leucogranite dikes (Figures 4b and 4d). Amphibolite and calc‐silicate are less
frequent and occur as boudins within the host gneiss (Figures 4a and 4c). The main foliation S2 is steeply NW to
NNW dipping and originates as an axial‐planar cleavage of widespread closed to isoclinal F2 folds (Figures 4b–
4d), with fold axes plunging steeply to the N. The relationship of the leucosomes to the main S2 fabric is variable.
Some leucosomes are cm‐thick bands, sometimes with diffuse boundaries that are parallel to the strongly folded

Figure 3. Structural record. (a) Structural map of the area, for lithological legend see Figure 1c. (b) Fold axes and intersection lineation L2. (c) Poles to the main S2 fabric,
eigen foliations of the orientation tensor are shown, together with the corresponding π‐pole. (d) L3 fold axes are represented as a contoured set of S2 self‐intersections,
compatible with the π‐pole in (c).
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S1 foliation. The proportion of leucosomes is variable and commonly follows the S1 compositional banding,
illustrating composition‐dependent productivity of melt during the D2‐M2 migmatization (Figures 4c and 4d).
Another type is cm to several dm thick dikes affected by open‐to‐closed F2 folds (Figure 4b). Finally, some dikes
are near‐parallel to the main foliation S2 and are commonly boudinaged (Figures 4a and 4d).

Figure 4. Key outcrop PV229 (96.184029°E, 46.411968°N). (a) Modified paint: Altai migmatites, oil on canvas, 110 × 180 cm, Adam Kašpar (2020, https://www.
adamkaspar.cz/en/). (b) Folded leucogranite dike whose axial plane S2 is parallel to the S2 fabric in the host gneiss. (c) Competent amphibolite forms boudins in a
relatively weak migmatitic gneiss, products of melting occur parallel to S2 fabric (left), follow folded S1 fabric (middle) or are boudinaged dikes (right). (d) Detail of
boudinage of leucogranite dikes near parallel to S2 fabric, which is axial planar to folded S1 layering.
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4. Petrography
4.1. Approach and Methods

In order to characterize the prevalent migmatitic domain, we first provide a detailed description of three repre-
sentative samples from the Khavchig Complex (PV236C, PS071F, and PS084E), including the chemistry of
major rock‐forming minerals. These samples have been used for in situ U–Pb dating and also for P–T modeling.
For samples used for 40Ar/39Ar dating, we present only a description of mineral assemblages (Table 1), as the thin
sections have not been investigated for mineral chemistry. For detailed methodology on data acquisition and
processing see Supporting Information S1. Representative mineral analyses are in Table S1.

The sample PV236C is from the western part of the Khavchig Complex. It is a banded migmatite from an outcrop
of alternating garnet‐biotite migmatitic gneisses (locally with amphibole), garnetiferous quartzites and am-
phibolites. Sample PS071F is from the eastern part of the Khavchig Complex. It is an intercalation of migmatitic
paragneiss in between coarse‐grained marbles and quartzites. The selected sample PS084E is from the central part
of the Khavchig Complex, from a complex outcrop with alternating migmatitic amphibolites (Figure 2h), marbles
and selected coarse‐grained garnetiferous paragneiss interpreted as melanosome‐dominated rock.

4.2. Petrography of Modeled Samples

Paragneiss PV236C is a medium‐grained, equigranular rock with a mineral assemblage garnet–biotite–K‐feld-
spar–plagioclase–quartz–ilmenite (Figures 5a and 5b). Alignment of biotite flakes and aggregates (xMg= 42–44,
Ti = 0.23–0.26 a.p.f.u.) together with aggregate preferred orientation of plagioclase (Ab = 76–80, An = 20–24,
Or = 1), K‐feldspar (Or = 80–92, Ab = 8–20, An = 0) and quartz define the dominant S2 foliation (Figure 5a).
Presence of K‐feldspar and absence of primary muscovite supports migmatitic character of the rock. Garnet (up to
2 mm) is usually subhedral to anhedral and contains inclusions mostly of quartz, but sometimes also of biotite
(xMg = 55–60, Ti = 0.21–0.24 a.p.f.u.), plagioclase, K‐feldspar (Or = 82, Ab = 17, An = 1), ilmenite and
monazite (Figures 5a, 5b, and 6a). Garnet has a high pyrope content and shows weak zoning with rimward in-
crease of almandine and spessartine, decrease of pyrope and xMg in the very rim and has near constant grossular
(Alm = 74→77, Grs = 4, Prp = 18→13, Sps = 4→6, xMg = 20→14; Figure 6a). Fractures in the garnet are
commonly filled by almost pure K‐feldspar (Or= 95–97, Ab= 3–5, An= 0; Figure 5b), that may be interpreted as
melt percolation through garnet fractures. Accessory minerals are apatite, monazite, zircon and magnetite.

Sample PS071F is a medium‐ to coarse‐grained garnetiferous sillimanite–biotite paragneiss (Figure 5d). The S2
foliation is defined by alignment of biotite (xMg = 53–56, Ti = 0.24–0.28 a.p.f.u.) and of sillimanite grains and
aggregates (Figure 5b). In addition, the matrix contains plagioclase (Ab = 78–80, An = 9–20, Or = 0–2), K‐
feldspar (Or = 80–98, Ab = 2–20, An = 0) and quartz as major phases. Sillimanite in the matrix is commonly

Table 1
Mineral Assemblages of Samples Selected for Ar–Ar Dating

PV210 PV205 PV219 PV226 PV224 PV235
Metagabbro Amphibolite Amphibolite Gneiss Amphibolite Gneiss
ZUC ZUC ZUC KC KC KC

Dated phase Amp Amp Amp Amp, Bt Amp Bt

Quartz x x x

Plagioclase x x x x x x

Biotite x x

Sillimanite x

Amphibole x x x x x

Pyroxene x x

Chlorite x x

Sphene x

Retrogression no yes no no no yes

Note. Symbol x marks presence of the mineral in the rock assemblage. ZUC—Zalaa Uul Complex, KC—Khavchig Complex.
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surrounded by fine‐grained muscovite aggregates (Si = 3.15–3.19 a.p.f.u., xNa = 2–3, xMg = 62–69) and
muscovite is present also in sillimanite cracks (Figures 5d and 5e). Additionally, muscovite (Si = 3.18 a.p.f.u.,
xNa = 2, xMg = 59) occurs in aggregates dominated by chlorite (xMg = 53–54, Figure 5f). Chlorite often
surrounds biotite stripes and chlorite typically contains anhedral rutile inclusions sometimes aligned with its
cleavage (Figure 5f). Anhedral porphyroblasts of garnet (up to 3 mm large, Figures 5e and 6b) are weakly zoned in
the core, but has a strong retrograde zoning in the rim (Alm = 62→68, Grs = 2–3, Prp = 29→18, Sps = 6→11,
xMg = 31→20, Figure 6b) and contains inclusions of quartz, muscovite (Si = 3.14 a.p.f.u., xNa = 3, xMg = 36),
biotite, rutile, chlorite, monazite and in the rim inclusions of sillimanite (Figures 5e and 6b). Accessory minerals
are apatite, graphite, rutile, monazite, xenotime and zircon. Migmatization in this sample is supported by the
presence of K‐feldspar and absence of primary muscovite.

Sample PS084E is a coarse‐grained sillimanite–garnet–biotite paragneiss (Figures 5g–5j). The S2 foliation is
defined by the alignment of matrix biotite (xMg = 34–37, Ti = 0.12–0.30 a.p.f.u.) and sillimanite needles or
aggregates. Major felsic minerals in the matrix are plagioclase (Ab = 73–86, An = 14–26, Or = 0–1) and quartz.
Garnet porphyroblasts are up to 1 cm large, they are rich in inclusions and exhibit a strong zoning pattern
(Alm = 74→81, Grs = 12→4, Prp = 12→19→18, Sps = 2→1→2, xMg = 14→21→14, Figure 6c). Garnet

Figure 5. BSE images of selected samples. (a) S2 foliation defined by alignment of biotite and aggregates of K‐feldspar,
plagioclase and quartz (PV236C). (b) Garnet porphyroblast with inclusions of quartz, ilmenite and monazite, note cracks
filled by K‐feldspar (PV236C). (c) Greenschist‐facies assemblage (chlorite, epidote, muscovite, titanite) in a retrogressed
gneiss in the vicinity of contact with Lake Zone (PV205B). (d) S2 foliation bearing sillimanite, K‐feldspar and biotite,
sillimanite is replaced by muscovite along cracks (PS071F). (e) Zoom to garnet porphyroblast with inclusions of muscovite,
chlorite and quartz and tiny sillimanite in the garnet rim, sillimanite surrounding garnet is replaced by muscovite (PS071F).
(f) Chlorite‐muscovite aggregate with relic biotite stripes and rutile formed probably during biotite breakdown (PS071F).
(g) Typical inclusions in the rim of the garnet porphyroblast (PS084E). (h) Sillimanite is on the edge and along cracks
replaced by muscovite and has ilmenite inclusions, ilmenite encloses sillimanite and relics of rutile (PS084E). (i)–(j)
Products of biotite breakdown are chlorite, ilmenite and muscovite.
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Figure 6. BSE images (right) of garnets and corresponding zoning profiles (left). Note graphite in BSE image in (c).
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inclusions (Figure 5g) are quartz, biotite (xMg = 47–50, Ti = 0.21–0.30 a.p.f.u.), plagioclase (Ab = 67–87,
An= 4–33, Or= 0–9), muscovite (Si= 3.03 a.p.f.u., xNa= 5, xMg= 40) and tiny chlorite (xMg= 34–51). Rutile
is enclosed preferentially in the garnet core, while sillimanite and ilmenite occur in the garnet rim. Muscovite
(Si = 2.99–3.11 a.p.f.u., xNa = 4–7, xMg = 31–52) is present also in the matrix as weakly oriented flakes or as
fine‐grained aggregates in between anhedral feldspars and as elongated aggregates surrounding sillimanite
(Figure 5h). Muscovite and chlorite flakes are in the matrix spatially related to biotite (Figures 5i and 5j). Chlorite
(xMg = 42) typically contains ilmenite inclusions aligned parallel to the cleavage of chlorite. Ilmenite is in the
matrix, but also as inclusions in sillimanite, where it contains euhedral sillimanite inclusions and tiny rutile
anhedral pods (Figure 5h). The accessory phases are apatite, graphite, monazite and zircon.

5. P–T Modeling
Three samples have been modeled to obtain peak P–T conditions (PV236C, PS071F, and PS084E). All of the
studied samples have migmatitic macroscopic features. We present results of garnet–sillimanite paragneiss
PS071F and PS084E from the eastern and central part of the Khavchig Complex. Sillimanite‐free sample PV236C
is not shown, but gives overlapping P–T conditions.

For rocks formed at the P–T conditions above the wet solidus, the critical constraint affecting phase equilibria and
the amount of melt is the water content. The calculations were done with c. 1 mol% of H2O for PS071F and c.
2 mol% of H2O for the sample PS084E, which allows stability of a very low amount of melt at calculated P–T
conditions. Because even a small volume of melt escapes from the partially molten rock, such approach
models the situation at peak temperature conditions, where rock is in equilibrium with small amount of generated
melt (close to liquid‐in line) and at the same time re‐equilibration of a rock by hydration on a retrograde path is
prevented. The prograde part of the rock evolution can not be constrained, because an unknown amount of melt
has been lost and the bulk rock composition was therefore different. Some samples contain muscovite, rutile and
chlorite inclusions in the garnet cores that may represent prograde stage, but large stability of these minerals in P–
T space does not help to sufficiently constrain P–T conditions. Chlorite replacing matrix biotite and muscovite
filling sillimanite cracks or replacing feldspars are considered as small‐scale disequilibrium features related to
hydration of the rock on a retrograde path whose P–T conditions can not be further constrained by pseudosection
modeling (local equilibrium). Detailed methodology for phase equilibria modeling is provided in Supporting
Information S1.

The peak assemblage Grt–Sil–Bt–Kfs–Pl–Rt–Qtz–L of the sample PS071F corresponds to the field at c. 760–
800°C and 0.7–0.9 GPa, bounded by kyanite occurrence at higher pressure, ilmenite stability at lower pressure,
absence of melt at lower temperature and breakdown of sillimanite at higher temperature (Figure 7a) and is
compatible with garnet core composition (xMg= 29–31, Grs= 2–3, Sps= 6, Figure 7b). Retrograde path marked
by decreasing xMg and increasing Sps in the garnet rim is schematically shown by an arrow in Figures 7a and 7b.

For the sample PS084E, the peak assemblage Grt–Sil–Bt–Kfs–Pl–Ilm–Qtz–L corresponds to the field at c. 760–
800°C and 0.5–0.8 GPa, bounded by rutile occurrence at higher pressure, cordierite stability at lower pressure,
absence of melt at lower temperature and breakdown of biotite at higher temperature (Figure 7c). The composition
of the garnet rim (xMg = 21, Grs = 4, Sps < 2) with sillimanite and ilmenite inclusions is compatible with this
field and grossular content favors rather its higher‐pressure part (c. 0.7–0.8, GPa, Figure 7d). Decreasing xMg and
on the edge of the garnet rim is schematically shown by an arrow in Figures 7c and 7d and is interpreted as
retrograde re‐equilibration of the grain. K‐feldspar is minor in the sample, probably due to its later replacement by
muscovite on a retrograde path.

6. U–Pb Monazite and Xenotime Dating
6.1. Methods

All monazite and xenotime grains have been analyzed in situ, using U–Pb ICP‐MS dating. Samples PV236C,
PS084E, and PS071F have been analyzed by Laser Ablation Split Stream (LASS) allowing simultaneous mea-
surement of isotope ratios and element concentrations from the same volume of material. The LASS technique
was not used for the sample PV229M; standard in situ dating was used instead. Detailed methodology is provided
in Supporting Information S1 and analytical data in Table S2.
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6.2. Results of U–Pb Monazite and Xenotime Dating

Sample PV229M is from the key outcrop PV229. It is derived from a boudinaged leucogranite dike, subparallel to
the S2 fabric. The sample is composed of plagioclase, K‐feldspar, quartz and accessory garnet, monazite and
xenotime. Xenotime is euhedral to subhedral, up to 40 μm in size and shows oscillatory or sector zoning in BSE
images (Figure 8a), monazite is subhedral to anhedral, up to 30 μm large and has sector or oscillatory zoning, but
sometimes is structureless. Fourteen spots have been analyzed from five monazite grains, six of which gave a
concordia age 497.2 ± 2.9 [5.8] Ma, which overlaps with intercept age 498.1 ± 2.5 [5.6] Ma (Figure 8a). Eleven
spots have been measured in three xenotime grains, eight of which are concordant (502.2 ± 5.5 [7.4] Ma),
overlapping within error with the intercept age 505.0 ± 5.4 [7.4] Ma for the whole group (Figure 8b).

In the sample PV236C (Figures 9a–9c, and 10a), 51 spots have been analyzed from 14 monazite grains located in
the matrix or enclosed in the garnet. Monazite grains are rounded to subhedral, 20–40 μm large and weakly zoned
with decreasing Y from the core to the rim (Figure 9a). There is no dependence of the age of the spots and the Y
content (Figure 9b), but Y and HREE content correlate well with Eu (Figures 9a–9c and 10d). The grains in the
garnet inclusions have rather high Eu, Y and HREE contents (Figures 9b, 9c, and 10d), but not a significant
difference in age. The sample gives a single age group, with the lower intercept age of 502.0 ± 2.5 [5.6] Ma
(Figure 10a). The discordant analyses are distributed along the corresponding Stacey‐Kramers common lead trend
and their intercept age overlaps with the age of concordant spots.

Figure 7. P–T pseudosections and garnet compositional isopleths of the sample PS071F (a, b) and PS084E (c, d). Inferred P–
T conditions are highlighted by the ellipse. Bulk rock composition is in mol%. Melt is marked L.
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Monazites in the sample PS71F are located in the matrix or occur as garnet inclusions. They are subhedral to
anhedral, rounded and up to 60 μm in size (Figure 9d). Internal structure characterized by Y‐zoning is non
systematic, generally demonstrating Y‐rich cores, and Y‐poor rims. Sometimes the cores show Y‐rich annuli,
while rims may have Y‐rich apophyses (Figure 9d). There is no relation of age of the spot to the enclosing mineral
(Figure 10d) nor in relation to Eu, Y or HREE content (Figures 9d–9f). Seventy‐nine spots have been analyzed
from 17 monazite grains, the discordant analyses are distributed along the corresponding Stacey‐Kramers
common lead trend and their intercept age overlaps with the age of concordant spots at 494.3 ± 1.8 [5.3]
(Figure 10b).

In the sample PS84E, 69 spots have been analyzed from 13 grains located in the matrix or enclosed by garnet and
sillimanite (Figure 10d). The monazite crystals are usually rounded or with irregular grain boundaries, 20–80 μm
large and have patchy Y‐zoning (Figures 9g–9i). There is no correlation between the textural position of the
monazite, its REE composition, Y content or age (Figures 9g–9i and 10d). The monazite ages define a single age
group with the lower intercept age 503.3 ± 1.7 [5.3] Ma (Figure 10c). The discordant analyses are distributed
along the corresponding Stacey‐Kramers common lead trend and their intercept age overlaps with the age of
concordant spots.

7. 40Ar/39Ar Dating of Amphibole and Biotite
7.1. 40Ar/39Ar Methodology

The samples chosen for 40Ar/39Ar dating were collected in the Khavchig and Zalaa Uul complexes. The basic
description and mineral assemblages are provided in Table 1. Detailed methodology is provided in Supporting
Information S1 and analytical data in Table S3.

Figure 8. Monazite and xenotime in syntectonic leucogranite (sample PV229M). (a) Internal zoning in BSE. (b) Terra‐
Wasserburg concordia plot of analysed monazite spots. (c) Terra‐Wasserburg concordia plot of analysed xenotime spots.
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7.2. Results

Coarse‐grained undeformed metagabbro PV210 (Zalaa Uul Complex, Figure 11a) provides saddle‐shaped age
spectra of amphibole grains whose pseudo‐plateau ages calculated from their bases are strongly discordant, at
605.5 ± 4.5 Ma and 539.3 ± 3.5 Ma. The apparent ages of their fusion steps are also discordant and correlatively
higher, at c. 638.6Ma and c. 611.3Ma, respectively. The 37ArCa/

39ArK spectra (
37ArCa/

39ArK= (CaO/K2O)/2.179
according to Deckart et al., 1997) also have saddle shapes that roughly mimic those of the age spectra. The
amplitude of these saddles is broadly correlated with that of the age spectra. The 37ArCa/

39ArK ratios of their
saddle bottoms are c. 42–48 versus c. 31–35, respectively, while the ratios of the high temperature steps are
broadly consistent at c. 125–130. These 40Ar/39Ar data reflect the partial recrystallization of a calcic amphibole
(37ArCa/

39ArK ≥ 130) older than c. 640 Ma into a more potassic amphibole (37ArCa/
39ArK ≤ 30) younger than c.

540 Ma (see Supporting Information S1). The overlap of their degassing domains does not allow further clari-
fication of their respective ages.

Amphibolite PV205 (Zalaa Uul Complex, Figure 11b) is strongly deformed and retrogressed by chlorite
(Table 1). The two amphibole age spectra are highly disturbed, but have rather flat 37ArCa/

39ArK spectra (c. 8–10).
There is therefore a partial decoupling between the behavior of the radiogenic system (K/Ar) and the crystalline
(Ca/K) system. The only information that seems reasonable is that provided by the high temperature steps which
suggest that the above‐mentioned retrogression affects material at least as old as c. 712 Ma (see Supporting
Information S1).

Figure 9. Monazites textures, age versus Y plots and chondrite normalized REE patterns of samples PV236C (a)–(c), PS071F
(d)–(f), and PS084E (g)–(i). Orange and blue groups are were classified based on Eu using cluster analysis, the color coding
is identical for (b, e, h) and (c, f, i).
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The amphibole from amphibolite PV219 (Zalaa Uul Complex, Figure 11c) allows the calculation of a pseudo‐
plateau age at 470.0 ± 2.1 Ma in the high temperature steps, although it is strongly affected in the low tem-
perature steps by degassing of younger crystalline phases characterized by lower Ca/K ratios, possibly related to
alteration. The high temperature segment is representative of amphibole degassing, as suggested by the corre-
sponding segment in the 37ArCa/

39ArK spectrum, whose ratio increases steadily from c. 7.5 to c. 10.

The amphibole from the PV226 migmatitic paragneiss (Khavchig Complex, Figure 11d) yields a plateau age of
487.0± 2.0 Ma. The 37ArCa/

39ArK spectrum is globally flat with ratios increasing slightly from six to eight during
degassing of the amphibole. In contrast, the biotite spectrum has a staircase shape with apparent ages increasing
during the degassing of the mineral, from c. 480.5 Ma in the low temperature domain to a high‐temperature
apparent age of 499.7 ± 2.6 Ma. The low temperature steps at c. 480 Ma are associated with a degassing peak
superimposed on the main biotite degassing peak (Supporting Information S1).

Figure 10. Terra‐Wasserburg concordia plots of monazites for samples (a) PV236C, (b) PS071F, (c) PS084E. (d) REE
characteristics of analysed spots. Color‐coding in the Eu versus Yb/Gd plots corresponds to the enclosing mineral and size
corresponds to the age.
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The age spectrum of amphibole from amphibolite PV224 (Khavchig Complex, Figure 11e) allows the calculation
of a plateau age at 488.2 ± 2.0 Ma. The corresponding flat segment in the 37ArCa/

39ArK spectrum shows slightly
increasing ratios from six to eight, confirming that the calculated age is related to amphibole degassing. The hump
shape of the age spectrum suggests an interaction between two radiogenic components of different ages as
described in Supporting Information S1.

The biotite age spectrum of the PV235 paragneiss from the Khavchig Complex (Figure 11f) is staircase‐shaped,
with apparent ages increasing steadily from 458.1 ± 4.2 Ma to 469.7 ± 2.7 Ma during the degassing of the
mineral. It suggests the coexistence of two distinct radiogenic components (see Supporting Information S1).

8. Discussion
8.1. Interpretation of U–Pb Dating and Relationship to the Main Migmatitic Event D2–M2

Detailed investigation of the studied area revealed that the rocks record one dominant deformation and meta-
morphic event D2–M2, which is documented well in the structural, metamorphic and phosphate geochronological
data. Despite the area preserves also relics of older evolution, they are nearly completely obscured by the
dominant event D2–M2. Younger deformation events weakly modified the fold pattern and caused insignificant
and static mineral growth, therefore we will focus mainly on the main event D2–M2.

Typical mineral assemblage defining the pervasive migmatitic fabric S2 representative for metapelites of the
Khavchig Complex is biotite–garnet (Mg‐rich, Ca‐poor)–plagioclase–quartz–ilmenite ± K‐feldspar ± silli-
manite. P–T modeling of related M2 metamorphism revealed that S2 formed at high temperature in the range of
760–800°C, thus far beyond the solidus of many rock types. Such peak temperature is accompanied with
enhanced diffusion processes and together with deformation are capable of recrystallization of pre‐peak mineral
assemblages, modification of chemistry of minerals and may even open geochronological isotopic systems. On a
prograde path, the first garnet starts to grow with significantly different composition than it has at partial melting

Figure 11. 40Ar/39Ar geochronology. (a) Metagabbro PV210. (b) Amphibolite PV205. (c) Amphibolite PV219. (d) Biotite‐
amphibole gneiss PV226. (e) Amphibolite PV224. Gneiss PV235.
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conditions (e.g., Štípská et al., 2020). Therefore the chemically homogeneous and smaller garnets of the samples
PV236C and PS071F (<2 mm) can be interpreted as a product of peak temperature overprint of the original
prograde zoning (i.e., still preserved in the >5 mm large garnet in the sample PS084E).

The U–Pb dating of phosphates yields homogeneous single‐peak Cambrian ages. Because the protoliths of the
migmatites are Neoproterozoic (Bold et al., 2016; Soejono et al., 2025), the monazite ages are interpreted in terms
of the metamorphic evolution of the area. U–Pb dating of monazite in three paragneiss samples gives uniform
ages. Two samples in the west give overlapping ages in the range of c. 505–500 Ma, while the eastern sample
gives a slightly younger age around c. 494 Ma. There is no significant difference between the age of the monazite
enclosed in garnet and sillimanite porphyroblasts or in the matrix, nor in relation to their relatively variable REE
pattern. Additionally the grains have complex textures (visible in Y maps in Figure 9) pointing to the complex
recrystallization processes of the grains, but all spots yield overlapping ages within error (single spot has an error
of>10Ma, see Supporting Information S1). Same age for grains which are inclusions in porphyroblasts as well as
for grains in the matrix also suggests that there was no significant low‐grade overprint nor preserved prograde
stage (both leading to matrix younger than inclusions). The homogeneity of the U–Pb ages is in agreement with
the high‐temperature environment which may lead to opening of the U–Pb isotopic system, but keeping the
chemical record of multistage growth and recrystallization. Decoupling of the age systematics from the chemical
record of the grains is common in monazites and has been described in many situations (e.g., Grand’Homme
et al., 2016; Jouvent et al., 2023). Such observations underline the interpretation that the late Cambrian age re-
flects the timing of the major anatectic event D2–M2. Whether the different textural domains formed during the
relatively short‐lived single process (corresponding to the D2–M2 event) or whether some of the zoning represents
older grains whose age was reset during the D2–M2, can not be resolved.

The only exception is sample PV236C, where HREE correlates with Eu anomaly (Figures 9a–9c and 10d). The
Yb/Gd ratio in monazite is usually linked to the garnet, which strongly partitions HREE. Simultaneous garnet and
monazite growth yields low HREE, while garnet breakdown produces high HREE ratio in monazite (e.g., Rubatto
et al., 2013). Analogously, the Eu content in monazite is dependent on the relationship to feldspar, which par-
titions Eu. When monazite grows after or together with feldspar, monazite is depleted in Eu, when feldspar breaks
down or is absent in the assemblage, the Eu anomaly in monazite is missing (e.g., Wang et al., 2015). In the case of
sample PV236C, the occurrence of K‐feldspar at the expense of muscovite is probably the key reaction affecting
the Eu systematics. Therefore the low Eu associated with low HREE can be interpreted as a high‐temperature
monazite growth (HREE partitioned to garnet, K‐feldspar produced at the expense of muscovite). Higher Eu
and higher HREE content can be interpreted either as an older or prograde stage (lower garnet mode, absence of
K‐feldspar in the assemblage), or post‐peak growth due to decreasing garnet mode and decreasing mode of K‐
feldspar. However pre‐ or post‐peak timing of the lower Eu and lower HREE monazite growth can not be
assessed because it is within the error of the U–Pb dating method.

Another perspective comes from the key outcrop PV229 showing variable relationships of leucogranite dikes to
the S1 and S2 fabrics. Some of them are parallel to S1, others occur as folded leucogranite dikes with axial planes
parallel to S2 and some dikes are subparallel to S2 and commonly boudinaged. Such structural relationships are
typical examples of pre‐ to syn‐D2 emplacement of melts that can be therefore considered as partial melts of the
high‐grade M2–D2 event. The dated boudinaged dike of the leucogranite from this outcrop contains oscillatory‐
zoned monazite and xenotime, typical for magmatic origin (e.g., Broussolle et al., 2015; Rubatto et al., 2013;
Schulz, 2021; Townsend et al., 2001). In places, the oscillatory‐zoned monazite and xenotime cores are sur-
rounded or embayed by BSE‐structureless rim (Figure 8a), indicative of dissolution‐precipitation process (e.g.,
Kelly et al., 2012 and references therein). However, both texturally different domains in these monazite and
xenotime grains give within the error indistinguishable ages (ranging c. 510–495 Ma for xenotime and c. 500–
495 Ma for monazite), suggesting a (re)crystallization of grains in the dike within the resolution of the U–Pb
dating method. Similarly, the chemically distinct monazite cores, embayments and rims in gneiss samples pro-
vide within the error comparable ages (Figures 9 and 10). Therefore we conclude that crystallization of monazite/
xenotime from melt, and/or metamorphic crystallization and their subsequent metamorphic modification
occurred in a short time interval and indicates semi‐contemporaneous magmatic and metamorphic processes
during the peak of M2–D2.
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8.2. Tectonic Evolution of the Altai Area

The tectonic evolution of the studied rocks can be divided into several stages that can be partially linked with the
identified deformation events D1–D4. They are recorded in the rocks at various intensities and the sequence of
major events is illustrated in Figure 12.

The evolution of the area started with the deposition of the oldest members of the volcano‐sedimentary Khavchig
Complex, prior to the intrusion of the Zalaa Uul Complex (c. 830–700 Ma), and with sedimentation continuing
later on (Figures 12a and 12b). The first metamorphic fabric S1 occurs both in the Zalaa Uul Complex and
Khavchig Complex and marks the existence of an early D1 event (Figure 12c). However, the U–Pb ages presented
in this work do not contain any age group older than M2–D2. This may result from complete recrystallization of
any potential M1 monazite under high temperature duringM2 event (>750°C). Alternatively, it can also reflect the
low‐temperature conditions of M1, insufficient to form monazite. The S1 fabric had to be formed sometime before
the late Cambrian because the S1 fabric is present in the late Cambrian Zalaa Uul Complex but is missing in the

Figure 12. Schematic sequence of main events in the studied area. (a) Passive margin sedimentation (extension). (b) Intrusion
of Zalaa Uul Complex into the passive margin sequence. (c) Formation of S1 fabric with unknown orientation at unknown
time between Tonian intrusion of Zalaa Uul Complex and Cambrian deformation. (d) Main deformation and metamorphic
event M2–D2. (e) Post‐metamorphic folding of the whole sequence. Color coding as in Figure 1c.
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Tonian Teeg Uul Complex. However, no specific constraints on the earliest deformation stage can be obtained
from this study.

Fold axes L2 show variable orientations in the stereonet (Figure 3) with a subvertical NNE plunging maximum,
suggesting possibly steep orientation of S1 prior to the D2 event. However, the reconstruction of the original
orientation of fabric before the superposed event is problematic when the younger fabric records a high strain. It
has been shown that fold axes are prone to rotation into the stretching direction of the younger event (e.g., Alsop
et al., 2010; Carreras, 2001; Peřestý et al., 2020). This would imply that in our case it was rather the D2 stretch that
was subvertical. Orientation of S1 fabric in Figure 12c is therefore only schematic.

The M2 event also led to a near‐complete recrystallization of M1 mineral assemblages. The exception is the
sample PS084E, which preserves a relic metamorphic stage represented by Ca‐rich cores of large garnet por-
phyroblasts enclosing rutile, muscovite and chlorite. As argued in the P–T modeling section, quantitative esti-
mates of P–T conditions are not reasonable. However, qualitative behavior of metapelitic systems indicate that
relics of prograde stage are typical for subsolidus conditions and rather LT–HP metamorphic environments. It
should be emphasized, that any direct link of these assemblages to the S1 fabric is uncertain, and they can similarly
represent only a prograde stage of the M2 metamorphism.

On the other hand, the late Cambrian pervasive migmatization M2–D2 is well constrained (Figure 12d). The
melting was clearly syn‐kinematic with the S2 fabric and the range of monazite and xenotime ages may be
interpreted as the time span of the high‐temperature conditions (c. 510–495 Ma). The Teeg Uul orthogneiss,
which intruded at c. 503 Ma into the partially molten environment, is also penetratively reworked by D2
deformation, indicating that large magmatic portions have been emplaced during the course of D2–M2. The
pressure estimates around 0.55–0.80 GPa place the M2–D2 to a depth level of c. 20–30 km, into the middle crust
with elevated metamorphic gradient in the range of 25–40°C/km. The S2 fabric was folded at the km‐scale by F3
folds (Figure 3), but the S2 limbs remained uniformly subvertical suggesting that the pre‐D3 orientation of the S2
fabric was also subvertical as shown in Figure 12d.

Since the main syn‐intrusive migmatitic fabric is subvertical, an extensional regime that can cause the necessary
heating of the middle crust is rather unlikely and an external heat source is required. The best possible source of
heat is the advection from the voluminous late Cambrian magmatism, which was attributed by Soejono
et al. (2023) to the protracted activity of the vast Ikh Mongol Arc system from c. 525 to 480 Ma (Janoušek
et al., 2018). The absence of any deformation fabric associated with overprinting mineral assemblages suggests
that the cooling of the massif occurred probably in a static environment. On the other hand, the heterogeneously
developed static retrogression characterized by a replacement of sillimanite and K‐feldspar by fine‐grained
muscovite aggregates, replacement of biotite by chlorite + ilmenite/rutile ± muscovite and secondary chloriti-
zation of garnet along cracks can be correlated with some of the later stages of the post‐M2–D2 cooling.

The last deformation increments are associated with D3 and D4 folding (Figure 12e), which seem to take place at
(sub)greenschist‐facies conditions, and without any clear mineral growth that would form a new mechanical
anisotropy in the rocks. The age of these two events is unknown, but they may be responsible for the final
thickening of the crust, causing erosion of the hanging wall of the mid‐crustal migmatites. Events D3 and D4 may
also cause the relatively widespread retrogression of mineral assemblages to the southwest toward the contact
with the Lake Zone and along the northern boundary fault as shown in Figure 1c.

8.3. Interpretation of Ar–Ar Data

The data set produced by the 40Ar/39Ar experiments is highly heterogeneous. For interpretation we use only the
plateau ages of amphiboles from samples PV219, PV226, and PV224 and the high temperature pseudo‐plateau
age of the staircase age spectrum of biotite from sample PV235. Discussion and possible interpretation of sec-
ondary disturbances of all the samples is provided in Supporting Information S1.

The amphiboles yielding plateau ages are located in the central (PV226, PV235) and eastern (PV219 and PV224)
parts of the study area. Their isotopic closure ages of c. 490–485Ma (but down to c. 470Ma in the far east) are 15–
20 Myr younger than the nearby monazite ages. They are therefore best interpreted as cooling ages of the rocks,
reflecting the effective closure of the amphibole crystal lattice to 40Ar* diffusion (to c. 550–650°C, see discussion
in Tremblay et al., 2020) from the peak temperature conditions of M2 (>750°C). The high temperature pseudo‐
plateau age of c. 470 Ma provided by biotite from sample PV235, with an isotopic closure temperature usually
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accepted in the range of 350–450°C (see discussion in Tremblay et al., 2020), can also be interpreted as a cooling
age. It should be noted that the concept of isotopic closure temperature should be treated with caution (see
comment in Supporting Information S1).

8.4. Cooling History Tested Against Thermal Model

In the study area, the cooling of the high‐grade complex is constrained by U–Pb monazite and 40Ar/39Ar dating of
minerals with contrasting blocking temperatures (Figure 13). The observed cooling history is tested against a one‐
dimensional thermal numerical model using the ASPECT code (Bangerth et al., 2022; Heister et al., 2017;
Kronbichler et al., 2012). The model is described in more detail in Supporting Information S1, where several
cooling regimes were tested (different initial geotherms together with different erosion rates under shortening,
under extension, and without deformation).

In the calculations, we consider the data from the most‐explored central part of the Khavchig Complex. The U–Pb
ages of phosphates around c. 500 Ma (PV236C, PV229M, Figure 13a) reflect the thermal peak above 700°C,
followed by amphibole 40Ar/39Ar age of c. 490–485Ma (PV226, Figure 13a) using blocking temperatures c. 450–
600°C and biotite age of c. 470–460 Ma (PV235, Figure 13a) using blocking temperature c. 300–450°C. We
intentionally consider wide ranges of blocking temperatures as they are dependent on various (and generally
unknown) parameters, as described in Supporting Information S1. The aim is not to find as precise cooling history
as possible, but to identify feasible first‐order cooling scenarios.

The results show that if we assume thermal relaxation of an elevated arc‐like geotherm without deformation and
without erosion from the depth of c. 25 km inferred from peak pressure conditions (Figures 13b and 13c), the
cooling in later stages is too slow compared to the data (Figure 13a, blue dashed line). On the other hand, taking
into account relatively conservative erosion rates around c. 0.3 mm yr− 1 the model reproduces the observed data

Figure 13. Cooling history of the area. (a) Modeled cooling history with starting depth 25 km and variable erosion rates.
(b) Initial geotherm (dashed violet) and its relaxation after 40 Myr with erosion (black) and without erosion (gray).
(c) Temperature‐depth for erosion rate 0.3 mm yr− 1 and without erosion. Gray regions show variations for samples with
initial depth of 24–26 km.
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well. If the lateral shortening, corresponding to D2 phase, is taken into account, the cooling rate decreases
(Supporting Information S1). Such a situation corresponds well to the early stages of thermal evolution but is
incompatible with the late stages. In contrast, if an extensional regime is considered, the cooling is faster
(Supporting Information S1), which could theoretically explain the data for the late stages. However, extension is
not supported by the geological observations presented in this paper. To sum up, the observed temperature‐time
data are compatible with the cooling of an arc undergoing shortening in the early stage andmoderate erosion in the
late stage.

8.5. Regional Correlations With Late Cambrian Orogens in CAOB

This work describes the contractional MP–HT event associated with the intrusion of Ikh Mongol Arc granitoids
along the southern margin of the Zavkhan Block. However, it is important to note that the intrusion of these
granitoids was preceded by the HP–LT event in the nearby Urgamal region at the western margin of the Zavkhan
Block. There, c. 520 Ma eclogites with estimated P–T conditions of ∼2.2 GPa and 560°C were interpreted as a
part of a large subduction wedge (Zhu et al., 2023). Similar P–T conditions of ∼2.0–2.2 GPa and 590− 610°C for
Zamtyn Nuruu eclogites dated to c. 535 Ma, spatially related to Ikh Mongol Arc granitoids, were reported from
the southern border of the Baidrag Block (Buriánek et al., 2017; Skuzovatov, 2021; Štípská et al., 2010). Alto-
gether, the occurrences of HP rocks along the external margins of the Zavkhan and Baidrag blocks point to the
existence of c. 535–520Ma oceanic suture, discontinuously intruded by the IkhMongol Arc granitoids associated
with granulite to amphibolite‐facies metamorphism at around 510–470 Ma.

The tectonometamorphic evolution of the southern margin of the Zavkhan Block can be correlated with tectono‐
metamorphic records in other parts of the Mongolian Collage (Figure 14). The existence of c. 530 Ma MP/HP
metamorphism preceding the HT–LP metamorphism was reported for the Moren Complex of the Tuva‐Mongolia
Block by Kozakov et al. (2019). Subsequent HT–LP granulite‐facies metamorphism, widespread migmatization
and granitic magmatism have been identified in the Erzin Zone at the western margin of the Tuva‐Mongolia

Figure 14. Geological map showing the proposed of Cambrian–Ordovician magmatic and metamorphic rocks (red). The continuation of the belt along Ereendavaa block
is speculative due to the lack of data. Modified after Li et al. (2023a, 2023b). Top left inset is a compilation of available P–T estimates for c. 500 Ma high‐grade
metamorphism in Khondalite belt, Tuva margin and Sayan‐Baikal belt (Guo et al., 2014; Lu et al., 1996; Ota et al., 2002; Volkova & Sklyarov, 2007; Volkova
et al., 2005; Yang et al., 2020; Yang, Yang, et al., 2021; Yang, Zheng, et al., 2021).

Tectonics 10.1029/2024TC008437

PEŘESTÝ ET AL. 20 of 30

 19449194, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024T

C
008437 by C

ochrane France, W
iley O

nline L
ibrary on [30/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Block. There, the age of the thermal peak has been determined by U–Pb zircon dating of syn‐tectonic granitoids to
c. 510–490 Ma (Karmysheva et al., 2017, 2021; Kozakov et al., 1999) and 490 ± 2 and by 477 ± 6 Ma U–Pb
zircon ages of syn‐collisional granites from the Dzhida Zone (Gordienko et al., 2012). This event was inter-
preted to result from the collision with the Tannuola‐Khamsara island‐arc system (Karmysheva et al., 2021;
Kozakov et al., 2001).

The comparable late Cambrian–early Ordovician event is well documented in the Sayan–Baikal Belt flanking the
southern margin of the Siberian Craton (Donskaya et al., 2000). The emblematic example, the Olkhon Terrane,
shows peak pressure conditions of 0.7–1.1 GPa at 770–877°C for the granulite‐facies metamorphism of the
Chernorud Zone and∼0.6–0.8 GPa at 630–710°C for the amphibolite‐facies Anga‐Sakhurta Zone dated at c. 507–
470 Ma (Donskaya et al., 2017; Gladkochub et al., 2008; Li et al., 2009; Sklyarov et al., 2020).

However, Li et al. (2023a) proposed that the prograde metamorphism of the granulite‐facies rocks of the Olkhon
Terrane started already at c. 535 Ma as also indicated by c. 530 Ma age of adjacent migmatites (Vladimirov
et al., 2011). This metamorphic event can be correlated to deposition of youngest c. 530 Ma detrital zircons of the
Anga‐Sakhurta Zone (Donskaya et al., 2017, 2022) together with deposition of c. 540–530 Ma detritus in the
foreland basin of the Siberian platform (Motova et al., 2024). Temporal coincidence between the sedimentation
and metamorphic processes corresponds well to models of erosion of extruded orogenic cores both at the pro‐ and
retro‐side of orogenic wedges (Malavieille, 2010; Willett, 1999). Li et al. (2023a) further reported that the
granulites and migmatites of the Olkhon Terrane reached peak pressure conditions of 0.8–0.9 GPa at c. 500 Ma.
This finding corroborates with c. 500 Ma age for syn‐tectonic granite from the Derba Zone (Nozhkin et al., 2005)
and c. 495Ma syn‐tectonic granite from the Khamar Daban Complex of the Sludyanka Zone (Barash et al., 2006).
Finally the granulites and migmatites of the Olkhon Terrane were affected by a second phase of HT–LP meta-
morphism at ∼0.5 GPa at around 470–440 Ma associated with regional syn‐extensional mafic and granitic
magmatism dated by zircon and monazite at c. 475–445 Ma (Fedorovsky et al., 2010; Makrygina et al., 2014;
Mikheev et al., 2017). The tectonic evolution of the Olkhon terrane was terminated by c. 430–400 Ma sinistral
shearing at greenschist‐facies as indicated by numerous Ar–Ar cooling ages (Fedorovsky et al., 2020; Li
et al., 2023a; Travin et al., 2009; Vladimirov et al., 2011).

The late Cambrian granulite‐facies metamorphism has been documented in high‐grade gneisses outcropping in
the Erguna, Songliao, Xing'an, Jiamusi and Khanka microcontinental blocks of the eastern CAOB (e.g., Wilde
et al., 2000; Zhou &Wilde, 2013; Zhou, Wilde, Zhang, Ren, & Zheng, 2011; Figure 14). These occurrences were
collectively assigned to the “NE China Khondalite Belt” and interpreted as an eastern continuation of the Sayan–
Baikal metamorphic belt (Wilde, 2015; Zhou, Wilde, Zhang, Zhao, et al., 2011). There, the granulites of the
Mashan Complex of the Jiamusi Massif show a clockwise P–T path with peak pressure ∼0.74 GPa at 800–850°C
and retrograde conditions at the stability field of cordierite at 0.45–0.55 GPa (Jiang, 1992; Yang et al., 2022,
2023). Amphibolite‐facies conditions of 550–650°C and 0.6–0.7 GPa dominated less metamorphosed parts of the
massif. Very important was the discovery of blueschists (0.9–1.1 GPa at 320–450°C) cross‐cut by a granite dikes
dated at c. 490 Ma, and cropping out on the southern margin of the Erguna Block (Zhou et al., 2015). The age of
blueschist facies metamorphism was indirectly constrained at c. 510–490 Ma, and indicates a HP event preceding
the metamorphic reequilibration associated to early Ordovician magmatism. In summary, the geochronological
data of granulites and granitoids of the 1,300 km long Khondalite Belt shows a relatively short interval of
metamorphic and magmatic activity ranging from c. 500 to 480 Ma (Zhou, Wilde, Zhang, Ren, & Zheng, 2011;
Zhou, Wilde, Zhang, Zhao, et al., 2011; Zhou et al., 2010; Yang et al., 2022), with an age peak at c. 495 Ma in the
Xing'an, Erguna and Jiamusi blocks, and c. 520–480 Ma interval for the southernmost Khanka Block.

This data is compatible with the Zavkhan margin, which shows c. 500 Ma age of the thermal peak and short c.
520–480 Ma orogenic and cooling history. In addition, the continental blocks forming the southern part of the
Mongolian Collage (Tuva‐Mongolia, Zavkhan, Baidrag) show remarkable similarity in the age of the late Tonian
and Cambrian–Ordovician magmatic complexes with the continental blocks of the NE China (Erguna, Xing'an,
Songliao, Jiamusi‐Khanka), indicating the same Rodinian break‐up and peri‐Siberia active margin events
(Soejono et al., 2023). These blocks also show large similarity in presence of Mesoproterozoic and Neoarchean
zircon peaks (Zhou et al., 2018).

Altogether, the short‐lived two‐stage c. 530–480 Ma metamorphic and magmatic evolutions of the Zavkhan,
Baydrag and Tuva‐Mongolia are not compatible with long‐lived and multi‐stage 530–400 Ma Sayan‐Baikal
orogen. On the other hand, the studied Khavchig Complex shows great similarity with the metamorphic
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conditions and timing of metamorphism in the NE China Khondalite Belt (Figure 14) and the Tuva‐Mongolia
Block further north. The existence of an early Cambrian eclogite wedge followed by short‐lived Cambrian–
Ordovician HT metamorphism and Japan‐type arc magmatism may indicate the existence of a single orogenic
belt extending from NE China through SW Mongolia toward Russia. This suggestion is not compatible with the
commonly proposed connection of the NE China Khondalite Belt with the granulite belt of the Sayan Baikal
Orogen (e.g., Wilde, 2015; Zhou et al., 2018). In contrast, our favored scenario corroborates an unconventional
model of contiguous S‐shaped string of Precambrian terranes forming the so‐called “Hingan” orocline in NE
China and Mongolian Orocline in west Mongolia (Yakubchuk, 2017). Similarly, Liu et al. (2023) proposed a
continuity of an early Paleozoic arc shaping the so‐called NE China Orocline (the Hingan orocline of Yakubchuk)
with the curved Ikh Mongol Arc in the west Mongolia.

8.6. Geodynamic Model of the Mongolian Collage Formation

The above‐discussed kinematics, P–T and geochronological constraints from the southern Zavkhan margin and
comparisons with other areas in the CAOB provide new insights into the geodynamic evolution of the Mongolian
Collage. Thus the proposed tectono‐thermal sequence is discussed here in a broader geodynamic context. The
original orientation, grade and age of the first metamorphic fabric S1, preserved in the rocks of the Khavchig
Complex and Zalaa Uul Complex, are unfortunately unknown due to later pervasive syn‐D2 reworking and
pervasive M2 metamorphism. We can only speculate whether the first and relictual metamorphic fabric may have

Figure 15. Paleogeography and tectonic model of the Zavkhan margin in frame of CAOB. (a) Late Cambrian peri‐Siberian
position of Mongolian microcontinents. (b) Interpreted late Cambrian cross section through B–Bʹ in (a).

Tectonics 10.1029/2024TC008437

PEŘESTÝ ET AL. 22 of 30

 19449194, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024T

C
008437 by C

ochrane France, W
iley O

nline L
ibrary on [30/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



formed during the Tonian to Cryogenian extensional event, documented by sedimentary and magmatic records
throughout the southwestern margin of the Zavkhan Block (Bold et al., 2016; Kovach et al., 2021; Levashova
et al., 2010; Soejono et al., 2023).

As described above, the overall supra‐subduction regime started at latest in the early Cambrian, as well‐
documented by occurences of c. 530 Ma HP rocks along the outer border of the Mongolian Collage. Forma-
tion of the giant Paleo‐Pacific subduction system (Figures 15a and 15b) and associated contraction of the whole
Mongolian Collage led to a closure of oceanic basins located between the Siberia and SE Asia‐type archipelago
(e.g., Gordienko et al., 2007, 2010; Sukhbaatar et al., 2024; Štípská et al., 2024).

Subsequent continuation of the convergent regime is deduced here from sub‐vertical geometry of the high‐grade
S2 fabric around c. 505–495Ma. The peak P–T conditions of associatedM2 clearly indicate that crustal thickening
(D2) operated at an elevated thermal regime. The late Cambrian age for M2–D2 syn‐tectonic anatexis is effectively
identical to the peak of magmatic activity in the Khantaishir Magmatic Complex in the direct vicinity of the study
area (Janoušek et al., 2018), as well as the age of the entire Ikh‐Mongol Arc System reported from several
microcontinents of the Mongolian Collage (for review see Soejono et al., 2023; Figures 14 and 15). It has been
shown that the D2 deformation was accompanied by massive crustal melting and intrusions of syn‐kinematic
granites in the study area at c. 500 Ma (Soejono et al., 2023). The temporal and spatial coincidence of hori-
zontal shortening and arc magmatism in the Zavkhan margin suggest a genetic link between these two events and,
as discussed above, it can explain the high geothermal gradient in the compressional tectonic regime. Analogous
hinterland arc‐parallel zones, facilitating significant horizontal shortening, have been documented for example, in
the Southern Apennines (Hippolyte et al., 1995), Sierran continental margin in California (Ducea, 2001; Dunne &
Walker, 2004) and modern Andes (DeCelles et al., 2009). Like the southern margin of the Zavkhan Block, these
examples of contractional deformation were contemporaneous with an increased magmatic arc activity (DeCelles
et al., 2009; Ducea et al., 2015). Massive crustal anatexis of the host rocks of the magmatic arc may cause thermal
softening and a decrease in the strength of the crust. These conditions facilitate the formation of hot and weak
crustal zones that are prone to strain localization and can be easily shortened and thickened.

Possible early Palezoic orogenic belt illustrated in Figures 14 and 15 most likely formed as a result of c. 30 Myr
advancing mode of the Paleo‐Pacific Ocean and defines the terminal stage of the Ediacaran–Cambrian amal-
gamation of the entire Mongolian Collage. This belt is represented by high‐grade c. 500 Ma metamorphic
complexes related to the formation of the Ikh Mongol Arc as presented in this work. Commonly, these high‐grade
complexes are discontinuously accompanied by c. 530Ma HPmetamorphic remnants that are later overprinted by
c. 500 Ma HT metamorphism (Figures 14 and 15). This region developed at the direct contact with the exterior
Paleo‐Pacific (Panthalassa) Ocean subducting beneath the accreted Mongolian Collage. The above‐described
spatial distribution of c. 500 Ma HT metamorphism, often paired with the coeval arc magmatism, suggests a
systematic repetition of such tectono‐magmatic zoning across a large domain between the southern margin of the
Zavkhan Block and the southern edge of Siberia (Figures 15a and 15b).

9. Conclusions
The c. 500 Ma event expresses a terminal stage of collision of the archipelago with Siberia, hallmarking the
formation of the larger Siberia continent at the time (e.g., Cocks & Torsvik, 2007).

• The migmatization of the southern margin of the Zavkhan Block took place at∼760–800°C and 0.55–0.80 GPa
at c. 505–495 Ma. The metamorphism was coeval with intrusion of a late Cambrian arc.

• Horizontal, syn‐convergent shortening of the arc domain is documented by syn‐tectonic emplacement of
leucogranite sheets in the axial planar cleavage of upright folds constrained by U–Pb monazite and xenotime
505–500 Ma ages.

• The cooling of the massif recorded by Ar–Ar biotite and amphibole ages is consistent with early stage lateral
shortening of hot edifice followed by moderate erosion in the late stage.

• Comparison with the other metamorphic and magmatic belts from NE China revealed remarkable similarities
in age, metamorphic conditions and close spatial relationship to widespread Cambrian–Ordovician Ikh
Mongol Arc magmatism overprinting slightly older high‐pressure rocks. All that allows proposing an exis-
tence of a continuous orogenic belt that flanks the Precambrian microcontinents of the Central Asian Orogenic
Belt.
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Data Availability Statement
Heat transport computations were done using the ASPECT code version 2.4.0 (Bangerth et al., 2022; Heister
et al., 2017; Kronbichler et al., 2012) and are further described in Supporting Information S1. Thermodynamic
modeling was performed using MAGEMin (Riel et al., 2022). Structural data have been collected by the author
team and were processed by the APSG module (https://doi.org/10.5281/zenodo.593586, Lexa, 2023). The
representative mineral analyses are provided in Table S1., the monazite and xenotime U‐Pb data were processed
using the online version of IsoplotR (Vermeesch, 2018) and analytical data are provided in Table S2. Ar–Ar
analytical data are provided in Table S3.
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