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The Mongolian Altai Domain of the Central Asian Orogenic Belt is formed by a giant Lower Palacozoic accretionary
wedge that was later thrust over the northerly Central Mongolian Microcontinent. This accretionary complex mainly
consists of late Cambrian—Ordovician volcano-sedimentary rocks represented by various formations within the Tugrug
Group which were deformed, metamorphosed and intruded by numerous plutons during the Devonian—Carboniferous
orogenic events. In this work, we report new U-Pb zircon ages of two felsic igneous rocks indicating an existence
of the so far neglected late Ordovician magmatic event affecting the Mongolian Altai accretionary wedge. The felsic
volcanic sheet inside the upper part of the Tugrug Group in the western Gobi Altai Zone (eastern part of the Mongolian
Altai Domain) yields an age of 45742 Ma and nearby granite pluton intruding the entire volcano-sedimentary sequen-
ce gives an age of 445+ 1 Ma. Both rocks are high-K calc-alkaline, peraluminous, with similar geochemical patterns
characterised by enrichment in mobile lithophile elements over Nb, Ti, P and Sr and nearly identical REE trends. All
together, these features point to an analogous volcanic-arc-related magma source. This magmatism reflecting terminal
stages of the accretionary wedge formation in the Mongolian Altai Domain may be related to the recently proposed late

Ordovician orogenic event.
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1. Introduction

The topography of the Gobi and Mongolian Altai Moun-
tain chains in southwestern Mongolia have risen due to
the intracontinental deformation along restraining bands
of the major Cenozoic strike-slip faults (Cunningham
and Dickinson 2006). These ranges uncover representa-
tive geological exposures allowing to explore in detail
Palaeozoic architecture of the critical units forming the
so-called Mongolian collage (Xiao et al. 2015), which is a
part of the Central Asian Orogenic Belt (CAOB, Fig. 1a)
(Mossakovsky et al. 1993) known also as the Altaid su-
percollage (Xiao et al. 2015, 2018). A string of the Tuva,
Zavkhan and Baidrag Precambrian continental blocks
constituting the Central Mongolian Microcontinent
(CMM of Tomurtogoo 2014) in the core of the Mongolian
collage were amalgamated to the Siberia margin during
the late Proterozoic to Cambrian orogenic event (e.g.,
Sengor et al. 1993; Khain et al. 2003; Cocks and Torsvik,
2007). In Mongolia, this event started by early Cambrian
thrusting of Neoproterozoic ophiolites over the southern
margin of the Baidrag and Zavkhan blocks (e.g., Dijks-
tra et al. 2006; Bold et al. 2016; Burianek et al. 2017).
The stacked nappes, together with the underlying base-

ment, were subsequently intruded by mid-Cambrian to
early Ordovician Ikh-Mongol magmatic arc that evolved
above a north-east dipping (in present-day coordinates)
subduction zone (Janousek et al. 2018). The intrusion of
arc magmas was accompanied by the development of a
giant accretionary volcano-sedimentary wedge forming
the bulk of the Mongolian Altai Mountain range (e.g.,
Xiao et al. 2004; Windley et al. 2007; Jiang et al. 2017).
The Lower Palaeozoic turbiditic and volcano-sedimentary
sequences of this Mongolian Altai accretionary wedge
(MAW) extend for two thousand kilometres from the
Gobi Altai in the southeast Mongolia, via Chinese to
Gorny Altai in the northwest (e.g., Xiao et al. 2009). The
MAW developed in front of the Pacific type subduction
zone during its ¢. 200 My long history (e.g., Jiang et al.
2017).

Burianek et al. (2022) described three early to middle
Palaeozoic evolutionary stages forming the MAW struc-
ture: 1) Cambrian—Ordovician deposition of volcano-
sedimentary sequences due to 60 My long subduction
roll-back; 2) late Ordovician—Silurian volcanic gap as-
sociated with Barrovian metamorphism and thickening of
the wedge due to switch to advancing subduction mode
(Soejono et al. 2021); 3) early to mid-Devonian melting
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and extensional thinning of the wedge interpreted to re-
sult from renewed subduction roll-back (Burianek et al.
2022; Sukhbaatar et al. 2022).

So far, there have been only a few late Ordovician
intrusions reported in the MAW, mainly in the Chinese
Altai (Broussolle et al. 2019 for review), in the Khovd
Zone (Soejono et al. 2016) or in the Gobi Altai Zone
(Kroner et al. 2010). These relatively rare I- to S-type
granitoids are traditionally interpreted as a result of syn-
subduction magmatism (Wang et al. 2006; Yuan et al.
2007; Sun et al. 2008; Cai et al. 2011). The presence of
this magmatism is undervalued in the current literature,
and its geodynamic significance is poorly understood.

In this contribution, we present new LA-ICP-MS zir-
con U-Pb ages and whole-rock geochemistry from the
granite and rhyolite belonging to the weakly metamor-
phosed upper part of the Cambrian—Ordovician volcano-
sedimentary Tugrug Group in the Ar Dalangiin Range
(northwestern part of the Gobi Altai Zone). These rocks
yielded surprising late Ordovician zircon U-Pb ages
that can be regarded as an important marker of tectono-
thermal and possibly syn-sedimentary magmatic history
of the Mongolian Altai Domain. An attempt is made to
attribute this specific magmatic event to the terminal
stage of sedimentary evolution of the MAW hallmarking
transition to syn-orogenic magmatism in the frame of the
recently proposed model of Burianek et al. (2022).

2. Geological setting

2.1. Regional overview

Geological units of southwestern Mongolia (Fig. 1b)
south of the Zavkhan—Baidrag Precambrian blocks of the
CMM have been traditionally assigned to numerous ter-
ranes representing former arcs, back-arcs, metamorphic
and accretionary wedges (Badarch et al. 2002). However,
in this study we prefer to use a simple division of this
part of the Mongolian Collage into three parallel tectonic
domains as defined by Kroner et al. (2010): the Lake
Zone in the north, the Mongolian Altai in the centre and
the Trans-Altai in the south. The northerly Lake Zone
represents the Ediacaran—Cambrian oceanic island-arc
system with common ophiolite fragments thrust over
CMM and intruded by mid-Cambrian—early Ordovician
arc-type plutons (e.g., Khain et al. 2003; Jian et al. 2014;
Burianek et al. 2017; Khukhuudei et al. 2022). The origi-
nal boundary with the southerly Mongolian Altai Domain
was reworked by a system of Cenozoic faults known as
the Main Mongolian Lineament (Badarch et al. 2002;
Tomurtogoo 2014). Palacozoic volcano-sedimentary
units and metamorphic complexes of the Mongolian Al-
tai Domain are separated from the southerly Trans-Altai

Domain by the Cenozoic Bulgan and Trans-Altai faults.
Sequences of the Devonian and Carboniferous volcanic
arcs alternating with the late Cambrian to Devonian ophi-
olitic rocks are characteristic of the Trans-Altai Domain
(Ruzhentsev et al. 1985; Ruzhentsev and Pospelov 1992;
Helo et al. 2006; Lehmann et al. 2010; Jian et al. 2014;
Nguyen et al. 2018).

Massive production of plutonic rocks with significant
mantle or juvenile component is typical of the evolution
of the whole CAOB (Jahn et al. 2000). While Cam-
brian—early Ordovician arc-type gabbros, diorites and
granodiorites are generally restricted to the Lake Zone
(e.g., Janousek et al. 2018), mainly Devonian to Perm-
ian—Triassic magmatic events are known from the MAW
(Cai et al. 2015). Finally, Carboniferous arc granite and
granodiorite to post-tectonic Permian alkaline feldspar
granite are characteristic of the Trans-Altai Domain (see
Hanzl et al. 2023 for review). Altogether, the younging
of the magmatism from the north to the south was previ-
ously interpreted as a result of continuous migration of
arc magmatic front related to the roll-back of the subduc-
tion system (e.g., Nguyen et al. 2018; Hanzl et al. 2023).

2.2. Volcano-sedimentary sequences of the
Mongolian Altai Domain

The Mongolian Altai Domain (Fig. 1b) is further subdi-
vided to the northerly Khovd Zone, the south-westerly
Altai Zone and the easterly Gobi Altai Zone (Badarch
et al. 2002; Soecjono et al. 2017; Burianek et al. 2022).
Metamorphic rocks of the Bodonch—Tseel Zone (Bibiko-
va et al. 1992; Tomurtogoo 2017) are exposed along the
southern parts of the Altai and Gobi-Altai zones.

The Cambrian—Ordovician volcano-sedimentary com-
plex of the Khovd Zone was interpreted as a turbidite
accretionary wedge (Badarch et al. 2002) with fragments
of juvenile continental arc system (Soejono et al. 2016;
Burianek et al. 2022). The Altai Zone is a thick terrig-
enous sequence deposited between the late Silurian and
early Devonian (Long et al. 2019; Khukhuudei et al.
2022). Complex assemblage of the Gobi Altai Zone is
built up by volcano-sedimentary sequences of Cambrian
to Carboniferous ages (Hanzl et al. 2020) interpreted
as a back-arc/forearc system (Badarch et al. 2002). The
Bodonch—Tseel Zone was originally described as a base-
ment terrane (Badarch et al. 2002) but it was shown that
it represents a metamorphosed equivalent of the Ordovi-
cian to Silurian immature volcano-sedimentary sequence
(Sukhbaatar et al. 2022).

Recent lithostratigraphic analysis of Burianek et al.
(2022) provided more detailed definition of the whole
Palaeozoic sequences of the Mongolian Altai Domain.
The earliest Tugrug Group (Jiang et al. 2017; Hanzl et
al. 2020) is built by weakly metamorphosed immature
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(flysch-like) sediments containing subalkaline volcanic
rocks showing basalt-basaltic andesite and dacite-rhyo-
lite compositional trends (Hanzl et al. 2017). The Tugrug
Group includes Tugrug s.s. and Ukhinuur formations
described by Markova (1975) and Rauzer et al. (1987)
in the Gobi Altai Zone and Baatar and Zuunnuruu for-
mations in the Khovd Zone (Burianek et al. 2022). This
volcano-sedimentary sequence represents the dominant
lithology of late Cambrian and Ordovician formations
in the entire MAW in Mongolia and China, where it is
known as the Habahe Group (e.g., Long et al. 2007; Jiang
et al. 2011, 2017). The supposed Cambrian—Ordovician
age (Borzakovskii 1985) of the sequences was confirmed
by detrital zircon age spectra (Jiang et al. 2017; Sukh-
baatar et al. 2022).

The following Ordovician Bayantsagaan Formation
exposed in the Gobi Altai Zone (Rauzer et al. 1987;
Kroner et al. 2010) is dominated by turbiditic sequence
of siltstones and sandstones with common volcanogenic
admixture and volcanic rocks associated with limestones.
The volcano-sedimentary character of the sequence is
interpreted as a result of continuous recycling of an ac-
tive margin with important arc-derived detritus contribu-
tion (Burianek et al. 2022). Ordovician ignimbrite was
described from the Botgoniigol Formation of the Khovd
Zone, which is an equivalent of the upper part of the
Bayantsagaan Formation (Burianek et al. 2022).

These authors described a hiatus in between the Ordo-
vician Bayantsagaan and Silurian Khutagnuur formations
that both consist of siliciclastic flysch-type sediments
marking an important volcanic gap. These Silurian sedi-
ments were interpreted as mainly proximal deposits of an
ocean margin. The overlying Lower—Middle Devonian
volcano-sedimentary complexes of the Gichigeny Forma-
tion developed as a result of deepening of an extensional
basin. Finally, late Devonian shallow-water sediments of
the Takhilt Formation were interpreted as a late to post-
rift sequence. Local accumulations of the early Carbonif-
erous siliciclastic sediments were described as turbidites
of intra-mountain basins (Markova 1975).

The complete lithostratigraphy, palaeontological
constraints and U-Pb geochronology of the whole
lithostratigraphic column were given in Burianek et al.
(2022), where was also discussed a tectonic significance
of individual formations.

The exposures of the igneous and metamorphic rocks
along the southern slopes of the Gobi and Mongolian
Altai mountain ranges (the Bodonch—Tseel Zone) bear a
witness of important Devonian and Permian magmatism
and metamorphism (Bibikova et al. 1992; Burenjargal
et al. 2016; Khukhuudei et al. 2022; Sukhbaatar et al.
2022). This zone has been recently interpreted as a meta-
morphosed equivalent of the Ordovician to Silurian se-
quences of the MAW (e.g., Jiang et al. 2017; Sukhbaatar

et al. 2022) partially molten during Devonian and Perm-
ian tectono-thermal events (Jiang et al. 2012; Burenjargal
et al. 2014; Sukhbaatar et al. 2022).

2.3. Intrusive rocks of the Mongolian Altai
Domain

The Mongolian Altai Domain was intruded by numerous
granitic plutons related to subduction (e.g., Cai et al.
2015), evolution of metamorphic dome structures (e.g.,
Lehmann et al. 2010) as well as intra-plate magmatic
activity (e.g., Burianek et al. 2022).

Cai et al. (2015) depicted three phases of plutons
emplacement in the Mongolian Altai Domain: middle
Palacozoic (398350 Ma), late Palacozoic (317-289 Ma)
and Triassic (c. 244-211 Ma). In the Chinese Altai and
East Junggar the Palacozoic granitoid rocks and associ-
ated felsic volcanic rocks can be subdivided into as many
as nine age populations (Zhang et al. 2017b).

2.3.1. Plutonic rocks of the Altai and Khovd
zones

Middle Ordovician gabbro—diorite suite along the north-
eastern boundary of the Khovd Zone with the Lake
Zone was correlated (Soejono et al. 2016) with the
Cambrian—early Ordovician subduction-related gabbros,
diorites, quartz diorites and granodiorites of the so-called
Ikh-Mongol Arc System (Janousek et al. 2018 and refer-
ences therein).

Early Palaecozoic (mainly Devonian) S-type (meta)
granites known from the southern part of the Altai Zone
(Wang et al. 2006; Yuan et al. 2007; Zhang et al. 2017a)
formed coevally with syn-extensional massive anatexis
related to LP-HT metamorphism (Burenjargal et al. 2014;
Hanzl et al. 2016; Sukhbaatar et al. 2022). Silurian—De-
vonian and early Carboniferous plutonic rocks in the
Chinese and Mongol Altai were originally thought to
come from arc-related magmatic source (e.g., Wang et al.
2006; Tong et al. 2012; Cai et al. 2015). However, these
granitoids were later reinterpreted to have originated by
anatexis of chemically immature metasediments domi-
nated by the Cambrian—Ordovician magmatic arc-derived
detritus (e.g., Jiang et al. 2016, 2017). Devonian to early
Carboniferous plutons (c. 402-350 Ma) of similar, prob-
ably inherited arc signature, occur in western parts of
the Mongolian Altai Domain (Cai et al. 2015; Song et
al. 2019; Boldbaatar et al. 2021 and references therein).
Post-accretionary late Carboniferous to Permian plutons
were described mainly from the southern Chinese Altai
(e.g., Tong et al. 2014; Cui et al. 2021).

Triassic oval pluton dated by Cai et al. (2015) to
211£2.5 Ma was described from the boundary between
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Gobi Altai and Khovd Zone close to the Bugat soum and
interpreted as a result of intraplate magmatism. On the
other hand, Dash et al. (2016) interpreted peraluminous
granites (215+3 Ma) from the western block of the
Bodonch-Tseel Zone as related to the crustal thickening.

2.3.2. Plutonic rocks in the Gobi Altai Zone

The age of plutons in the Gobi Altai Zone is less con-
strained if compared to the western parts of the Mongo-
lian Altai Domain. Granites in the metamorphic complex
south of Bayanlig soum were dated as late Silurian
(Helo et al. 2006) or as middle Ordovician (Kroner et al.
2017). Devonian plutonic protolith of the orthogneisses
(Helo et al. 2006; Demoux et al. 2009; Burenjargal et al.
2014; Hong et al. 2020) common in metamorphic rocks
of the Bodonch—Tseel Zone, was interpreted as a prod-
uct of syn-extensional melting of the wedge sediments
and volcanic rocks (Hanzl et al. 2016; Sukhbaatar et al.
2022). On the other hand, early Carboniferous granitoids
of the Chandman Massif in the northern Gobi Altai Zone
were emplaced in the core of a migmatite—granite dome
marking regional compression (Broussolle et al. 2015;
Lehmann et al. 2017). In contrary, Hong et al. (2020)
interpreted late Carboniferous (303—298 Ma) plutons and
rhyolites on the southern slopes of the Gichigeny Range
east of our studied valley as A, type granites related to the
extensional back-arc basin. Moreover, late Carboniferous
Sagsai gabbro—monzonite pluton intruding the Tugrug
Group west of the studied area has a within-plate geo-
chemical signature (Buridnek et al. 2016). Small bodies
and dykes of early Permian fractionated granite are com-
mon in the central and eastern parts of the Bodonch—Tseel
Zone (Kroner et al. 2010; Burenjargal et al. 2016; Hong
et al. 2020) and the Devonian migmatised crust probably
represents their source (Sukhbaatar et al. 2022).

2.4. Geological context of the studied samples

The studied rocks are exposed in the left tributary of the
Gegeetiin Gol in the Ar Dalangiin Range (Fig. 1¢), about
50 km south of Biger soum in the Gobi Altai province.
Weakly metamorphosed volcano-sedimentary rocks
originally attributed to Ukhinuur Formation (Rauzer et
al. 1987) are recently interpreted as the upper part of the
Cambrian—Ordovician Tugrug Group (Jiang et al. 2017;
Hanzl et al. 2020). These rocks are exposed between the
Lower Devonian terrigenous clastic sediments with the
reef limestones of the Gichigeny Formation in the north
and metamorphic rocks of the Bodonch—Tseel Zone in
the south.

Dark grey turbidite deposits with an alternation of
metasandstones, metasiltstones and phyllites occur along

the northern margin of the Bodonch—Tseel Zone. They
show a maximum depositional age of ¢. 458 Ma accord-
ing to the clastic zircons (Kroner et al. 2010), thereby
indicating late Ordovician—Silurian age of the turbidite
sequence (Fig. 1c). Further west, these rocks were in-
truded by the late Devonian granite (Hanzl et al. 2016).

The dominant lithologies of the Tugrug Group in the
studied area are chlorite-sericite schists alternating with
greenschists, phyllites and metasandstones. The bedding
is parallel to NW-SE trending foliation steeply to moder-
ately dipping to the SW or NE. The granitic body (17 %2
km) is exposed in the southern part of the section and is
elongated parallel with the strike of the foliation in the
host rocks. Its northeastern contact is modified by fault,
while the southwestern one is intrusive, irregular, and
overprinted by metamorphic fabric. Both granite and its
host rocks were affected by the greenschist—facies meta-
morphism, which was, based on analogy with adjacent
areas, probably of Devonian age.

Sample P60S (E 97.191933°; N 45.218369°) represents
mylonitic metarhyolite (Fig. 2a) with quartz phenocrysts
(up to 5 mm in size) forming a few meters thick layer
in dark grey tuffitic metasiltstone. Asymmetric pressure
shadows are developed around the rounded quartz por-
phyroclasts, which are locally recrystallised along their
margins. Scarce angular grains of K-feldspar (1-2 mm
across) are sericitised. Rare lithic fragments are flattened.
The ultra-fine-grained groundmass is composed of quartz,
sericite and chlorite, preferably oriented parallel to the
foliation. Titanite and zircon are common accessory
minerals. Tiny quartz veins are parallel with foliation
as well as limonite bands. Carbonatisation of matrix is
locally visible.

Sample D574 (E 97.185593° N 45.212433°) is me-
dium- to coarse-grained biotite metagranite with cata-
clastic texture (Fig. 2b). Subangular quartz, K-feldspar
and plagioclase grains up to 5 mm in size are irregularly
fragmented and fractured. Anastomose network of shear
planes is filled by a fine-grained groundmass composed
of recrystallised quartz, chlorite, sericite, and carbonate.
Biotite forms rare, partly chloritised aggregates. Acces-
sory minerals are represented by opaque minerals, zircon,
apatite, and monazite.

3. Methodology

3.1. Laser-ablation ICP-MS U-Pb dating of
zircon

Zircon grains were separated using conventional tech-
niques (crushing, grinding, sieving, Wilfley gravity
separation table, magnetic and heavy-liquid separation)
at the Central Geological Laboratory in Ulaanbaatar.
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Fig. 2 Photomicrographs illustrating textures of studied rocks:
a — Mylonitic metarhyolite P605 with quartz porphyroclasts surroun-
ded by ultra-fine-grained matrix consisting of sericite, chlorite and
micron-sized fragments of quartz and feldspars. Plane polarized light.
b — Mylonitic metagranite D574 with fractured feldspars grains of
various size. Fractured quartz grains are characterised by undulatory
extinction, deformation bands and minor cataclasis along grain boun-
daries. Both quartz and feldspar fragments are surrounded by chloriti-
sed flakes of biotite and fine-grained bands composed of sericite and
chlorite with an admixture of opaque minerals. Cross polarized light.

Subsequently, individual zircons were hand-picked from
the zircon concentrate using a binocular microscope,
embedded in epoxy resin and polished. Zircon internal
structure and zoning were imaged using cathodolumines-
cence (CL) and back-scattered electrons (BSE) detectors
mounted on a scanning electron microscope at the Joint
Laboratory of the Masaryk University and the Czech
Geological Survey in Brno.

The U-Th-Pb isotopic ratios in zircons were measured
by an Analyte Excite 193 nm excimer laser-ablation sys-
tem (LA, Photon Machines) equipped with a two-volume
HelEx ablation cell in tandem with an Agilent 7900x ICP-
MS housed at the Czech Geological Survey. The ablation
took place in a He atmosphere (0.8 1 xmin™'), the laser
frequency was 5 Hz, the laser fluence 7.59 Jxcm™ and
the beam diameter 25 um. Each measurement consisted

of 20 s integration of the entrainment background signal
and another 40 s integration of the sample ablation signal
for masses 202, 204, 206, 207, 208, 232 and 238 using
a SEM detector with one point per mass peak and mass
integration times 10, 10, 15, 30, 20, 10 and 15 ms (total
cycle time 0.134 s). To maintain stability of the instru-
ment and ensure the reliability of the measured results,
international zircon standard 91500 as the primary refer-
ence material and PleSovice (mean ID-TIMS U—Pb age
0f 337.13+£0.37 Ma (20) — Slama et al. 2008) and GJ-1
(TIMS 2°7Pb/**Pb age of 608.5+0.4 Ma; Jackson et al.
2004) zircons as the secondary reference materials were
measured after every ten sample points. Instrumental drift
throughout the measurement was monitored by repeated
analyses of the reference zircon 91500 (TIMS 2’Pb/**Pb
age 1065.4+0.3 Ma; Wiedenbeck et al. 1995).

Data processing was performed using lolite software
as described in Paton et al. (2011), including background
correction, followed by laser-induced elemental fraction-
ation (LIEF) correction based on comparison with the
behaviour of the reference zircon 91500 with concordant
age of 1063 +2 Ma for both samples (D574, P605). Dur-
ing this study, two reference materials were periodically
analysed, giving concordant ages of 338+1 Ma for both
samples (Plesovice zircon) or 608+2 Ma (GJ-1 in the
case of sample D574) and 610+ 1 Ma (GJ-1 in case of
sample P605).

The data obtained (ESM 1) were statistically adjusted,
including propagation of the relative error on the primary
reference material, according to Horstwood et al. (2016).
The propagated uncertainties were used to plot the mean
and concordia ages using the IsoplotR software (Ver-
meesch 2018). The Wetherill plots are presented for indi-
vidual samples. No common Pb correction was employed.

3.2. Whole-rock geochemistry

Major and trace elements in fresh whole-rock samples
(3—4 kg) were determined in the Bureau Veritas Miner-
als (Vancouver) by ICP-OES/MS. The dissolution of the
samples was by LiBO,/Li,B,O, fusion in order to deter-
mine precisely also trace elements stored in refractory
accessory phases. Detection limits were 0.01 % and better
for major elements, 2 ppm and better for trace elements
used for our geochemical interpretation and 0.05 ppm
and better for REE.

Data management, recalculation, plotting and sta-
tistical evaluation of the whole-rock geochemical data
were facilitated by GCDkit (Janousek et al. 2006). In this
work, the A/CNK index, uncorrected for apatite (Shand
1943), is defined as azo+2003+1<,o [mol.%]. For a descrip-
tion of chondrite-normalized REE patterns serves the
Eu/Eu* ratio, reflecting the magnitude of the Eu anomaly

Eu ___Euy i _
o m), where N refers to concentrations normal
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ized to chondritic abundances (Boynton 1984). Our data
were plotted together with available data (see sources in
the caption of Fig. 4) from the late Ordovician to early
Silurian felsic magmatic rocks from the Mongolian Altai
Domain to reveal possible correlations.

4. Results

4.1. Zircon U-Pb dating

Overall, 99 spots were measured on 83 grains in the
metarhyolite sample P605, 76 spots of 65 grains were
subsequently used for age calculation (ESM 1). Most
of the grains are euhedral, bipyramidal, transparent or
light brown to yellowish brown, with aspect ratio 1:2
to 1:3 in the more common stubby short prismatic
grains with the length of 50-200 um (Fig. 3a). The
smallest grains are, in a few cases, partly corroded,
acquiring a suboval irregular shape (grains No. Z69,
Z73; Fig. 3a). Long-prismatic grains with the length
of ¢. 300 um and an aspect ratio of 1:5 to 1:6 are
less frequent. However, the internal texture seems not
to correlate with the shape of the individual grains.
Generally, a well-developed brightly luminescent core
surrounded by an oscillatory zoned rim is characteristic
of the majority of the grains. Two or three relatively
thick (c. 5-10 mm) external growth zones are common,
fine multiple oscillatory zoning is not exceptional.
Occasionally, a hint of lamellar texture (Z6) or sector
zoning “overprint” (Z37) can be observed. Apart from
this general texture, further processes are evident from
the grains. Blurred (Z57), ghost (Z15) and convolute
zoning (Z60) as features typical of solid-state recrys-
tallisation (Hoskin and Black 2000) are seen in some
grains. A few of them (Z7, Z8) suffered magmatic dis-
solution. Corroded internal zones in grains Z3, Z14,
751 (Fig. 3a) likely point to a later metamictisation.
The U concentrations are 53-281 ppm, Th/U ratios
0.1-0.6. The calculated concordia age of 457+2 Ma
(Fig. 3b) represents the magmatic formation age. The
individual ages yield a fairly wide variance (c. 480 to
440 Ma, ESM 1) suggesting, together with zircon CL
characteristics, alteration, and lead loss related to the
late-stage magmatic processes.

In the metagranite sample D574 179 spots were mea-
sured on 96 zircon grains; 129 spots of 79 grains were
used for age calculation. The zircon grains are euhedral,
bipyramidal, transparent, or honey-brown in colour, 100—
200 mm long with an aspect ratio 1:2 to 1:3 (Fig. 3c).
Long-prismatic grains (c. 200 mm, aspect ratio 1:5) are
exceptional (grains No. 47, 58; Fig. 3c). The original
magmatic texture with the core overgrown by numerous
thin oscillatory zones is widespread. Grains with partially

resorbed cores overgrown subsequently by regular zones
are not unique (20, 68). In cases, it is possible to observe
the replacement of the oscillatory zoning by sector zon-
ing (15, 66). Sometimes also effects of different degrees
of recrystallisation, or even resorption of the grain, are
seen (76). Several grains had to be excluded from dat-
ing because of their complete alteration (86, 93). The U
concentrations vary between 34 and 1300 ppm (ESM 1),
Th/U ratios range 0.08-2.4, with an exceptional value of
25.5 in the grain 4 that was excluded from the dating. The
determined concordia age 445+ 1 Ma (Fig. 3d) dates the
pluton emplacement.

4.2. Whole-rock geochemistry

The studied rocks are SiO,-rich (75 wt. % for granite
and 70 wt. % for metarhyolite, Tab. 1). Sample D574
is classified as granite and sample P605 as rhyolite to

Tab. 1 Major-and trace-element whole-rock geochemical data from
the studied samples

(wt. %) D574 P605 (ppm) D574 P605
Sio, 75.08 70.25 Sb 1 1.2
TiO, 0.23 0.54 Cs 3.6 5.3
AlLO, 12.99 13.48 Ba 490 816
Fe,O, 1.67 4.38 Nb 9.0 12.1
MnO 0.03 0.13 Ta 1.03 1.12
MgO 0.40 1.22 w 3.2 3.9
CaO 0.57 1.29 Tl 0.74 0.59
Na,0 3.50 1.17 Pb 16 8
K,0 4.52 3.72 Bi <0.1 0.1
PO, 0.07 0.23 Th 10.8 17
LOI 0.70 2.71 U 3.30 2.15
Total 99.76 99.14 La 19.6 454
Ce 45.0 99.6
(ppm) D574 P605 Pr 5.21 11.60
Be 2 2 Nd 20.4 453
Sc 5 9 Sm 4.95 10.10
\% 14 47 Eu 0.689 1.650
Cr 10 30 Gd 4.83 9.27
Co 2 5 Tb 0.98 1.49
Ni 10 10 Dy 6.56 8.80
Cu 5 5 Ho 1.32 1.78
Zn 15 40 Er 4.16 4.82
Ga 13 16 Tm 0.606 0.683
Ge 1.6 1.8 Yb 3.80 4.52
As <5 10 Lu 0.569 0.704
Rb 138 133
Sr 75 57 FeOt 1.50 3.94
Y 38.2 46.4 K,0/Na,0 1.29 3.18
Zr 104 243 A/NK 1.22 2.26
Hf 3.1 5.7 A/CNK 1.11 1.62
Mo <1 <1 XREE 118.7 245.7
Ag <0.5 0.8 Euw/Eu* 0.43 0.52
In <0.1 <0.1 La /Yb, 3.48 6.77
Sn 3 4 Gd/Luy 1.06 1.64
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Fig. 3 Cathodoluminescence images of representative zircon grains with analytical spots labelled by individual **Pb/>*U ages (+ 26 Ma) and U-Pb
Wetherill concordia plots for the studied samples: a, b — metarhyolite P605; ¢, d — metagranite D574.

rhyodacite based on the TAS (total alkali—silica) and Zr/
TiO,-Si0, classification diagrams (Figs 4a, b; Cox et
al. 1979 and Winchester and Floyd 1977, respectively).
Both of the samples are peraluminous (A/CNK = 1.1
for granite and 1.6 for metarhyolite) and high-K calc-
alkaline (K,0/Na,0O = 1.3 and 3.2) based on SiO, vs.
K,O (Peccerillo and Taylor 1976; not shown) or Co vs.
Th diagrams (Fig. 4c; Hastie et al. 2007).
Chondrite-normalised (Boynton 1984) REE patterns
of both the studied samples display similar trends (Fig.
5a,b) characterised by enrichment of LREE (La /Yb
= 3.5 and 6.8), pronounced negative Eu anomalies

(Euw/Eu* = 0.43 for granite and 0.52 for rhyolite) and
relatively flat trend towards HREE (Gd/Lu, = 1.06
and 1.64). However, total REE contents in the granite
(119 ppm) are two times lower than in the rhyolite (246
ppm).

Also, normal Mid-Ocean Ridge Basalt (NMORB)
normalised (Sun and McDonough 1989) spider plots
(Fig. 5c, d) show nearly identical patterns for granite and
rhyolite with strong enrichments in Large Ion Lithophile
Elements (LILE) (Cs, Rb, Ba and K) as well as in Th,
U and Pb. Negative anomalies in Nb, Sr, P and Ti are
pronounced.
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5. Discussion

5.1. Age and regional correlations of
Ordovician magmatic rock in the
Mongolian Altai Domain and adjacent
areas

Palacozoic evolution of the Mongolian Altai Domain was
characterised by a late Ordovician—Silurian gap within a
mainly basaltic igneous activity (Burianek et al. 2022;
Hanzl et al. 2023). The late Ordovician is considered to
have witnessed the end of growth of volcano-sedimentary
system above the retreating subduction zone (Jiang et al.
2017; Burianek et al. 2022) followed by crustal thicken-
ing and metamorphism (Soejono et al. 2021). Indeed,
products of late Ordovician magmatic activity are scarce
and only randomly distributed in the MAW and adjacent
units (Fig. 1b). The main question that arose from the
presented data is in possible correlation of the studied
late Ordovician plutonic and volcanic rocks with coeval
magmatic activity reported by other authors. The second
goal is to interpret the new data in the frame of a recent
geodynamic model of the Mongolian Altai Domain.

5.1.1. Volcanic rocks

Metabasalts and metarhyolites are common members
of the Cambrian—Ordovician Tugrug Group in the Gobi
Altai (Kroner et al. 2010; Hanzl et al. 2019). Volcano-
clastic rocks of this group are generally older (511-465
Ma, Jiang et al. 2017) than rhyolite sample P605 (457+2
Ma) reported in this study. These rocks show high com-
positional variability, which could be caused by irregular
clastic admixture (Jiang et al. 2017). Nevertheless, geo-
chemical signatures of some of them could be correlated
with the sample P605 (Figs 4-5). Nearly identical geo-
chemical signature and age yielded rhyolitic ignimbrite
from the Botgoniigol Formation in the westerly Khovd
Zone (462 +3 Ma, Burianek et al. 2022).

Fig. 4 Whole-rock geochemical classification of studied rocks and
comparison with late Ordovician magmatic rocks from the Mongolian
Altai Domain and adjacent areas. a — Total alkali—silica (TAS) diagram
according Cox et al. (1979) with the alkaline/subalkaline boundary of Ir-
vine and Baragar (1971). b — Zr/TiO, versus SiO, classification diagram
of Winchester and Floyd (1977). ¢ — Binary plot Co—Th (Hastie et al.
2007) designed to distinguish between various suites of altered subal-
kaline volcanic rocks. Source data: granite (Altai Zone) — Zhang et al.
(2017b); granite (Gobi Altai) — Helo et al. (2006); orthogneiss (Khovd
Zone) — Soejono et al. (2017); metagranite (SE Zavkhan) — Kozakov et
al. (2012); metarhyolite (Tugrug Group) — Jiang et al. (2017); rhyolite
(Khovd Zone) — Burianek et al. (2022). Explanations: TrAn — trachy-
andesite, SubAB — subalkaline basalt, AB — alkaline basalt, B — basalt,
BA/A — basaltic andesite and andesite, D/R* — dacite and rhyolite.
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Fig. 5 Spider diagrams for studied rocks and their comparison with late Ordovician magmatic rocks in Mongolian Altai. Data sources as in Fig. 4.
Chondrite-normalised (Boynton 1984) REE patterns for metarhyolite P605 (a) and metagranite D574 (b). Normal Mid-Ocean Ridge Basalt
(NMORB)-normalised trace-element patterns (Sun and McDonough 1989) for metarhyolite P605 (c¢) and metagranite D574 (d).

Felsic pyroclastic rocks in easterly Lower Palacozoic
volcano-sedimentary sequences on the S slopes of the Arz
Bogd Mountain were dated to 441+8 Ma and metadacite
south of Bayanlig to 443+5 Ma (Kroner et al. (2017). Zir-
con Hf isotopic data of these volcanic rocks indicate mixed
crustal source of the Neoproterozoic to Mesoproterozoic
age. Middle to late Ordovician bimodal volcanism (476446
Ma) was reported from the northern part of Altai—Sayan
area (north-western continuation of the Mongolian Altai
Domain) and interpreted as a product of interaction of mag-
mas generated from a mantle source with crustal rocks in the
intracontinental geotectonic regime (Vorontsov et al. 2019).

5.1.2. Plutonic rocks

Biotite metagranite D574 representing the local intru-
sive body in the Tugrug Group yields the age of 445+ 1

Ma fitting the Ordovician—Silurian boundary. Nearly no
plutonic rocks of a similar age are known from the Mon-
golian Altai Domain.

This age correlates well with the local zircon popu-
lation minimum c¢. 449-446 Ma in the Chinese Altai
represented by muscovite—biotite granites with silli-
manite (Zhang et al. 2017a). These rocks interpreted as
heterogeneous S-type granites differ from our sample
in modal composition and whole-rock geochemistry
including REE patterns (Fig. 5b). Syn-metamorphic
gneissose granite dated at 448+2 Ma was also reported
from the southern margin of the Zavkhan Block (Ko-
zakov et al. 2012) but shows geochemical composition
unlike the studied metagranite sample D574 (Figs 4-5).
In the Khovd Zone, early-mid Ordovician plutonic
rocks (c¢. 476-460 Ma) of oceanic-arc geochemical
signatures were related to the evolution of the Cam-
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Pearce et al. (1984). ¢ — Triangular plot Hf~Rb/30-3 x Ta (Harris et al. 1986) for classification of collision-related granites. d — Ternary plot AL,O,/
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brian—Ordovician Ikh-Mongol Arc System (Soejono et
al. 2016; Burianek et al. 2022). Late Silurian metagran-
ite (425.5+1.1 Ma; Helo et al. 2006) from the eastern
Gobi Altai Zone, geochemically similar to the studied
granite (Figs 4-5) was interpreted as having developed
in transitional magmatic arc recycling crustal materi-
als. Finally, Kroner et al. (2017) described undeformed
porphyritic arc granite yielding a middle Ordovician age
of 467+3 Ma from the same area.

5.2. Geotectonic constraints on the late
Ordovician magmatism in the Mongolian
Altai Domain

5.2.1. Whole-rock geochemical constraints
on geotectonic setting

Based on the whole-rock geochemistry, the studied
rhyolite sample can be generally correlated with some
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metarhyolites from the Tugrug Group. However, the
metagranite differs from the Ordovician granitoids of the
Mongolian Altai Domain and adjacent areas, mainly in
the REE patterns (Fig. 5).

In the diagram Ta/Nb vs. Th/Yb (Schandl and Gorton
2002) our samples, together with the other Ordovician
granites and rhyolites from the area, show signatures typ-
ical of magmatic rocks of the active continental margins
(Fig 6a). In the diagram Yb vs. Ta (Pearce et al. 1984)
they straddle the boundary between volcanic-arc and
within-plate granites (Fig. 6b), which is typical of post-
collisional granites (Pearce 1996). Positions of samples
in ternary diagram Hf-Rb/30-3 x Ta (Harris et al. 1986)
correspond well with the age and field relationships of
studied rocks. While the older rhyolite is a part of the Tu-
grug volcano-sedimentary sequence and fits the volcanic
arc field, the younger granite intruded the sequence and
plots in the field of late- or post-collisional granite just
close the boundary with the volcanic-arc granite (Fig. 6¢).

Both samples show nearly identical NMORB-nor-
malised trends (Fig. 5c—d) characterised by arc-like
enrichment of LILE (mobile in hydrous fluids) over
geochemically conservative HFSE (high field strength
elements) contributed solely by the mantle wedge
(Saunders et al. 1991; Pearce and Peate 1995; Tatsumi
and Eggins 1995; Pearce et al. 2005) and could point to
a similar magma source and petrogenesis. High-K calc-
alkaline and peraluminous character of the studied rocks
corresponds with position in the field representing the
melting of metasediments in the ternary discrimination
diagram AL O /(FeOt+Mg0O)-3 x CaO-5xK 0/Na,O of
Laurent et al. (2014).

There were found no obvious inherited zircons but the
ages of ¢. 460 Ma detected in several zircon cores in both
samples could also indicate a similar magma source pos-
sibly represented by immature sediments typical of the
MAW. Altogether, the source of the studied rhyolite and
granite was likely dominated by detritus derived from
the Cambrian—early Ordovician magmatic rocks of the
Ikh-Mongol Arc System located further north.

5.2.2. Geotectonic setting of the late
Ordovician magmatism

Clastic sediments of the Cambrian—Ordovician Tugrug
Fm. were interpreted to be of passive continental margin
affinity (Zonenshain 1973). On the contrary, Mossa-
kovsky and Dergunov (1985) considered deposition of
this sequence in arc-related tectonic setting. Relatively
high contents of MgO and Cr compared to typical passive
continental margin sediments and immature turbidite-like
sediments of the Tugrug Group indicate a deposition in
a fore-arc basin of the Ikh-Mongol Arc System, with
a dominant source in felsic to intermediate rocks of

volcanic origin (Jiang et al. 2017; Burianek et al. 2022;
Sukhbaatar et al. 2022).

On the other hand, deposition of protolith to similar
low-grade metasedimentary rocks in NW Mongolian
Altai was not older than early Silurian according to
clastic zircon spectra (Long et al. 2019). Maximum
depositional age of protoliths to the metamorphic rocks
of the Bodonch—Tseel Zone is supposed to be older —
Cambrian—Ordovician and late Ordovician—early Silu-
rian (Sukhbaatar et al. 2022). The section of the Tugrug
Group in Ar Dalangiin Range area is not younger than
late Ordovician as indicated by radiometric age of sample
D574 representing a granitic pluton intruding the entire
sequence.

The compositional variability of late Ordovician gran-
itoids and felsic volcanic rocks in the MAW indicates
that using geochemical tectonic discrimination diagrams
could be misleading, and more probably reflects the
variability of the sedimentary and volcano-sedimentary
sources themselves derived from the Cambrian—Ordo-
vician arc and the Precambrian basement to the north
(e.g., Jiang et al. 2016; Huang et al. 2020). Comparable
observation was made for another early Palaeozoic ac-
cretionary system, the Lachlan Orogen in SE Australia
(Collins et al. 2020).

Similar geochemistry of studied metarhyolite and
metagranite and the narrow time gap between their
intrusive ages allows placing their emplacement to the
final stage of the Mongolian Altai accretionary wedge
development. This episode was younger than the young-
est parts of the Cambrian—-Middle Ordovician Ikh-Mongol
Arc System set to 460 Ma in Khovd Zone (Soejono et al.
2016) and to 485 Ma in the Zamtyn Nuruu Range of the
Lake Zone (Hrdlickova et al. 2010) but it was close to the
deposition of immature greywackes in the Bodonch—Tseel
Zone (Sukhbaatar et al. 2022).

Recently, Soejono et al. (2021) proposed that the late
Ordovician was a period associated to the earliest stage
of the Barrovian metamorphism and thickening of the
MAW. The thickening of the wedge was characterised
by a volcanic gap in late Ordovician—early Silurian
sequences (Burianek et al. 2022). Therefore, in agree-
ment with a model of Collins et al. (2020), the onset of
late Ordovician magmatism may indicate onset of post-
contraction magmatism related to melting of diverse
volcano-sedimentary packages within the MAW.

Alternatively, the rare early Palacozoic magmatism
may indicate that the MAW formed in a fore-arc basin
(see also Sukhbaatar et al. 2022), whose melting might
be related to late stages of Ikh-Mongol Arc System mi-
gration controlled by southward roll-back of the oceanic
plate (Soejono et al. 2017; Janousek et al. 2018). Taken
together, the scarce late Ordovician magmatic activity
in the Gobi Altai Zone recorded a missing segment in
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tectono-thermal history of the Mongolian Collage, which
deserves further investigations.

6. Conclusions

e Late Ordovician metarhyolite (457+2 Ma) found in
the Ar Dalangiin range (Gobi Altai Zone of Mon-
gol Altai Domain) is interpreted as a product of the
subaerial volcanism in the uppermost member of the
Cambrian—Ordovician Tugrug Group.

e The nearby late Ordovician intrusive body of biotite
granite (445+ 1 Ma) likely post-dated maximum sedi-
mentation age of the Tugrug Group.

e Metarhyolite and metagranite bear geochemical signa-
tures of igneous rocks of an active continental margin
and their whole-rock geochemistry shows common
parental magma sources. They were likely derived by
partial melting of Cambrian to early Ordovician litho-
logies at late- to post-tectonic stages of the Mongolian
Altai accretionary wedge evolution.

e Late Ordovician magmatic rocks of various geoche-
mical compositions, very rare in the Mongolian Altai
Domain, could represent sporadic magmatic activity
related to post-contraction event connected with shor-
tening and thickening of the Cambrian—Ordovician
fore-arc basin. It was followed by the initiation of the
Silurian—Devonian back-arc basin opening.
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