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ARTICLE INFO ABSTRACT

Handling Editor: Yongjiang Liu The Central Asian Orogenic Belt, situated between the Siberian, Tarim, and North China cratons, contains three

major collages, including the Mongolian Collage at its center. However, as part of the Mongolian Collage, the

Keywords: tectono-magmatic history of the Ereendavaa Block in northeastern Mongolia remains largely unknown. In this
Central Asian Orogenic Belt study, we present detailed zircon U-Pb geochronological and geochemical data from granitoids in the Ereen-
gr_a;];t;rmn cochronolo davaa Block, review existing data from other microcontinents within the Mongolian Collage, and integrate these
geochemistryg &Y findings to investigate its overall tectono-magmatic evolution. Our results reveal seven distinct magmatic epi-
microcontinent sodes in the granitoids: Tonian (~880 Ma), late Ediacaran (~540 Ma), early Ordovician (~470 Ma), early

Silurian (~440 Ma), late Triassic (~220 Ma), early Jurassic (~190 Ma), and middle Jurassic (~170 Ma). In
addition, we identify three magmatic events from inherited zircons within the granitoids. The geochemistry of
these granitoids indicates a variety of tectonic settings, predominantly forming in continental extension and arc-
related environments. The spatial distribution of coeval magmatic and metamorphic events from ~880 Ma to
~440 Ma, along with older magmatic stages in microcontinents of the Mongolian Collage, suggests that the
Ereendavaa Block evolved in parallel with other microcontinents within the Mongolian Collage. This evolution
likely began near the Siberian Craton earlier than ~880 Ma and continued until slightly later than ~440 Ma,
when the microcontinents within the Mongolian Collage may have drifted away from the Siberian Craton. Late
Triassic to Middle Jurassic granitoids constrain the timing of the Mongol-Okhotsk Ocean closure in the central
segment of the Mongol-Okhotsk Belt. Coeval Late Triassic formations along the southern margin of the Mongol-
Okhotsk Belt support a scissor-like closure model progressing from its central to eastern segments, thereby
questioning the widely accepted notion of a Triassic closure in the western segment.

1. Introduction processes, is essential for elucidating key geological phenomena,

including crustal growth, crustal reworking and recycling, paleogeo-

Microcontinents may nucleate subduction initiation at the boundary
between continental and oceanic plates (e.g., Zhu et al., 2023b),
potentially developing new subduction zones. Once initiated, these
zones and associated processes can be recorded within the micro-
continents, making them valuable archives of the surrounding tectonic
evolution (e.g., Stern and Gerya, 2018). Additionally, a comprehensive
understanding of the magmatic and ophiolitic complexes that have
accreted to these microcontinents, along with their associated tectonic

graphic reconstructions, and the long-term orogenic and geodynamic
evolution (Crameri et al., 2020; Soret et al., 2022).

The Central Asian Orogenic Belt (CAOB) is one of the world’s most
complex preserved orogens, extending from the Siberian Craton in the
north to the Tarim and North China cratons in the south (Fig. 1a). As the
longest and most intricate Phanerozoic accretionary orogenic belt on
Earth, the CAOB comprises a diverse array of microcontinents, ophio-
lites, and arc complexes, each contributing to its rich geological history
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(e.g., Sengor et al., 1993; Windley et al., 2007; Safonova, 2017). In
recent decades, there has been significant progress in understanding the
existence of microcontinents and their associated magmatic and
ophiolitic complexes in Mongolia, situated in the central CAOB, with
studies focusing on tectonic subdivision, sedimentology, magmatism,
paleomagnetism, geochronology, and geochemistry; however, the
overall tectono-magmatic history of the microcontinents in Mongolia
remains poorly explored (e.g., Badarch et al., 2002; Khain et al., 2003;
Demoux et al., 2009a; Jian et al., 2010; Jian et al., 2014; Kroner et al.,
2015; Xiao et al., 2015; Bold et al., 2016a, 2016b; Burianek et al., 2017;
Xiao et al., 2018; Bold et al., 2019; Kovach et al., 2021; Soejono et al.,
2023). Two main hypotheses have been proposed regarding the origin of
these microcontinents, suggesting they were derived from either the
Tarim (e.g., Zhou et al., 2018) or Siberia (e.g., Collett et al., 2024)
cratons.

The Ereendavaa Block (EDB), located in northeastern Mongolia, is a
southeastern component of the mosaic-like structure of the Mongolian
ribbon microcontinents (Fig. 1b) or Mongolian Collage microcontinents
(MCMs) (e.g., Xiao et al., 2015). It is located along the southern limb of
the Mongolian orocline in the central part of the CAOB and the north-
western limb of the NE China orocline in the eastern part of the CAOB
(Liu et al., 2021, 2023; Zhou et al., 2025). The EDB likely preserves
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records of tectonic events linked to the Paleo-Asian and Mongol-Okhotsk
oceans, with the closure of these oceans playing a key role in the for-
mation of the central-eastern CAOB, as evidenced by the distribution of
magmatic and metamorphic rocks of diverse ages (e.g., Miao et al.,
2017, 2020).

This research aims to enhance our understanding of the tectono-
magmatic evolution of the EDB, spanning from the early Neo-
proterozoic to the middle Jurassic, while clarifying broader tectono-
magmatic relationships of the MCMs through a comprehensive exami-
nation of all relevant events in the region. For such, we have determined
the timing and characteristics of the episodic magmatic events in the
EDB by detailed analysis of zircon U-Pb geochronology and geochem-
istry for granitoids. We also thoroughly reviewed petrochronological
data from the rest of the MCMs and presented an integrative view of its
tectonic evolution.

2. Geological background

Reconstructing ancient paleogeography poses considerable chal-
lenges, primarily due to the significant reworking, creation, and
destruction of the crust during tectonic cycles (Hoffman, 1991; Li et al.,
2008; Meert and Santosh, 2017; Zhao et al., 2004, 2011, 2018). Among
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Fig. 1. (a) Tectonic map of Asia showing the locations of major cratons and orogenic belts (modified from Furnes and Safonova, 2019).

(b) Approximate locations of

microcontinents in the central-eastern segments of the Central Asian Orogenic Belt (modified after Sengor et al. 1993; Badarch et al., 2002; Kravchinsky et al., 2010;
Ganbat et al., 2021). Representative zircon U-Pb ages for basement rocks are also displayed. References are summarized in Supplementary Table S1. The radiometric
zircon ages were obtained from previously published studies: (1) Bold et al. (2019); (2) Kroner et al. (2015); (3) Bold et al. (2016a), Kovach et al. (2019); (4) Kozakov
et al. (2007), Demoux et al. (2009a); (5) Yarmolyuk et al. (2005); (6) Wang et al. (2001); (7) Hou et al. (2020), Feng et al. (2022); (8) Janousek et al. (2018), Soejono
et al. (2023); (9)Tomurtogoo et al. (2005); (10) Miao et al. (2016); (11) Zhu et al. (2023a); (12) Zhu et al. (2018); (13) Jian et al. (2014); (14) Pfander et al. (2002);

(15) Jian et al. (2010); (16) Burianek et al. (2017), Skuzovatov (2021).
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supercontinents, Pangea has the most reliable reconstruction, whereas
Columbia’s existence remains speculative (Pastor-Galan et al., 2019,
2022). Rodinia’s formation and subsequent fragmentation during the
Neoproterozoic are crucial for understanding Earth’s paleogeographic
evolution (Hoffman, 1991; Li et al., 2008; Goodge et al., 2008; Halls,
2015; Cawood et al., 2016). While its major craton configuration is
partly agreed upon, the positions of smaller microcontinents remain
uncertain. However, recent studies suggest the MCMs were likely along
Rodinia’s outer periphery (Kovach et al., 2021; Liu et al., 2020; Soejono
et al., 2023).

2.1. The Central Asian Orogenic Belt

The CAOB is situated in the northern part of the Asian continent,
bounded to the north by the Siberian and to the south by the Tarim-
North China cratons (Fig. 1a). The tectonic evolution of the CAOB in-
volves a complex series of subduction-accretion events, which were
critical for the growth of continental crust from the Neoproterozoic
through the Mesozoic, beginning with the breakup of Rodinia and fol-
lowed by the opening and eventual closure of the Paleo-Asian Ocean
(PAO) and Mongol-Okhotsk Ocean (MOO) (e.g., Sengor et al., 1993;
Zorin, 1999; Jahn, 2004; Kroner et al., 2007; Yakubchuk, 2008; Safo-
nova and Maruyama, 2014). The CAOB contains a wide range of
geological features, including accretionary wedges, magmatic arcs,
back-arc basins, ophiolites, and various microcontinents (e.g., Badarch
et al., 2002; Windley et al., 2007; Xiao et al., 2015).

2.2. The Mongolian Collage

The CAOB is recognized as a super-collage formed by the amal-
gamation of three major collages in the Late Paleozoic: the Kazakhstan
Collage in the west, the Tarim—North China Collage in the south, and the
Mongolian Collage at the center—east (e.g., Xiao et al., 2015; Yakubchulk,
2008). This study primarily examines the microcontinents of Mongolia,
referred to as the MCMs. Mongolian geology is divided into two tectonic
domains by the Main Mongolian Lineament (Badarch et al., 2002). The
northern domain is characterized by Precambrian microcontinents,
Neoproterozoic to early Paleozoic subduction-accretionary complexes,
metamorphic rocks, and clastic basins. In contrast, the southern domain
consists mainly of middle to late Paleozoic island arc assemblages,
including so-called microcontinents (Badarch et al., 2002; Windley
et al., 2007).

The MCMs encompass the Gargan (a constituent of the
Tuva-Mongolia Block), Tarvagatai, Zavkhan, Baidrag, and Ereendavaa
(including its eastern extension, the Erguna Block in NE China) micro-
continents or Blocks in the northern domain, along with the Tsagaan Uul
and Khutag Uul Blocks in the southern domain (e.g., Badarch et al.,
2002; Xiao et al., 2015). These microcontinents mainly consist of late
Archean to Proterozoic metamorphic complexes, interspersed with
Neoproterozoic to younger metasedimentary and volcanic rocks, as well
as a variety of granitic intrusions of different ages (e.g., Badarch et al.,
2002). Zircon U-Pb geochronology studies have confirmed the age of
Precambrian basement rocks and later stages of magmatic and meta-
morphic events within these microcontinents. The microcontinents in
the northern domain are characterized by Neoarchean to Paleoproter-
ozoic basement rocks (~2.7-1.9 Ga), with a Paleoproterozoic
magmatic/metamorphic event at ~ 1.85 Ga and a late Mesoproterozoic
to early Neoproterozoic event at ~ 1 Ga, including coeval events in the
Lake Zone (Fig. 1b; Khain et al., 2002; Kozakov et al., 2007; Demoux
et al., 2009a, 2009b; Kroner et al., 2010; Kozakov et al., 2011; Kuzmi-
chev and Larionov, 2013; Kroner et al., 2015; Bold et al., 2016a; Bur-
ianek et al., 2017; Bold et al., 2019; Kovach et al., 2019; Miao et al.,
2020; Skuzovatov, 2021; Feng et al., 2022). Tonian (~880-860 Ma)
magmatism and high-temperature (HT) metamorphism have been
recognized in the Baydrag and Zavkhan Blocks (Kozakov et al., 2012,
2014, 2017; Stipska et al., 2023). Comparable magmatic events are
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reported from the Gargan Block (Bold et al., 2019) and the Erguna Block
(Feng et al., 2022, and references therein). In the Tarvagatai Block, these
magmatic signatures are indirectly recorded through detrital zircon
populations found in metapelitic rocks (Sergelen, 2018).

Several Ediacaran (~570 Ma) ophiolitic complexes bound the outer
margin of the MCMs (Fig. 1b), such as Khantaishir, Dariv, and Agardag
Teschem ophiolites (Pfander et al., 2002; Jian et al., 2014). In contrast,
the ~ 647-636 Ma Bayankhongor ophiolite (Jian et al., 2010) is likely
associated with the Ediacaran-earliest Cambrian closure of the oceanic
basin between the Baydrag and Tarvagatai Blocks (e.g., Stipska et al.,
2024; Sukhbaatar et al., 2024). Ediacaran-Early Cambrian magmatic
complexes have been observed along the Lake Zone (Janousek et al.,
2018 and references therein). The Ordovician-Silurian one (~470-440
Ma) is also predominantly found along the MCMs (Kurimoto, 1998;
Demoux et al., 2009a, 2009b; Kozakov et al., 2011; Yarmolyuk et al.,
2011; Bold et al., 2016b, 2019; Feng et al., 2022). Finally, late Paleo-
zoic—early Mesozoic magmatism is widely documented in the EDB, sit-
uated along the southern margin of the Mongol-Okhotsk Belt (MOB),
unlike other MCMs (Fig. 1b; e.g., Miao et al., 2017; Ganbat et al., 2021,
2022; Zhu et al., 2023c). In addition, paleomagnetic studies indicate
that the microcontinents, including the EDB, remained stable near
Siberia until the late Cambrian, after which they drifted away during the
Ordovician-Silurian, forming ribbon-like structures of the MCMs
(Domeier and Torsvik, 2014; Kilian et al., 2016).

2.3. The Ereendavaa Block

The EDB in northeastern Mongolia constitutes an active continental
margin developed through the interaction of multiple orogenic systems
(Badarch et al., 2002). Two significant ophiolitic complexes mark the
tectonic framework of the EDB (Fig. 2a): the Cambrian Kherlen ophiolite
(~510 Ma; Miao et al., 2016) and the Carboniferous Adaatsag-Khuh
Davaa ophiolites (~325 Ma; Tomurtogoo et al., 2005; Zhu et al., 2018,
2023a) are interpreted as remnants of oceanic lithosphere emplaced
during subduction of the PAO (northward in present coordinates) and
MOO (southward). Both are located at the western end of the EDB, with
the Kherlen ophiolite along its southern margin and the Adaatsag-Khuh
Davaa ophiolites along the northern margin (Fig. 1b). Thus, the EDB is a
key component of the eastern CAOB, recording a complex Precam-
brian-Phanerozoic tectono-magmatic history. The EDB is generally
characterized by Paleoproterozoic gneiss, amphibolite, schist, and
marble, overlain by Neoproterozoic metasedimentary units such as
black schist, metasandstone, limestone, and volcanic rocks. These units
are intruded by granitic plutons of Proterozoic to younger ages
(Jamyandorj et al., 1990; Badarch et al., 2002).

Pioneering efforts to reconstruct the Precambrian and Phanerozoic
history of the Block, through zircon U-Pb geochronology, have been
constrained by limited exposure of Precambrian strata. Only two
quartzite sites (~1.2-1.1 Ga) near the Murun-Tsarigiin Gol area are
currently documented (Fig. 2b; Miao et al., 2020). Previously considered
basement rocks in the northeastern part of EDB, these rocks have been
dated to the Phanerozoic (~490-130 Ma) (Daoudene et al., 2013; Miao
et al., 2017). The Murun-Tsarigiin Gol volcanic sequence, previously
thought to be Tonian to early Cambrian, is now dated to the middle
Paleozoic ages (~460-416 Ma) (Fig. 2b; Narantsetseg et al., 2019).
Granitoids in the Bayanmod and Murun-Tsarigiin Gol areas are dated to
~557-409 Ma (Fig. 2b; Orolmaa et al., 2015; Miao et al., 2017), while
leucogranites and pegmatites in the northeastern part of EDB date to
~180-125 Ma (Daoudene et al., 2013). The tectonic evolution of the
EDB’s Phanerozoic history is relatively better understood than its Pre-
cambrian past (Daoudene et al., 2013; Miao et al., 2017, 2020; Nar-
antsetseg et al., 2019, 2021).

The study area is located in the western portion of the EDB, a region
of particular geological significance due to its position between ophio-
litic complexes on both sides (Fig. 2a). This segment also contains a suite
of granitoids exposed in a relatively underexplored zone (Fig. 2b),
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providing critical constraints on the tectono-magmatic evolution of the
Block. In several localities within the western EDB, including Bayanmod,
Airgiin-Enger, Ereet Uul, Bayan-Adarga, and the western part of the
Murun area (Fig. 2b), granitic intrusions display a wide range of mineral
assemblages, textures, and grain sizes, reflecting the region’s complex
magmatic history (Jamyandorj et al., 1990). Granitic intrusions in the
western EDB can be broadly categorized into seven groups based on
their emplacement ages: (1) Tonian, (2) Ediacaran, (3) Ordovician, (4)
Silurian, (5) Triassic, (6) Early Jurassic, and (7) Middle Jurassic
(Fig. 2b).

Tonian granitoid occurs in the Bayanmod and Ereet Uul areas
(Fig. 2b), typically as boulders (Fig. 3a), and is locally associated with
metasedimentary rocks (Fig. 3b) or enclosed as lenses within Ordovician
granitoid (Fig. 3h). Ediacaran granitoid, associated with the Kherlen
Ophiolitic Complex, Kherlen terrane (Fig. 2b), forms discrete, isolated
bodies with no observable contact relationships with surrounding units
(Fig. 3d—e). Ordovician granitoid is exposed in the Bayanmod, Airgiin-
Enger, and Ereet Uul areas (Fig. 2b), generally occurring as indepen-
dent intrusive bodies (Fig. 3g), locally containing Tonian granitoid as

279

lenses (Fig. 3h). Silurian granitoid, in the Airgiin-Enger, Ereet Uul, and
Tsarigiin Gol areas (Fig. 2b), exhibits well-developed foliation (Fig. 3j)
and locally intrudes metasedimentary rocks (Fig. 3k). Triassic granitoid,
distributed across the Airgiin-Enger, Bayan-Adarga, and Murun areas
(Fig. 2b), is characterized by a massive texture and commonly contains
microgranular mafic enclaves (MMEs; Fig. 3m). It is intruded by Early
Jurassic granitoid (Fig. 3n), which displays a similarly massive fabric
(Fig. 3p) and contains xenoliths of metasedimentary origin (Fig. 3q).
Middle Jurassic granitoid is confined to the Ereet Uul area (Fig. 2b), and
is distinguished by its K-feldspar porphyritic texture (Fig. 3s-t), with no
field evidence of interaction with other rock units.

3. Analytical methods
3.1. LA-ICP-MS zircon U-Pb dating
The zircon separation and analytical procedure have been presented

in detail by Kitano et al. (2014) and Adachi et al. (2012). The identifi-
cation of inclusions and cathodoluminescence (CL) imaging of mounted
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Ordovician granitoid

Fig. 3. Photographs and photomicrographs of sample outcrops in the study area. (a—c) Tonian granitoid (sample 1001); (d-f) Ediacaran granitoid (sample 1704D);
(g-i) Ordovician granitoid (sample 1205A); (j-1) Silurian granitoid (sample 1205B); (m-o) Triassic granitoid (sample 1201A); (p-r) Early Jurassic granitoid (sample

1201B); (s—u) Middle Jurassic granitoid (sample 1403A). Mineral abbreviations on photomicrographs: Hbl-hornblende; Bt-biotite; Ms-muscovite; Pl-plagioclase;
Kfs-K-feldspar; Qtz—quartz.
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zircons were carried out using a scanning electron microprobe equipped
with energy-dispersive spectroscopy (JEOL JSM-5310S-JED2140) and a
CL detector (Gatan MiniCL). Zircon U-Pb dating was performed with
LA-ICP-MS, employing an Agilent 7500cx quadrupole ICP-MS coupled
with a New Wave Research UP-213 laser. Calibration was achieved
using the Temora standard (417 Ma; Black et al., 2003), while accuracy
was ensured with the FC-1 standard (1099 Ma; Paces and Miller, 1993).
The NIST SRM-611 glass standard was used to determine the Th/U ratio.
Concordant ages were computed using Isoplot/Ex 3.7 software (Ludwig,
2008).

3.2. Whole-rock chemistry

Major and trace elements (SiOa, TiOs, Al,03, Fe,0¥%, CaO, MgO,
MnO, K70, Nay0, P,0s, V, Cr, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba) were
determined on glass beads using a Rigaku Primus II X-ray fluorescence
spectrometer (XRF). Detailed analytical conditions and procedures are
described in Nakano et al. (2012). Glass beads were prepared by mixing
the sample with lithium borate flux in a 1:2 dilution ratio using a fully
automatic bead sampler (Rigaku). Rare earth elements (La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and specific trace elements (Hf,
Ta, Pb, Th, U) were determined by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) employing an Agilent 7500cx
quadrupole ICP-MS coupled with a New Wave Research UP-213 Nd-
YAG UV (213 nm) laser ablation system. These analyses were conducted
directly on the glass beads used for XRF. Calibration and accuracy were
verified with the NIST SRM-611 glass standard. Analytical uncertainties,
which were less than 5 % of the concentration of each element, are
described in the analytical procedure by Nakano et al. (2012).

3.3. Mineral chemistry

Quantitative analysis of major minerals was performed using an
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electron probe micro-analyzer (EPMA, JEOL JXA-8530F). The analytical
conditions included an acceleration voltage of 15 kV, a beam current of
12 nA, and a beam diameter of 2 pm. Peak and background measure-
ments were performed with varying durations: 60 s and 30 s for Cl, 90 s
and 45 s for F, and 10 s and 5 s for other elements (Adachi et al., 2023).
Calibration standards comprised natural and synthetic minerals and
metals, with applied ZAF corrections.

All analyses, including sample preparation and petrographic obser-
vations, were conducted using the analytical facilities at Kyushu
University.

4. Results
4.1. Petrography

Granitoids in the study area exhibit diverse petrographic character-
istics, and predominantly have felsic compositions. The main rock types
identified are granodiorite, monzogranite, syenogranite, and quartz
monzodiorite. The mineral assemblage and the results of modal count-
ing analysis are presented in Table 1, with sample coordinates provided
in Supplementary Table S3. Representative outcrop photographs and
thin-section photomicrographs are shown in Fig. 3.

1) Tonian granitoids (samples 1001, 1101B, 1306A, and 1404)
comprise granodiorite, tonalite, and monzogranite. The modal compo-
sition includes plagioclase (36-65 vol%), K-feldspar (3-31 vol%), quartz
(27-34 vol%), biotite (0.5-4 vol%), and accessory minerals (~1 vol%).
Major minerals are subhedral and fine- to medium-grained, with weak to
moderate foliation. Biotite commonly occurs along mineral boundaries
(Fig. 3c).

2) Ediacaran granitoids (samples 1703D, 1704C, 1704D, 1705D)
consist of granodiorite and monzogranite. Mineral assemblages include
plagioclase (34-55 vol%), K-feldspar (17-33 vol%), quartz (19-39 vol
%), hornblende (5 vol% in sample 1704D), biotite (1-10 vol%), epidote

Table 1
Mineral assemblage and modal amounts of the studied samples.
No. Group name Sample No. Sample description Pl Kfs Qtz Bt Hbl Ms Ep Opq Acc
%

1 Tonian granitoid 1001 Granodiorite 53 9 34 4 0.1 0.2
1101B Tonalite 65 3 30.5 0.5 0.6 0.4
1306A Monzogranite 36 31 30 3 0.1 0.1
1404 Monzogranite 40 30 27 3 0.2 0.3

2 Ediacaran granitoid 1703D Monzogranite 38 33 26 2 0.1 0.1 0.3
1704C Granodiorite 44 23 19 10 3.7 0.4 0.6
1704D Granodiorite 55 17 20 1 5 1.0 0.3 1.0
1705D Monzogranite 34 22 39 5 0.3 0.4 0.2

3 Ordovician granitoid 1101A Syenogranite 21 42 23 10 1 0.8 1.5
1205A Granodiorite 38 20 26 11 4 0.5 0.1 0.9
1304A Syenogranite 14 35 48 2 1 0.4 0.4
1304B Syenogranite 14 27 31 27 1 0.2 0.9

4 Silurian granitoid 1205B Granodiorite 29 31 37 2 0.1 0.1
1306B Monzogranite 33 37 27 3 0.2 0.5
1402B Monzogranite 33 33 25 8 0.2 0.1
1602 Monzogranite 27 23 49 1 0.3 0.2

5 Triassic granitoid 1201A Tonalite 53 3 18 15 11 0.1 0.3
1202A Quartzdiorite 62 2 6 18 12 0.1 0.4 0.2
1203A Quartzmonzodiorite 53 9 12 13 12 0.4 0.1 0.6
1502A Granodiorite 49 8 22 10 7 2.4 0.5 1.1
1701 Granodiorite 44 21 29 5 0.1 0.3 0.3
1702 Granodiorite 50 19 23 8 0.1 0.2 0.3

6 Early Jurassic granitoid 1105 Monzogranite 26 44 29 1 0.3 0.2 0.4
1201B Monzogranite 39 28 29 3 1.0 0.1 0.7
1307 Monzogranite 25 38 26 10 1.0 0.4 0.3 0.4
1310 Monzogranite 32 27 37 3 0.8 0.2 0.3

7 Mid-Jurassic granitoid 1309 Syenogranite 25 46 21 7 0.2 0.3 0.7
1403A Quartz monzodiorite 49 21 14 15 0.3 0.9
1403B Monzogranite 39 25 28 8 0.3 0.5

Note: Sample descriptions based on the QAP diagram.

Abbreviation: P1 — plagioclase, Kfs — K-feldspar, Qtz — quartz, Bt — biotite, Amp — amphibole, Ms — muscovite, Ep — epidote, Opq — opaque mineral, and Acc. —

accessory mineral.
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(0.1-3.7 vol%), and accessory minerals (~1 vol%). Minerals are fine to
medium-grained, primarily subhedral in shape (Fig. 3f).

3) Ordovician granitoids (samples 1101A, 1205A, 1304A, and
1304B) include granodiorite and syenogranite, with plagioclase (14-38
vol%), K-feldspar (20-42 vol%), quartz (23-48 vol%), hornblende (1-4
vol%), biotite (2-27 vol%), and accessory minerals (~1 vol%). Major
minerals are moderately oriented and vary from fine- to coarse-grained
(Fig. 3i).

4) Silurian granitoids (samples 1205B, 1306B, 1402B, and 1602)
consist of granodiorite and monzogranite. Mineral compositions include
plagioclase (27-33 vol%), K-feldspar (23-37 vol%), quartz (25-49 vol
%), biotite (1-8 vol%), and accessory minerals (~1 vol%). Major min-
erals are strongly oriented, with grain sizes ranging from fine to medium
(Fig. 3D).

5) Triassic granitoids (samples 1201A, 1202A, 1203A, 1502A,
1701, and 1702) include quartz diorite and granodiorite, with plagio-
clase (44-62 vol%), K-feldspar (2-21 vol%), quartz (6-29 vol%), horn-
blende (7-12 vol%, excluding samples 1701 and 1702), biotite (5-18 vol
%), epidote (0.1-2.4 vol%), and accessory minerals (~1 vol%).
Magmatic epidote is common, and sample 1502A notably contains
euhedral and medium-grained titanite (Fig. 30).

6) Early Jurassic granitoids (samples 1105, 1201B, 1307, and
1310) consist of monzogranite with plagioclase (25-39 vol%), K-feld-
spar (27-44 vol%), quartz (26-37 vol%), biotite (1-10 vol%), muscovite
(0.3-1.0 vol%), and accessory minerals (~1 vol%). Major minerals are
typically subhedral to euhedral (Fig. 3r).

7) Mid-Jurassic granitoids (samples 1309, 1403A, and 1403B)
comprise syenogranite, quartz monzodiorite, and monzogranite, with
plagioclase (25-49 vol%), K-feldspar (21-46 vol%), quartz (14-28 vol
%), biotite (7-15 vol%), and accessory minerals (~1 vol%). Compared
to other granitoid types, the mineral grains are notably coarser (Fig. 3u).

4.2. U-Pb zircon geochronology

Sixteen samples from the study area were dated using LA-ICP-MS,
summarized in Table 2, with detailed data in Supplementary Table S4.
At least two representative samples from each granitoid type were
selected for zircon U-Pb dating. Representative CL images of zircon, Th/
U ratios, and Concordia diagrams are shown in Fig. 4. Zircons typically
exhibit well-developed oscillatory zoning, with rare sector zoning, as
observed in the CL images (Fig. 4a). Zircon shapes vary from stubby to
elongated prisms, with grain sizes ranging from approximately 50 to
500 pm, containing inclusions of plagioclase, apatite, and quartz. Zir-
cons from Tonian (samples 1001 and 1101B) and Ediacaran granitoids

Table 2
Summary of the zircon U-Pb ages of the dated samples.
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(samples 1704D and 1703D) are predominantly rounded, with occa-
sional overgrowth textures. Analyses were conducted on inclusion-free
and crack-free zircon portions (Fig. 4a). Their Th/U ratios are gener-
ally greater than 0.1 (Fig. 4b). The Concordia ages, derived from
concordant data, and the mean ages, based on 206pp, /2381 ratios, are
both interpreted as the crystallization ages of the granitoids (Table 2).

Tonian granitoids. Sample 1001: Twenty-four concordant and
seven discordant data points were obtained from thirty-one analyses.
Inherited zircons showed older dates of 963 and 1011 Ma (Th/U = 0.265
and 0.215). The remaining twenty-one concordant data points, with Th/
U ratios from 0.208 to 0.384, provided a Concordia age of 880.2 + 6.5
Ma (Fig. 4c). A zircon with an overgrowth rim yielded a younger
concordant datum of 444 Ma (Th/U = 0.022). Sample 1101B: Twenty-
three concordant and seven discordant data points were obtained. The
youngest date population (10 concordant data points, Th/U =
0.068-0.181) yielded a Concordia age of 881.9 + 12 Ma (Fig. 4c).
Inherited dates from 932 to 1346 Ma (Th/U = 0.067-0.458) were also
detected.

Ediacaran granitoids. Sample 1704D: Twenty-three analyses yiel-
ded Th/U ratios between 0.207 and 1.196, with 2°°Pb/?8U dates
ranging from 528 to 599 Ma. The youngest date population (16
concordant data points) produced a Concordia age of 544.7 + 4.9 Ma.
An overgrowth rim yielded a younger date of 451 Ma (Th/U = 0.663)
(Fig. 4d). Sample 1703D: Sixteen analyses, with Th/U ratios from 0.145
to 0.915 and 2°°Pb/228U dates from 525 to 579 Ma, yielded a weighted
mean age of 542.1 + 8.6 Ma (Fig. 4d).

Ordovician granitoids. Sample 1205A: Thirteen concordant and
one discordant data points, with Th/U ratios from 0.336 to 0.855,
yielded a concordia age of 470.8 + 4.7 Ma from twelve concordant data
points (Fig. 4e). Sample 1101A: Fourteen concordant and four discor-
dant data points, with Th/U ratios from 0.479 to 0.915, provided a
Concordia age of 472.9 + 5.2 Ma (n = 11, MSWD = 0.03) (Fig. 4e).

Silurian granitoids. Sample 1205B: Nineteen concordant and four
discordant data points, with Th/U ratios from 0.272 to 1.322 and
206pp,/238 ages from 420 to 454 Ma, yielded a concordia age of 437.9
+ 3.5 Ma (Fig. 4f). Sample 1602: Fifteen concordant and nine discordant
data points, with Th/U ratios from 0.465 to 0.767, yielded a Concordia
age of 431.4 + 3.6 Ma (n = 14, MSWD = 0.12) (Fig. 4f).

Triassic granitoids. Four samples (1201A, 1203A, 15024, and
1701) yielded Concordia ages ranging from 207.8 + 2.6 Ma to 226.1 +
3.1 Ma (Fig. 4g-h; Table 2). Sample 1201A: Fifteen analyses yielded
concordant data, with Th/U ratios from 0.590 to 1.597, resulting in a
Concordia age of 207.8 + 2.6 Ma (n = 15, MSWD = 0.011). Sample
1203A: Fourteen analyses yielded Th/U ratios from 0.514 to 1.493, with

Sample description Sample No. Th/U ratio n' n MSWD Concordia age, Ma  Inherited dates, Ma (n) Overgrowth dates, Ma (n)
Tonian granitoid 1001 0.02-0.48 31 21 0.01 880.2 +£ 6.5 750-761(2), 844(1), 879-1068(6) 444(1)
1101B 0.07-0.63 30 10 0.21 881.9 +£12 724 (1), 931-1354 (19) -
Ediacaran granitoid 1703D 0.14-0.92 16 16 250 *542.1 + 8.6 - -
1704D 0.21-1.19 23 16 0.17 544.7 + 4.9 565-599(6) 451(1)
Ordovician granitoid 1101A 0.48-0.92 16 11 0.03 472.9 £5.2 500 (1) -
1205A 0.33-0.85 14 12 0.09 470.8 + 4.7 509 (1) —
Silurian granitoid 1205B 0.27-3.92 23 19 0.26 437.9 £ 3.5 - -
1602 0.39-1.34 24 14 0.12 431.4+£ 3.6 475(1), 600(1) -
Triassic granitoid 1201A 0.59-1.60 15 15 0.01 207.8 + 2.6 — -
1203A 0.51-1.49 14 14 0.43 218.8 + 2.8 - -
1502A 0.10-2.71 28 18 0.81 *214.7 £ 5.3 294(1), 425-436(3), 812-881(5) —
1701 0.06-1.62 15 8 0.68 226.1 + 3.1 257-297(3), 424(3), 532-559(2), 827(1) -
Early Jurassic granitoid 1307 0.07-1.04 38 30 5.80 *183.6 = 5.9 242-308(5), 410(1), 565(1), 639(1) -
1201B 0.44-2.26 24 18 0.11 192.8 + 2.4 221-239(2), 461-462(2) —
Mid-Jurassic granitoid 1309 0.06-2.02 18 16 1.80 *173.5 £ 4.9 210(1), 291(1) —
1403A 0.16-0.93 14 14 2.50 1715+ 2.2 - -
n' — the total number of analyses.
n® — number of data used for calculating Concordia/Mean age.

n — number of inherited zircon and core-overgrowth dates.
* — weighted mean age.
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Fig. 4. (a) Cathodoluminescence images of representative zircons from dated samples. 2°°Pb/?*®U age, with 26 error and the Th/U ratio. Analysis spots are marked
by colored circles, and scale bars (50 pm) are included. Abbreviations for zircon inclusions: Ap-apatite; Kfs—K-feldspar; Qz—quartz. (b) 206pp /238y age (Ma) versus
Th/U ratio for zircons from dated samples. (c) Concordia diagrams for zircon U-Pb dating, showing the Concordia/weighted mean age, mean square weighted
deviation (MSWD), number of analyses (n) used for age calculation, and sample number. Red ellipsoids represent analyses included in the age calculation, whereas
grey ellipsoids mark those excluded.
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206pp, /238 dates from 209 to 228 Ma, resulting in a concordia age of
218.8 + 2.8 Ma. Sample 1502A: Twenty-four concordant and four
discordant data points, with 206pp /238Y) dates from 201 to 881 Ma,
produced a weighted mean age of 214.7 + 5.3 Ma (n = 18, MSWD =
0.81). Sample 1701: Eight concordant and seven discordant data points,
with Th/U ratios from 0.059 to 0.641, yielded a Concordia age of 226.1
+ 3.1 Ma (n = 8, MSWD = 0.68).

Early Jurassic granitoids. Sample 1201B: Twenty-four analyses
yielded twenty concordant and four discordant data points. The pre-
dominant group of nineteen concordant data points, with Th/U ratios
from 0.511 to 1.670, provided a Concordia age of 192.8 + 2.4 Ma
(Fig. 4i). Inherited zircons were identified, with dates from 220 Ma to
462 Ma. Sample 1307: Thirty-eight analyses yielded twenty-four
concordant and fourteen discordant data points. Th/U ratios ranged
from 0.070 to 1.041, with 2°°Pb/*8U dates from 154 to 235 Ma,
resulting in a weighted mean age of 183.6 + 5.9 Ma (n = 30, MSWD =
5.80). Inherited zircons were also identified, with dates from 242 to 639
Ma (Fig. 4i).

Mid-Jurassic granitoids. Sample 1403A: Fourteen concordant data
points, with Th/U ratios from 0.159 to 0.930, yielded a Concordia age of
171.5 + 2.2 Ma (Fig. 4j). Sample 1309: Eighteen analyses of fourteen
zircons, with two grains yielding inherited dates of 291 and 210 Ma (Th/
U = 0.340 and 0.431), yielded a weighted mean age of 173.5 + 4.9 Ma
(n =16, MSWD = 1.80) (Fig. 4;j).

4.3. Whole-rock geochemistry

Twenty-nine samples spanning from the Tonian (~880 Ma) to the
middle Jurassic (~170 Ma) were subjected to whole-rock geochemical
analysis. The major and trace element geochemical data are presented in
Supplementary Table S5.

Tonian granitoids (~880 Ma). The granitoids exhibit a granitic
composition (Fig. 5a), fitting within the calc-alkaline to high-K calc-
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alkaline series (Fig. 5b) and showing a ferroan signature (Fig. 5¢). They
are peraluminous, with aluminum saturation index (ASI) values from
1.05 to 1.26 (Fig. 5d). Their major element compositions are charac-
terized by SiO; ranging from 70.6 to 75.8 wt%, total alkalis from 6.60 to
8.95 wt%, Al,O3 from 13.7 to 16.8 wt%, TiO5 from 0.10 to 0.29 wt%,
and CaO from 0.65 to 2.40 wt%. MgO varies from 0.14 to 0.50 wt%, and
FeO! from 0.37 to 1.17 wt%, with Mg# values ranging from 29.5 to
52.3. Rare earth element (REE) patterns are characterized by light REE
(LREE) enrichment and flat heavy REE (HREE) [(La/Yb)y = 7.69-22.9],
with variable Eu anomalies: strongly negative (Eu/Eu* = 0.21) for
sample 1101B and weakly positive (Eu/Eu*=0.86-1.70) for others
(Fig. 6a). Multi-element patterns show negative Nb, P, and Ti anomalies,
with significant Rb, K, and Pb enrichment (Fig. 6b).

Ediacaran granitoids (~540 Ma). These granitoids, including
granodiorite and granite (Fig. 5a), have SiO, values ranging from 68.9 to
76.0 wt%, total alkalis from 6.49 to 9.19 wt%, Al,O3 from 11.9 to 15.4
wt%, TiO, from 0.18 to 0.40 wt%, and CaO from 0.18 to 3.77 wt%. MgO
ranges from 0.16 to 0.69 wt%, and FeOT from 1.14 to 2.35 wt%, with
Mg# values from 18.6 to 38.7. They are classified within the calc-
alkaline to high-K calc-alkaline series (Fig. 5b), ferroan (Fig. 5c), and
display metaluminous to weakly peraluminous characteristics, with ASI
values of 0.93-1.11 (Fig. 5d). REE patterns show LREE enrichment and
flat HREE [(La/Yb)y = 2.39-4.51] with negative Eu anomalies (Eu/Eu*
= 0.35-0.74) (Fig. 6¢). Multi-element patterns indicate significant
enrichment in K and Pb and slight to moderate depletion in Nb, P, and Ti
(Fig. 6d).

Ordovician granitoids (~470 Ma). These granitoids have higher
silica content, with SiO, ranging from 72.1 to 81.9 wt%, total alkalis
from 5.48 to 8.46 wt%, Al;O3 from 9.62 to 14.6 wt%, TiO from 0.20 to
0.35 wt%, and CaO from 0.05 to 1.74 wt%. MgO varies from 0.30 to
0.52 wt%, and FeO™ from 1.0 to 2.63 wt%, resulting in Mg# values from
18.6 to 43.6. They belong to the high-K calc-alkaline series (Fig. 5b), are
ferroan (Fig. 5c), and exhibit various ASI values from 1.02 to 1.42
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Fig. 5. (a) NayO + K50 versus SiO, (TAS) diagram for plutonic rocks (after Middlemost, 1994); (b) K20 versus SiO, diagram for subdivision of sub-alkalic rocks (after
Peccerillo and Taylor, 1976); (c) FeOT / (MgO + FeO?) versus SiO, plot for magnesian and ferroan rocks (after Frost et al., 2001); (d) A/NK [molar Al,03/(NayO +
K,0)] versus A/CNK [molar Al,03/(CaO + NayO + K,0)] diagram (after Maniar and Piccoli, 1989).
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(Fig. 5d). REE patterns are marked by LREE enrichment and flat HREE
[(La/Yb)n 5.65-9.40] with negative Eu anomalies (Eu/Eu* =
0.45-0.48) (Fig. 6e). Primitive mantle-normalized trace element pat-
terns show enrichment in Rb, K, and Pb and depletion in Nb, Sr, P, and Ti
(Fig. 6f).

Silurian granitoids (~440 Ma). These granitoids feature higher
SiO, values from 74.2 to 79.9 wt%, total alkalis from 6.68 to 9.23 wt%,
and Al,O3 from 10.3 to 14.3 wt%, with lower TiO5 (0.06-0.19 wt%) and
FeOT (0.61-1.27 wt%) and moderate Mg# (20.1-28.4). They are clas-
sified as high-K calc-alkaline to shoshonitic (Fig. 5b), magnesian
(Fig. 5¢), and weakly peraluminous with ASI of 1.01-1.09 (Fig. 5d). REE
patterns show two distinct types: low LREE/HREE ratios [(La/Yb)y =
10.7-12.5] with weak negative Eu anomalies (Eu/Eu* = 0.51-0.55),
and high LREE/HREE ratios [(La/Yb)y = 6.76-17.3] with strong nega-
tive Eu anomalies (Eu/Eu* = 0.16-0.26) (Fig. 6g). Multi-element pat-
terns reveal negative anomalies in Ba, Nb, Sr, P, and Ti, with substantial
enrichment in Rb, Th, K, and Pb (Fig. 6h).

Triassic granitoids (~220 Ma). Hbl-Bt granitoids range from di-
orites to granites, with SiO, values between 58.3 and 71.7 wt%, total
alkalis from 6.22 to 8.23 wt%, Al,03 from 14.5 to 17.8 wt%, and TiO,
from 0.21 to 0.78 wt%. MgO ranges from 0.42 to 3.43 wt%, and FeOT
from 1.50 to 5.53 wt%, giving Mg# values from 32.1 to 52.4. They
belong to the high-K calc-alkaline series (Fig. 5b), are magnesian
(Fig. 5¢), and show metaluminous to weakly peraluminous character-
istics with ASI values from 0.93 to 1.09 (Fig. 5d). REE patterns indicate
moderate LREE enrichment [(La/Yb)y 8.50-11.7] with weakly
negative Eu anomalies (Eu/Eu* = 0.62-0.93) (Fig. 6i). Multi-element
patterns display enrichment in Rb, K, and Pb, with pronounced nega-
tive anomalies in Nb, P, and Ti (Fig. 6j).

Early Jurassic granitoids (~190 Ma). Two mica granitoids exhibit
SiO5 values from 71.1 to 74.0 wt%, total alkalis from 7.55 to 9.32 wt%,
and Al;O3 from 13.5 to 15.0 wt%, with lower TiOy (0.07-0.22 wt%),
MgO (0.11-0.68 wt%), and FeOT (0.51-1.49 wt%), and moderate Mg#
(19.8-44.9). They are classified as granite (Fig. 5a) and belong to the
high-K calc-alkaline to shoshonitic series (Fig. 5b), with a magnesian
type (Fig. 5¢) and weakly peraluminous traits with ASI values of
1.01-1.09 (Fig. 5d). Their REE patterns reveal two distinctive features:
slightly enriched LREEs [(La/Yb)y 5.23-13.1] with positive Eu
anomalies (Eu/Eu* = 1.81-3.66), and strongly enriched LREEs [(La/
Yb)y = 20.8-66.5] with negative Eu anomalies (Eu/Eu* = 0.58-0.63)
(Fig. 6k). Multi-element patterns exhibit positive K and Sr, and negative
Nb, P, and Ti anomalies (Fig. 61).

Mid-Jurassic granitoids (~170 Ma). Porphyritic granitoids have
SiO5 values from 64.1 to 70.6 wt%, total alkalis from 8.31 to 9.47 wt%,
and Aly03 from 14.7 to 16.6 wt%. They show moderate TiO2 (0.30-0.82
wt%), MgO (0.45-1.15 wt%), FeO” (1.72-3.92 wt%), and Mg#
(31.8-38.5). These granitoids are primarily quartz monzonite (Fig. 5a),
fall into the shoshonitic series (Fig. 5b), and are of magnesian type
(Fig. 5¢), with weakly peraluminous characteristics (ASI = 1.01-1.06)
(Fig. 5d). REE patterns show LREE enrichment [(La/Yb)y = 17.7-20.6]
and negative Eu anomalies (Eu/Eu* = 0.49-0.60) (Fig. 6m). Multi-
element patterns display negative anomalies in Nb, P, and Ti, with
notable enrichment in Rb, K, and Pb (Fig. 6n).

4.4. Mineral chemistry

Seven representative samples from each group were selected for the
EPMA analysis. Mineral formula recalculations were carried out using
the MATLAB®-based MinPlot program (Walters, 2022). Representative
mineral compositions and their structural formulas are presented in
Supplementary Table S6. Detailed descriptions of feldspar, biotite, and
amphibole chemistry are provided in Supplementary Document S1.

4.4.1. Estimation of crystallization conditions
Mafic hydrous minerals, such as amphibole and biotite, are essential
constituents of many granitoid rocks. Their concurrent analysis can
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effectively constrain magma crystallization conditions (Czamanske and
Wones, 1973). Biotite composition is particularly useful for estimating
crystallization temperature (Henry et al., 2005) and depth (Uchida et al.,
2007), while amphibole compositions also provide important con-
straints on granitic magma crystallization pressure-temperature condi-
tions (Schmidt, 1992; Ridolfi et al., 2010). Numerous
geothermobarometers have been developed, each requiring specific
sample parameters for accurate estimation. In this study, representative
samples with a wide range of mineral compositions were selected to
estimate crystallization conditions. Some biotite and amphibole geo-
thermobarometers were applied (Supplementary Document S1). Since
some samples are amphibole-free, we primarily used biotite geo-
thermobarometers to constrain pressure-temperature conditions;
amphibole geothermobarometers were applied only for amphibole-
bearing samples to validate the conditions determined from biotite
(Table 3).

5. Tectonomagmatic evolution of the Ereendavaa Block in the
Mongolian Collage context

5.1. Timing of magmatism

We report 271 concordant zircon dates from 16 granitoids, spanning
from 160 to 1346 Ma. These ages, identified as magmatic based on CL
zoning and high Th/U ratios (>0.1), show seven distinct magmatic ep-
isodes: Tonian (~880 Ma), late Ediacaran (~540 Ma), early Ordovician
(~470 Ma), early Silurian (~440 Ma), late Triassic (~220 Ma), early
Jurassic (~190 Ma), and middle Jurassic (~170 Ma). Zircon over-
growths from the ~880 Ma and ~540 Ma granitoids yield 2°°Pb/?3%U
ages of 444 Ma and 451 Ma, respectively, which likely represent the
timing of metamorphism during the Ordovician-Silurian. This meta-
morphism may have been triggered by magmatic events that occurred
between 470 and 440 Ma (Fig. 4e—f). Minor age peaks at ~1.3 Ga, ~1.0
Ga, and ~300 Ma were also identified (Fig. 8). The inherited zircon ages
at ~1.3 Ga and ~1.0 Ga are consistent with an igneous origin and
closely correspond to the detrital zircon age spectra reported by Miao
et al. (2020), which range from ~0.97 to ~1.42 Ga. Granitic intrusions
dated to ~880 Ma reveal a previously undocumented Tonian magmatic
episode within the EDB.

In addition to the newly identified Tonian magmatism, the EDB re-
cords a protracted magmatic history reflecting episodic crustal activity
from the Neoproterozoic to the Mesozoic, which is well supported by
this study and previous investigations (Supplementary Table S2). Edia-
caran-early Cambrian magmatism is marked by ~540 Ma felsic in-
trusions, consistent with associated mafic to intermediate complexes
emplaced between 557 and 518 Ma (Orolmaa et al., 2015) and a granite
dated at 534 + 7 Ma (Zhu et al., 2023a). Early Ordovician granitoids
(~470 Ma) and coeval rhyolites (461-450 Ma) indicate regionally
extensive igneous activity during this period (Narantsetseg et al., 2019;
Miao et al., 2020). Early Silurian magmatism is constrained by ~440 Ma
granitoids, corroborating prior geochronological data (Orolmaa et al.,
2015; Miao et al., 2016). Inherited zircon ages around 300 Ma reflect
late Carboniferous to early Permian magmatism, which is in agreement
with zircon ages from metamorphic rocks (296-271 Ma; Daoudene
et al., 2013; Miao et al., 2017). Late Triassic (~226-207 Ma) and
Jurassic (~192-171 Ma) granitoids document continued Mesozoic
magmatism, consistent with earlier reports of high-K calc-alkaline and
mylonitic granitoids in the region (Tomurtogoo et al., 2005; Orolmaa
et al., 2015; Miao et al., 2016).

5.2. Characteristics of magmatism

The major and trace element compositions of the studied granitoids
vary significantly despite similar crystallization ages and mineral as-
semblages (Figs. 5, 6). As REEs remain immobile during low-grade
alteration (McLennan, 1989; Bau, 1991), they are reliable for source



M. Bold et al.

Table 3

Gondwana Research 147 (2025) 276-300

Representative geothermobarometer calculations of the studied samples. Equations used for temperature-pressure calculations from: (1) Henry et al. (2005); (2) Li and
Zhang (2022); (3) Otten (1984); (4) Blundy and Holland (1990); (5) Uchida et al. (2007); (6) Li and Zhang, (2022); (7) Schmidt (1992); (8) Mutch et al. (2016).

Representative sample Temperature (°C)

Pressure (kbar)

Biotite Amphibole Biotite Amphibole
max min Mean max min Mean max min Mean max min Mean
Tonian granitoid 627 608 6191 373 238 2.98®
(Sample 1001) 880 806 8532 10.77 7.26  8.53©®
Ediacaran granitoid 642 608 6231 682 654  668% 1.63 138  1.499 732 629 6767
(Sample 1704D) 842 808 825@ 811 787  798W 342 310 3.22©@ 591 495 5.38®
Ordovician granitoid (Sample 1205A) 592%  571*  630% 689 653  676© 243 197 219® 7.28 7.00 7.107
759 746 753@ 780 758  767% 471  3.90 4.20© 586 559 5.69®
Silurian granitoid 698*  662* 67611 339 317  3.28®
(Sample 1205B) 771 755 7623 723 544  6.38©®
Triassic granitoid 707 674 6941 733 714  725® 1.82 156 1.68® 346 335 3.417
(Sample 1205B) 796 789 791® 738 711 723@W 6.09 439 5.07© 279 272 275®
Early Jurassic granitoid (Sample 1201B) 695 675 6821 220 1.80 2.00®
803 795 799@ 686 543  6.25©@
Mid-Jurassic granitoid (Sample 1403A) 707 692 701D 1.40 131 1379
801 796 799@ 372 335 3.55©@

Equations used for temperature and pressure calculations:
(1) TCC) = [(In Ti + 2.3594 + 1.7283 x (Xpmg)*)/(4.6482 x 10919333,

(2) Machine Learning Thermobarometry (https://lixiaoyan.shinyapps.io/Biotite_thermobarometer/).

(3) T(°C) = 1204 x (Ti/230) + 545.
(4) TCK) = (0.677 x P(Kbar) — 48.98 + Y)/(—0.0429—0.008314 x In Xp).
(5) P(kbar) = 3.03 x Al" — 6.53.

(6) Machine Learning Thermobarometry (https://lixiaoyan.shinyapps.io/Biotite_thermobarometer/).

(7) P(kbar) = -3.01 + 4.76 x Al".
(8) P(kbar) = 0.5 + 0.331 x Al" + 0.995 x (AI"%
* Out of calibration range or specified condition.

interpretation. Tonian (~880 Ma), Ediacaran (~540 Ma), Silurian
(~440 Ma), and early Jurassic (~190 Ma) granitoids display two
distinct REE patterns (Fig. 6). To constrain source characteristics, we
selected unfractionated or weakly fractionated samples, which better
preserve primary signatures (Whalen et al., 1987; Wu et al., 2017).
Tonian granitoids (~880 Ma) and sample 1704D from the Ediacaran
granitoids (~540 Ma) are predominantly unfractionated (Fig. 9a). In
contrast, most Silurian (~440 Ma) granitoids are fractionated, except for
samples 1205B and 1602 (Fig. 9b). Among the early Jurassic (~190 Ma)
granitoids, sample 1105 is notably fractionated, whereas others are not.
Following the criteria of Wu et al. (2017), only unfractionated or weakly
fractionated samples are used to infer magma sources.

5.2.1. Tonian magmatism (~880 Ma)

Petrogenetic implications

The Tonian leucogranitoids (~880 Ma) are largely unfractionated
and display two distinct REE patterns (Fig. 6a). Negative Eu and Ba
anomalies likely reflect K-feldspar fractionation, while Nb-Ti-P troughs
suggest the involvement of Ti-bearing phases and apatite (Fig. 6a-b).
These peraluminous granitoids (ASI = 1.05-1.26), with enriched LREEs
[(La/Yb)y = 7.69-22.9], contain primary biotite (Fig. 7c) and exhibit
emplacement conditions of ~ 8.5 kbar and 853 °C, consistent with mid-
crustal crystallization (~28 km depth). Eu anomalies vary, from strongly
negative (Eu/Eu* = 0.21 in 1101B) to slightly positive (up to 1.70),
likely due to feldspar accumulation or crustal contamination. Their calc-
alkaline to high-K affinity and enrichment in Rb, K, and Pb suggest
partial melting of aluminum-rich crust in a continental setting.

Magma source and tectonic setting

The geochemical features of the Tonian granitoids suggest derivation
through (1) partial melting of aluminum-rich (meta-)sedimentary rocks,
such as metapelites and metagraywackes (Patino Douce, 1999; Eyal
et al., 2004; Healy et al., 2004), or (2) partial melting of (meta-)igneous
rocks like tonalite or granodiorite at pressures >8 kbar, involving re-
sidual restitic phases (Patino Douce, 1999). The abundance of inherited
zircons and scarcity of mafic minerals support a dominant sedimentary
source. Source identification using the Al-Fe-Mg-Ti-Ca system (Fig. 9¢)
points to a pelitic origin for high-REE granitoids (e.g., 1101B) and a
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greywacke source for low-REE samples (e.g., 1001). Comparable ~880
Ma I-type granitoids in the Manzhouli area (NE China) are interpreted as
products of deep-seated basaltic underplating (Gou et al., 2013), con-
trasting with the mid-crustal S-type granitoids in this study. A similar
two-source model is observed in ~15 Ma I- and S-type granitoids formed
under extension from both lower crustal igneous and mid-crustal sedi-
mentary sources (Lamont et al., 2023). Regional rifting during the early
Neoproterozoic has also been proposed for the Ereendavaa Block (Miao
et al., 2020). Although the granitoids plot in both arc-related (VAG) and
syn-collisional (syn-COLG) fields (Fig. 9e-f), these distributions likely
reflect inherited source characteristics rather than active subduction
(Pearce et al., 1984). Integrated evidence suggests that the Tonian
granitoids (—~880 Ma) were likely derived as S-type magmas from (meta-
)sedimentary crust in an extensional setting.

5.2.2. Late Ediacaran magmatism (~540 Ma)

Petrogenetic implications

Sample 1704D, with a hornblende-bearing assemblage, likely rep-
resents an unfractionated granodiorite (Fig. 9a). The associated
hornblende-absent granites display features of fractional crystallization,
including negative Eu anomalies and low Ti and P (Fig. 6¢—d), consistent
with the removal of apatite, amphibole, and feldspar. Amphibole in
1704D is pargasite (Fig. 7g), indicating equilibrium with calc-alkaline
melts (Ridolfi and Renzulli, 2012; Pal-Molnar et al., 2015), and biotite
chemistry reflects a similar calc-alkaline signature (Fig. 7d-e), consis-
tent with the whole-rock composition (Fig. 5b).

Magma source and tectonic setting

Calc-alkaline metaluminous granites may form via fractional crys-
tallization of mantle-derived basalt, magma mixing, or partial melting of
juvenile mafic crust (Chappell and White, 2001; Kemp et al., 2007;
Clemens et al., 2011; Moyen et al., 2017). However, the absence of mafic
enclaves (Chappell, 1996) and the lack of a strong Eu anomaly in sample
1704D argue against magma mixing or a mantle-derived basaltic source.
Instead, its unfractionated nature supports an origin by the partial
melting of juvenile mafic crust. This interpretation is supported by
experimental melts of mafic to ultramafic rocks (Fig. 9d), hornblende-
rich mineralogy indicating water-rich conditions (Sisson et al., 1996),
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Fig. 7. (a) An-Ab-Or ternary cation diagram for feldspars (after Deer et al., 1992). Abbreviations: Ab-albite, An-anorthite, Or-orthoclase. (b) A" versus Fe™2/
(Fe2++Mg) plot for biotite (after Deer et al., 1992). (c) (10xTiO3) — (FeO" + MnO) - MgO ternary diagram for primary and secondary biotite (after Nachit et al.,
2005). (d) Al" versus Mg plot for biotite (after Nachit et al., 1985). (e) MgO-FeO-Al,O3 ternary diagram for source classification of biotite (after Abdel-rahman,
1994). (f) Na® versus (Ca + Na)® plot for amphibole (after Leake et al., 1997). (g) Mg/(Mg + Fe?") versus Si classification diagram for calcic amphiboles (after Leake
et al., 1997). (h) (Na + K)* versus TiO, classification diagram for primary and secondary amphibole (after Molina et al., 2009). (i) K2 versus Al'Y discrimination

diagram for source of amphibole (after Ridolfi and Renzulli, 2012).
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Fig. 8. Histogram and relative probability plot of zircon U-Pb ages from the dated samples in this study. Age data are provided in Supplementary Table S4.

and arc-type signatures in discrimination diagrams (Fig. 9e—f). There-
fore, we propose that the Ediacaran granitoids (~540 Ma) formed
through partial melting of juvenile mafic crust that had been meta-
somatized by slab-derived fluids in a subduction-related arc setting,
rather than being directly derived from slab melts.

5.2.3. Early Ordovician magmatism (~470 Ma)

Petrogenetic implications

The ~470 Ma granitoids exhibit high-K calc-alkaline, magnesian,
and peraluminous signatures. Their high silica content (72-82 wt%) and
negative Eu anomalies suggest significant fractional crystallization.
Mineralogical evidence from sample 1205A supports this interpretation,
as it contains abundant hydrous mafic minerals. Amphiboles are clas-
sified as ferropargasite (Fig. 7g), a composition typical of alkaline
magmatic systems (Fig. 7i; Pal-Molnar et al., 2015; Ridolfi and Renzulli,
2012), while associated biotites show a slightly alkaline trend
(Fig. 7d-e), indicating a possible alkaline component in the source.

Magma source and tectonic setting

The elevated Mg, Ni, and Cr contents, along with experimental data
(Fig. 9d), suggest that the Ordovician granitoids may have formed via
partial melting of mafic to ultramafic sources. Their crust-like REE
patterns, negative Eu anomalies, LILE enrichment, and HFSE depletion
imply significant crustal input. While arc-related rhyolites (~460 Ma)
are reported from the southern EDB (Narantsetseg et al., 2019), the
granitoids in Bayanmod, Airgin-Enger, and Ereet-Uul likely reflect
magmatism in an extensional regime within the central part of the EDB,
possibly linked to early-stage continental rifting (Luo et al., 2018). A
similar tectonic shift—from arc (~485 Ma) to extensional (~466 Ma)
settings—has been documented in the neighboring Erguna Block and
attributed to slab rollback (Nicolosi et al., 2006; Zhou et al., 2015; Gou
et al., 2019). This interpretation is further supported by LP
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metamorphism at 477 + 15 Ma (Sergelen, 2018), typical of back-arc
basins (Thompson et al., 2001). Collectively, these observations sup-
port a back-arc extensional setting for the Ordovician granitoids in the
EDB.

5.2.4. Early Silurian magmatism (~440 Ma)

Petrogenetic implication

The Silurian granitoids exhibit geochemical features suggestive of
advanced fractional crystallization (Fig. 9a), though samples 1205B and
1602 may reflect less evolved sources (Fig. 9b). Their high SiO, and
Al;03, low MgO and Ni, and LILE enrichment with HFSE depletion
suggest derivation from evolved felsic crust. Variations in Eu anom-
alies—weak in 1205B, stronger in 1602—Ilikely reflect differential
plagioclase fractionation. The mineralogical features of sample 1205B,
including the presence of primary biotite (Fig. 7b-c), are in agreement
with whole-rock chemistry and may point to an S-type affinity. Biotite
compositions reflect a calc-alkaline, peraluminous nature (Fig. 7d-e),
and geothermometry yields ~762 °C, consistent with low-temperature
crystallization of S-type granites (White and Chappell, 1988; Sylvester,
1998). Overall, these features imply derivation from continental crust-
like sources (Taylor and McLennan, 1985).

Magma source and tectonic setting

Experimental constraints suggest a pelitic source for sample 1205B
and greywacke for 1602 (Fig. 9c). Despite ambiguous positioning in
tectonic discrimination diagrams (Fig. 9e-f), likely due to source-
inherited geochemical imprints (Pearce et al., 1984), the granitoids
exhibit features consistent with S-type granites, which can form in
various tectonic settings—arc, collisional, back-arc, or post-collisional
(Sylvester, 1998; Barbarin, 1999; Collins and Richards, 2008; Jiang
et al., 2011). Regional evidence points to subduction-related activity
during the Cambrian-Ordovician (e.g., Miao et al., 2017), with



M. Bold et al. Gondwana Research 147 (2025) 276-300
( a) ( b) @ Tonlan granitold (~880 Ma) @ Triassic granitoid (~220 Ma)
|@ Ediacaran granitoid (~540 Ma) 4 Early Jurassic granitoid (~190 Ma)
A Ordovician granitoid (~470 Ma) |l Middle Jurassic granitoid (~170 Ma)
Fractionated granite 1000 A Il Silurian granitoid (~440 Ma)
o 191 s
g H A g o A-type
BT [m] = & | granite
2 D B B § o & o0 ut
w Unfractionated I/S-type granite A & 12058 g ¢ . o]
A & 1704D/' IIS-ty_pe AA A : ype f!actjonaliorl
granite o~
1201B 1602 |
1001 -
1101B ?
1 - , 10 ; : — ‘
50 500 1 1.5 2 25 3 3.5
Zr+Nb+Ce+Y, ug/g 10000 x Ga/Al, pg/g
25 25 d
) - (d)
2 20 4 O 20 ’ ;
= 1205B A Partial melting from = F::;:? ::eullttl:lagmf;zr:
6 m <//l felsic pelite sources 5 abiirees
D15 - =, D15 -|
s 101877 4 s
+ v . . +
E) 1105 . ) Partial melting '-O
o 10 - 1001 from greywacke o 10 4 1703D
w @ i 1704D
= 14025~ M sourees = "
o || ry Y A A ..‘.
~ 5 w_ ~ 5 A e /‘\.
< 1602 0= < — o
[} [ ) @] o
0 : , , 0 . 12054 ;
10 15 20 25 30 10 15 20 25 30
Al,0,+FeOT+MgO+TiO,, Wt% Al,0,+FeOT+MgO+TiO,, wt%
(e) (f) VAG - volcanic arc granite
WPG 100 + WPG | syn-COLG - syn-collision granite
WPG — within plate granite
ORG - oceanic ridge granite
syn-COLG
25 - 2 VAG + B<
g A A : .A.\ l N g_’ syn-COLG - A
s o " 0g & £107 o Gm s
/ ®_ v oh TS a
o D ® o0 oRG & & N ..'Q
VAG A .I ORG
A
0.2 T T 1 T T
0.1 10 100 1 10 100
Yb, pg/g Y, uglg

Fig. 9. (a) FeOT/MgO versus Zr + Nb + Ce + Y plots for fractionated and unfractionated granites (after Whalen et al., 1987); (b) Zr versus 10000 x Ga/Al diagram for
fractionated granites (after Wu et al., 2017); (c—d) Al-Fe-Mg-Ti-Ca diagram for a source of granitic melt (after Patino Douce, 1999); (e) Ta versus Yb discrimination
diagram for the tectonic setting of granite (after Pearce et al., 1984); (f) Nb versus Y discrimination diagram for granite (after Pearce et al., 1984).

continued PAO evolution into the early Silurian (e.g., Feng et al., 2018;
Narantsetseg et al., 2019). We interpret the ~440 Ma granitoids as
products of crustal melting under extensional back-arc conditions,
potentially linked to slab rollback and lithospheric thinning. This pro-
cess may have also driven the contemporaneous emplacement of ~440
Ma A-type, within-plate, fluorite-rich alkali granite (author’s unpub-
lished data). The presence of Fe-rich biotite (Fig. 7b) supports low-
pressure crystallization in such extensional settings, possibly facili-
tated by rapid magma ascent and enhanced Fe incorporation into
biotite.

5.2.5. Late Triassic magmatism (~220 Ma)

Petrogenetic implication

The Triassic granitoids (~220 Ma) are characterized by bio-
tite-hornblende assemblages, with MMEs and accessory phases like
titanite, allanite, and magmatic epidote (Fig. 3m, o), suggesting an I-
type affinity (Petrik et al., 1994; Chappell and White, 2001). They range
from diorite to granite, with metaluminous to weakly peraluminous,
high-K calc-alkaline, and magnesian compositions (Fig. 5a—d). Primary
biotite (Fig. 7c) and calcic amphibole (Fig. 7h, 7d-e, 7i), mainly
magnesio-hornblende (Ridolfi and Renzulli, 2012; Pal-Molnar et al.,
2015), support a calc-alkaline lineage. Moderate Eu anomalies (Eu/Eu*
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= 0.62-0.68) and low Ti and P (Fig. 6i-j) suggest fractional crystalli-
zation of apatite, amphibole, and feldspar, contributing to the evolution
of hornblende-poor, weakly peraluminous I-type granites (Chappell
et al., 2012).

Magma source and tectonic setting

The I-type signature of the Triassic granitoids (~220 Ma) suggests
partial melting of (meta-)igneous mafic to ultramafic protoliths
(Fig. 9d), with limited fractional crystallization. Their hydrous mineral
assemblage—including hornblende, biotite, and magmatic epi-
dote—indicates crystallization from water-rich magmas (Sisson et al.,
1996). The presence of MMEs (Fig. 3m), more mafic than their host,
reflects magma mixing via mafic injections into felsic magma chambers.
Such mingling processes are typical in subduction-related arcs
(Chappell, 1996; Suzano et al., 2017), consistent with tectonic
discrimination diagrams (Fig. 9e—f; Pearce et al., 1984). We interpret
these granitoids as products of I-type magmatism from a hybrid source
involving mantle-derived mafic magma and slab-derived components,
emplaced in an arc-related setting.

5.2.6. Early Jurassic magmatism (~190 Ma)
Petrogenetic implication
The Early Jurassic granitoids (~190 Ma) can be classified into two



M. Bold et al.

groups: one (e.g., sample 1105) with high REE content and pronounced
negative Eu anomalies (La/Yby = 20.8-66.5; Eu/Eu* = 0.58-0.63), and
another (e.g., sample 1201B) with lower REE concentrations and posi-
tive Eu anomalies (La/Yby = 5.23-13.1; Eu/Eu* = 1.81-3.66), likely
reflecting plagioclase removal and accumulation. The presence of
muscovite and metasedimentary xenoliths (Fig. 3f), along with a biotite
crystallization temperature of ~799 °C, supports an S-type affinity
(White and Chappell, 1988; Sylvester, 1998).

Magma source and tectonic setting

These granitoids are best classified as S-type granites, likely derived
from (meta-)sedimentary sources. High-REE samples suggest pelitic or-
igins, while low-REE types point to greywacke (Fig. 9¢). Shared fea-
tures—enriched LREEs, flat HREEs, LILE enrichment, and HFSE
depletion—indicate a continental crustal source (Taylor and McLennan,
1985). These geochemical traits and their positions on tectonic
discrimination plots (Fig. 9e—f) suggest formation in a collisional tec-
tonic setting.

5.2.7. Middle Jurassic magmatism (~170 Ma)

Petrogenetic implication, magma source, and tectonic setting

The ~170 Ma granitoids, characterized as quartz monzonite with
shoshonitic, magnesian, and slightly peraluminous compositions
(Fig. 5a-d), lack peraluminous minerals such as cordierite, garnet, and
muscovite (Fig. 3u), which may suggest a non-sedimentary origin. Their
geochemical signatures, including enrichment in LILEs and depletion in
HFSEs, indicate a derivation from a crustal protolith. In contrast to melts
derived from pelitic and greywacke sources, their compositions align
with those produced from mafic or ultramafic sources (Fig. 9d).
Discrimination plots do not clearly define a specific tectonic setting for
these granitoids, as they plot within both volcanic arc and syn-collisional
fields (Fig. 9e-f). However, post-collisional granites can also display arc-
like trace element signatures due to the influence of subduction-related
materials from previous tectonic events (e.g., Ganbat et al., 2021). The
timing of ~170 Ma has been associated with the closure of the Mongol-
Okhotsk Ocean (Tomurtogoo et al., 2005). Therefore, we propose that
these granitoids may be derived from crustal igneous rocks, likely in a
post-collisional setting.

6. Geological history of the wandering Mongolian Collage
6.1. Basement of the Mongolian Collage

The oldest crustal remnants in the Mongolian Collage occur in the
Gargan, Tarvagatai, Zavkhan, Baydrag, and Ereendavaa-Erguna Blocks,
where Neoarchean to Paleoproterozoic basement rocks (2.70-1.97 Ga)
have been documented (Fig. 1b; Khain et al., 2002; Kozakov et al., 2007;
Demoux et al., 2009a, 2009b; Kroner et al., 2010; Kozakov et al., 2011;
Kuzmichev and Larionov, 2013; Kroner et al., 2015; Bold et al., 2016a;
Burianek et al., 2017; Bold et al., 2019; Kovach et al., 2019; Miao et al.,
2020; Skuzovatov, 2021; Feng et al., 2022). In contrast, the Tsagaan Uul
and Khutag Uul Blocks consist of Tonian granitic gneisses (~0.95-0.92
Ga; Fig. 1b) and lack older zircon signatures (Yarmolyuk et al., 2005;
Wang et al. (2001), suggesting a distinct crustal evolution. A prominent
inherited and detrital zircon population centered at ~1.85 Ga is wide-
spread across multiple Blocks (Fig. 10a), including Baydrag (Demoux
et al., 2009a), Tarvagatay (Kroner et al., 2015), Erguna (Feng et al.,
2022), Zavkhan, Gargan, and Ereendavaa (Kovach et al., 2019; Bold
et al., 2019; Miao et al., 2020). This age is broadly interpreted as
reflecting HT metamorphism and magmatism linked to the assembly of
the Columbia supercontinent (Zhao et al., 2004). Comparable ~1.85 Ga
events are reported in the South Siberian post-collisional belt (e.g.,
Donskaya and Gladkochub, 2021), Angara belt (Priyatkina et al., 2018),
North Tarim (Xu et al., 2013), and the Trans-North China Orogen (Lu
et al., 2008), where it marks the amalgamation of the craton’s Eastern
and Western Blocks. In Siberia and Tarim, the same age is regarded as
indicative of a major collisional event (e.g., Donskaya et al., 2014;
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Gladkochub et al., 2019; Wang et al., 2020), which may suggest the
Mongolian Collage may have shared in this Paleoproterozoic tectono-
thermal history.

In addition, this study identifies a population of inherited zircons
dated at ~1.3 Ga (Fig. 8), consistent with detrital zircon records from
the Mongolian Collage (Zhou et al., 2018; Collett et al., 2024). Older
~1.6 Ga orthogneiss has been reported south of the Baydrag Block,
beneath the Alag Khadny Unit in the Lake Zone (Skuzovatov, 2021),
suggesting that these events represent a distinct tectonothermal history
from those associated with the breakup of the Columbia supercontinent
(~1.3 Ga; Zhao et al., 2011). The ~1.3 Ga age is widely interpreted as
reflecting mantle plume activity and continental rifting, as evidenced by
the emplacement of mafic dykes in southern Siberia (Donskaya et al.,
2018) and the anorogenic granitoids in the Yenisey Ridge (Popov et al.,
2010; Likhanov et al., 2012). In contrast, this age signal is largely absent
in northern Tarim (Xu et al., 2013; Zhu et al., 2021), suggesting that the
region may have rifted away from Siberia prior to this magmatic event
(Wang et al., 2020). The persistence of inherited and detrital ~1.3 Ga
zircons in the MCMs thus supports a prolonged tectonic connection to
southern or western Siberia (Collett et al., 2024; Soejono et al., 2025),
rather than to northern Tarim.

6.2. Evolutionary stage of the periphery of the Rodinia supercontinent and
breakup

The ~1.0 Ga zircon-forming event identified in this study (Fig. 8) is
generally interpreted as reflecting the assembly of the Rodinia super-
continent (Hoffman, 1991; Li et al., 2008). Both Siberian and Tarim
cratons are reconstructed along Rodinia’s periphery (Li et al., 2008;
Pisarevsky et al., 2008; Kheraskova et al., 2010; Levashova et al., 2011;
Cawood et al., 2016; Merdith et al., 2017). Magmatic and metamorphic
events at ~1 Ga are extensively documented across the MCMs (Fig. 10a;
Demoux et al., 2009b; Bold et al., 2019; Liu et al., 2020; Kovach et al.,
2021; Feng et al., 2022), including Lake Zone (Fig. 10a; Badarch et al.,
2002; Khain et al., 2002; Kroner et al., 2010; Kuzmichev and Larionov,
2013; Burianek et al., 2017; Skuzovatov, 2021). The Khutag Uul and
Tsagaan Uul Blocks in southern Mongolia (Fig. 10a; Wang et al., 2001;
Yarmolyuk et al., 2005) may have coevolved with or remained distinct
from the Mongolian Collage since ~1 Ga, although their tectonic affil-
iation remains unclear. In western Siberia, the Yenisei Ridge hosts
adakite-like granitoids (~930-910 Ma; Likhanov et al., 2022), meta-
basites (~1183-1087 Ma; Likhanov et al., 2015), and granitic gneisses
(~1100-950 Ma; Likhanov et al., 2014; Nozhkin et al., 2011). These
findings suggest late Mesoproterozoic to early Neoproterozoic arc ac-
tivity and a possible correlation between the Mongolian Collage and the
western Siberian Craton.

The breakup of Rodinia and the geodynamic significance of its pe-
ripheral microcontinents remain topics of ongoing debate (e.g., Kuz-
michev et al., 2001; Gladkochub et al., 2010; Levashova et al., 2010;
Glorie et al., 2014). In this study, the ~880 Ma S-type granitoids of the
EDB are interpreted as products of extensional or rift-related magma-
tism, coeval with the emergence of And- and Sil-bearing pelitic gneisses
(Sergelen, 2018). Widespread HT/LP metamorphism and magmatism
during ~880-860 Ma in the Baydrag (Stipska et al., 2023; Collett et al.,
2024), Zavkhan (Kozakov et al., 2012, 2014, 2017), and Gargan Blocks
(Bold et al., 2019) (Fig. 10a). In western Siberia, Yenisey Ridge records
~880-857 Ma S-type granitoids and related contact metamorphism (e.
g., Vernikovskaya et al., 2002; Vernikovsky et al., 2007; Likhanov et al.,
2014; Nozhkin et al., 2015, 2023), as well as LP metamorphism
(Likhanov, 2022). HT/LP metamorphism is typically linked to crustal
thinning in continental rift or back-arc settings (e.g., Thompson et al.,
2001). These magmatic and metamorphic activities during ~880-860
Ma may be the record a regional extensional regime associated with
early lithospheric thinning along the periphery of Rodinia, with tem-
poral and geodynamic parallels indicating a tectonic linkage between
the Mongolian Collage and western Siberia (Fig. 11a). In addition, the
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late Tonian magmatic activities (~840-720 Ma) have been widely
documented in both the Yenisei Ridge, western Siberia (e.g., Verni-
kovskaya et al., 2003, 2007; Likhanov and Reverdatto, 2015; Priyatkina
et al., 2018) and the Mongolian Collage (e.g., Soejono et al., 2023 and
references therein), and are attributed to a continental rifting event
along Rodinia’s passive margin (e.g., Levashova et al., 2010; Bold et al.,
2016a; Soejono et al., 2023, 2025). This passive margin is believed to
have been connected to the Rodinia breakup (e.g., Pisarevsky and
Natapov, 2003; Ernst et al., 2008; Li et al., 2008), which ultimately led
to the formation of the PAO (e.g., Cawood, 2005).

6.3. Development of the peri-Siberian continental arc system and
subsequent rifting

After rifting from western Siberia (Fig. 11a), most MCMs underwent
dextral translation along the Siberian margin and were subsequently re-
accreted to its southern flank during the late Ediacaran to early Paleo-
zoic (e.g., Soejono et al., 2025). Meanwhile, small-scale subduction
systems progressively amalgamated individual Blocks through the late
Neoproterozoic to the earliest Cambrian (e.g., Sukhbaatar et al., 2024),
reflecting a complex, multi-phase tectonic assembly. This study docu-
ments ~540 Ma I-type magmatism (Fig. 10b) in an arc setting along the
southern margin of the EDB (Fig. 1b), with granitic exposures closely
associated with the late Cambrian (~500 Ma; Miao et al., 2016) Kherlen
ophiolitic complex in the field. This area is classified as the Kherlen
terrane (Badarch et al., 2002), initially developed as an intra-oceanic arc
system during the Ediacaran—early Cambrian period (Narantsetseg et al.,
2019). Therefore, ~540 Ma I-type magmatism may have played a sig-
nificant role in the development of the late Neoproterozoic—early
Cambrian intra-oceanic arc system (Narantsetseg et al., 2019). Similarly,
the late Ediacaran (~570 Ma) ophiolitic and Cambrian-Ordovician
magmatic arc complexes are widely distributed across the Mongolian
Collage (Figs. 1b and 10a). The similar formation ages of the ophiolitic
complexes suggest that the subduction of PAO plate(s) beneath most
MCMs was likely initiated at ~570 Ma, contributing significantly to the
development of the Cambrian-Ordovician Ikh Mongol arc system
(Fig. 11a; Janousek et al., 2018). These complexes are centered along
the outer periphery of the Baydrag and Zavkhan Blocks in western
Mongolia (Rudnev et al., 2009, 2012, 2013; Izokh et al., 2011; Yarmo-
lyuk et al., 2011; Kovalenko et al., 2014; Buridnek et al., 2017; Janousek
et al., 2018; Burianek et al., 2022; Sukhbaatar et al., 2022; Soejono et al.,
2023). Furthermore, in the eastern continuation of the EDB in north-
eastern China and far-east Russia, Cambrian-Ordovician magmatic
complexes are also widely distributed (e.g., Wu et al., 2011; Sorokin
etal., 2017). The Ikh-Mongol arc system likely formed during large-scale
subduction of the PAO beneath southern microcontinents and may have
contributed to the accretion of Rodinia-derived Blocks to the southern
margin of the Siberian Craton (e.g., Donskaya et al., 2000; Gladkochub
et al., 2008; Li et al., 2023)

Our findings from the southern edge of the EDB, potentially linked to
the Ikh Mongol Arc system, are not confined to the EDB but are exten-
sively documented across other microcontinents in Mongolia and the
eastern continuation of the EDB. This widespread magmatism suggests
that these microcontinents may have undergone a similar tectono-
magmatic evolution during the Cambrian-Ordovician period. It is
plausible that the MCMs were either interconnected within a shared
geodynamic environment following the breakup of Rodinia or devel-
oped independently but within a comparable tectonic regime. The
pervasive magmatic activity along the outer periphery of the MCMs
(including Ereendavaa-Erguna Block) further supports the presence of
an active continental margin within the peri-Siberian realm during this
time, likely linked to ongoing subduction and arc-related processes,
within the broader context of the central-eastern CAOB.

In this study, we propose that the EDB experienced two stages of
back-arc extensional magmatism during the Ordovician-Silurian period
(Fig. 10b), triggered by the successive subductions of the PAO beneath
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the EDB. These back-arc magmatism may have occurred concurrently
with the previously documented arc-related magmatic activity (Fig. 10b;
e.g., Narantsetseg et al., 2019). Evidence of rifting and extension-related
magmatism during the Ordovician-Silurian period is found in the Zav-
khan (~442 Ma), Tarvagatai (~440 Ma), Gargan (~437 Ma), and
Erguna (~440 Ma) Blocks (Fig. 10a; Kozakov et al., 2011; Bold et al.,
2016a, 2019; Feng et al., 2018). Magmatism in the Baydrag Block
occurred at ~470 Ma (Demoux et al., 2009a), followed by regional
metamorphism at ~450 Ma (Kurimoto et al., 1998), while the Lake Zone
also experienced ~470-440 Ma alkalic magmatism (Yarmolyuk et al.,
2011 and references therein). An extensional regime developed in the
Altai Wedge at ca. 435 Ma along the western margin of the Lake Zone, as
indicated by metamorphic, magmatic, and structural evidence, and is
interpreted to reflect slab rollback related to subduction of the PAO (e.g.,
Soejono et al., 2021). The widespread Ordovician-Silurian geochrono-
logical, magmatic, and metamorphic data (Fig. 10a) suggest a coherent
pattern of back-arc extensional magmatism across the Mongolian
Collage, offering strong support for paleogeographic models of the
Mongolian Collage during this period (Domeier and Torsvik, 2014;
Kilian et al., 2016). The interpretation is further corroborated by
paleomagnetic constraints (Fig. 10c; Bretshtein and Klimova, 2007;
Kravchinsky et al., 2010), paleontological correlations (Cocks and
Torsvik, 2007), and sedimentary records (e.g., Miao et al., 2020),
collectively reinforcing a tectonic model involving widespread back-arc
extension along the southern margin of the Siberian realm during the
Ordovician-Silurian. The extension-related evolution of the EDB during
the Ordovician-Silurian (~470-440 Ma) bears a striking resemblance to
the processes that initiated the breakup of Rodinia at ~880 Ma. The
breakup of Rodinia occurred ~60 Ma before its main rifting episode
(~825-750 Ma). Drawing on this comparison, we propose a similar
tectono-magmatic model for the Ordovician-Silurian evolution of the
EDB and other MCMs. This phase likely represents the early stages of
continental extension, which led to the rifting of the Mongolian Collage
from Siberia (Fig. 11a; e.g., Bold et al., 2019). The final stage of rifting
may be associated with a large-scale extensional event during the late
Silurian to early Devonian (e.g., Narantsetseg et al., 2019; Soejono et al.,
2021; Zhu et al., 2024), a process that has also been linked to the
opening of the Mongol-Okhotsk Ocean (e.g., Kurihara et al., 2009;
Bussien et al., 2011; Zhu et al., 2024).

6.4. Evolution of the Mongol-Okhotsk Ocean

The MOO is widely proposed to be closed in a scissor-like pattern to
form MOB from the late Carboniferous-Permian in the western segment,
to Triassic-Jurassic in the central segment, and Cretaceous in the eastern
segment (e.g., Zorin, 1999; Wang et al., 2022). Subduction-related arc
magmatism, ranging from the Early Permian to the Late Triassic, has
been identified on both sides of the MOB (e.g., Donskaya et al., 2013;
Ganbat et al., 2021, 2022). In the central segment, southward subduc-
tion of the MOO plate initiated during the Late Carboniferous, as evi-
denced by a zircon U-Pb age of ~320 Ma from gabbros in the Adaatsag
and Khukh Davaa ophiolitic complexes (Fig. 1b; Tomurtogoo et al.,
2005; Zhu et al., 2018, 2023a), and the ocean finally closed in the
Middle Jurassic at ~170 Ma (Tomurtogoo et al., 2005; Miao et al.,
2017). In addition, Permian-Triassic arc magmatism is widespread
along the southern flank of the MOB in its central segment (e.g., Zhao
et al., 2017).

This study identifies magmatic events at ~220 Ma, ~192 Ma, and
~171 Ma, corresponding to arc, collisional, and post-collisional settings
during the Late Triassic to Middle Jurassic (Fig. 10b). These magmatic
episodes likely represent the late stages of the continuous southward
subduction from the Permian to the Triassic and the eventual closure of
the MOO in the central segment of the MOB (Fig. 11b).

In the eastern segment of the MOB, geochronological and tectonic
evidence indicates continuous southward subduction of the MOO plate
beneath the Erguna Massif from the Early Triassic to Middle Jurassic,
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with closure occurring in the Late Jurassic (e.g., Tang et al., 2016; Liu
et al., 2018; Arzhannikova et al., 2022; Chen et al., 2024). This pro-
longed closure history is broadly consistent with the diachronous,
scissor-like closure model of the MOO, suggesting progressive oceanic
consumption from west to east, specifically from its central to eastern
segment.

In the western segment of the MOB, multiple lines of evidence sug-
gest that southward subduction of the MOO may have continued into the
Late Triassic. Key examples include ~221 Ma adakitic rocks from the
Luus area (Zhu et al., 2023c), ~220 Ma I-type granite in the Zambal-
khudag area (Ganbat et al., 2021), and ~207 Ma bimodal volcanic rocks
accompanied by coeval A-type granites in the Olzit area (Zhu et al.,
2016). These magmatic suites have been interpreted as the result of arc-
and back-arc extension-related magmatism associated with continued
subduction processes during the Late Triassic. Although this interpre-
tation remains controversial. For example, some studies suggest that the
Late Triassic (~220-200 Ma) plutons in the western segment (e.g.,
Wang et al., 2022) represent post-accretionary stitching intrusions,
implying that the closure of the MOO occurred before ~220 Ma,
possibly during the Early Triassic. Field observations show that these
plutons intrude the ~320 Ma Adaatsag ophiolite and its associated
accretionary complexes, supporting their interpretation as post-
accretionary intrusions. However, the Adaatsag ophiolite was formed
in an intra-oceanic arc setting at ~320 Ma and was subsequently
emplaced onto the continental margin before ~252 Ma, as a result of
arc—continent collision (Zhu et al., 2023a). Notably, the ~220-200 Ma
plutons in the western segment are characterized by slightly per-
aluminous, high-K calc-alkaline compositions and biotite + hornblende
mineral assemblages, exhibiting mineralogical and geochemical char-
acteristics comparable to those of the arc-related Triassic granitoids
analyzed in this study (Figs. 3-5; Table 1). Given this context, it is
possible that the so-called post-accretionary (~220-200 Ma) granitoids
in the western segment of the MOB intruded the ophiolitic sequences,
which had already been emplaced onto the continental margin, during
the continued southward subduction of the MOO in the Late Triassic.

Our results show that the MOO remained open in the central segment
until the Early to Middle Jurassic, with subduction continuing in the
eastern segment into the Late Jurassic. This pattern may support a
revised scissor-like closure model progressing from the central to the
eastern segments. In contrast, the timing of closure in the western
segment remains uncertain. As discussed, some Late Triassic magmatic
suites in that region may reflect continued subduction, although this
interpretation remains debated. Taken together, the spatial and tem-
poral variations across the belt suggest that MOO closure did not follow
a simple west-to-east scissor-like sequence but instead involved a more
complex, segment-specific history. This underscores the need to refine
existing models by accounting for asynchronous and overlapping tec-
tonic processes along the MOB.

7. Conclusion

This study identifies seven stages of magmatic activity in the
Ereendavaa Block at ~880 Ma, ~540 Ma, ~470 Ma, ~440 Ma, ~220
Ma, ~190 Ma, and ~170 Ma. These stages likely correspond to major
tectonic processes within the Central Asian Orogenic Belt, including the
early breakup of Rodinia, the development of an active continental
margin along the peri-Siberian realm, subsequent drift from this realm,
and the eventual closure of the Mongol-Okhotsk Ocean. The spatial
distribution of coeval magmatic and metamorphic events, from ~880
Ma to ~440 Ma, across other microcontinents within the Mongolian
Collage suggests that the Ereendavaa Block evolved in tandem with
neighboring microcontinents. This collective evolution likely began near
the Siberian Craton earlier than ~880 Ma and continued until slightly
later than ~440 Ma, when the Mongolian Collage may have drifted
away from the Siberian Craton again. During the closure of the Mongol-
Okhotsk Ocean, the Ereendavaa Block played a more pivotal role
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compared to other microcontinents within the Mongolian Collage. These
findings underscore the Ereendavaa Block’s crucial role in elucidating
the evolution of the Paleo-Asian and Mongol-Okhotsk oceans, as well as
the broader tectono-magmatic history of Mongolia and the central-
eastern Central Asian Orogenic Belt.
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