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Granitoid magmatism is widespread in the Mongolian Altai, and it provides critical information to understand

the crustal formation, evolution, and growth. This study reports newly investigated petrography, whole–rock

geochemistry, and zircon U–Pb geochronology of granites and quartz syenites emplaced in the Mongolian Altai

to investigate their sources and petrogenesis. Our results allow that granitoids, five petrological groups, and four

geochronological stages from this study provide new information to understand the crustal formation and evo-

lution of the Mongolian Altai. Geochemically, the group–I (Bt–Ms granite) and –II (Crd–Bt granite) have high–

K calc–alkaline and peraluminous affinity, whereas group–III (Hbl–Bt granite) has calc–alkaline and metalumi-

nous affinity. Group–IV (Bt quartz syenite) and –V (Kfs–porphyritic granite) show shoshonitic– to high–K calc–

alkaline and metaluminous characteristics. The zircon U–Pb dating constraints the Devonian magmatic ages of

387–361 Ma for group–I, 369–353 Ma for group–II, and 366–356 Ma for group–III granites, whereas ~ 315 Ma

for group–IV quartz syenite and 208–200 Ma for group–V granite. Groups–I and –II peraluminous granites have

high–Th/Nb, and low–Ba/Th reflecting sources might be derived from sedimentary rocks, whereas group–III

metaluminous granite has low–Th/Nb and high–Ba/Th reflecting a source that might be derived from gabbroic

crustal material. Groups–I and –II peraluminous granites have similar geochemical characteristics, but their

emplacement ages are different, which suggests they were formed from different magmas. Group–II peralumi-

nous and group–III metaluminous granites were contemporaneous, and their Rb/Ba versus Rb/Sr correlation

define a linear trend of the magma mixing process. It demonstrates that group–III metaluminous magma would

carry heat to the crust, inducing partial melting of sedimentary rocks to produce group–II peraluminous granite.

Finally, geochemical and geochronological data of groups–I, –II, and –III granites demonstrate that they were

formed during the main orogenic activity in the Mongolian Altai, which is consistent with the timing of the

main metamorphic event at Late Devonian to Early Carboniferous. Subordinated group–IV quartz syenite and

group–V granite were probably formed in extensional to post–collisional environments after main orogenic

activity in the Mongolian Altai.
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INTRODUCTION

The continental crust consists of highly diverse litholo-

gies (virtually every rock type known on Earth) that yield

an average intermediate or ‘andesitic’ bulk composition

(Taylor and McLennan, 1995 and references therein) and

contains the oldest rocks and minerals yet observed on

the Earth (e.g., Jahn et al., 2000; Rudnick, 2003). Gran-

itoid is one of the most common constituent rocks in the

continental crust, providing critical information to under-

stand the crustal formation, evolution, and growth since

they were produced at different evolutionary stages, un-

der different tectonic regimes, and different magmatic

sources (e.g., Barbarin, 1999; Jahn et al., 2000; Arndt,
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2013). This paper focuses on the formation and evolution

of the Mongolian Altai granitoids in the Central Asian

Orogenic Belt (CAOB). The CAOB is geologically situ-

ated among four cratons (the Baltica, Siberia, North Chi-

na, and Tarim cratons; Fig. 1) and characterized by the

vast distribution of Paleozoic and Mesozoic granitic in-

trusions as well as basaltic to rhyolitic volcanic activities

(Jahn et al., 2000). The CAOB is widely considered as a

major site of juvenile crustal growth (e.g., Jahn et al.,

2000; Badarch et al., 2002; Kozakov et al., 2007; Cai

et al., 2015). The Mongolian Altai (including Gobi Altai)

contains an immense volume of granitic intrusions (Fig.

1) and is generally a vital portion of the CAOB (e.g.,

Şengör et al., 1993; Windley et al., 2007). Recent zircon

U–Pb age results demonstrate that these granitic intru-

sions were mainly emplaced in the Devonian and lesser

in Late Carboniferous–Permian and Triassic (e.g., Koza-

kov et al., 2007; Jiang et al., 2012; Cai et al., 2015; Soe-

jono et al., 2016; Dash et al., 2016). The whole–rock Sm–

Nd and zircon Hf isotopic studies indicate that the Devo-

nian granitoids mainly derived from newly formed juve-

nile crustal materials (Kozakov et al., 2007; Jiang et al.,

2012; Soejono et al., 2016; Cai et al., 2015), Late Car-

boniferous–Permian granitoids would be related to man-

Figure 1. Distribution map of granitic rocks in the Mongolian Altai modified from the 1:500 000 geological map of Mongolia (Erdenechimeg

et al., 2017). (a) Sample locations and analysed rock types (group I–V). (b) Location of Mongolia is illustrated in the inset map and its

surrounding areas (Şengör et al., 1993). (c) A simplified topographic map of western Mongolia with tectonic units modified after (Badarch

et al., 2002).
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tle–derived magma and/or short–lived crustal materials

(Cai et al., 2015; Kozakov et al., 2007), and Triassic

granitoids were possibly generated by reworking of

short–lived Neoproterozoic–Paleozoic crust (Kozakov et

al., 2007; Cai et al., 2015; Dash et al., 2016). These stud-

ies focused mostly on the timing of magmatism and its

crustal growth rather than magma evolution. However,

magma evolution at most periods in the prolonged

growth of the Mongolia Altai in the CAOB remains poor-

ly constrained. In this contribution, we present petrogra-

phy, geochemical composition, and zircon U–Pb geo-

chronology of the Mongolian Altai granitoids to reveal

the timing of the magmatism, sources, and their petroge-

netic evolution. Our results indicate that granitoids can be

grouped into five petrological groups and four geochro-

nological stages, providing new information to under-

stand the crustal formation and evolution of the Mongo-

lian Altai. Minerals abbreviations used in this paper were

defined after the work of Whitney and Evans (2010).

GEOLOGICAL BACKGROUND

The SWMongolian geological structure covers two major

domains affected by Early Paleozoic and Late Paleozoic

tectonic events (e.g., Badarch et al., 2002; Windley et al.,

2007; Lehmann et al., 2010; Kröner et al., 2010 and refer-

ences therein). These domains are separated by a crustal–

scale fault zone, the Main Mongolian Lineament, which

forms an approximate regional structural boundary (e.g.,

Badarch et al., 2002). In agreement with previous tectonic

models, the Mongolian Altai and Gobi Altai are localized

in the margin of the Early Paleozoic northern domain.

This study investigated the granitic rocks exposed in the

Mongolian Altai region (Fig. 1) situated in the boundary

zone of the Early Paleozoic to Late Paleozoic domains.

The Mongolian Altai region comprises mainly Early

Cambrian to Early Devonian sedimentary sequences with

a huge amount of granitic rocks (Fig. 1a; Soejono et al.,

2017; Long et al., 2020). The sedimentary sequences are

composed of a thick sequence (over 4000 m) mainly com-

prising arkosic sandstone and slate, and those rocks expe-

rienced variable deformation and metamorphism and

chemically immature, compositionally similar to gray-

wacke (e.g., Long et al., 2020, and reference therein).

The host metasedimentary sequences commonly show

NW–SE to WNW–ESE–trending strike with dips W to S

structures. The metamorphic age of low–grade micaschist

and paragneisses are ~ 455, ~ 435, and ~ 385 Ma from in–

situ Th–U–Pb monazite grains (Soejono et al., 2021). The

greenschist to amphibolite facies metamorphic rocks in

this area distribute in a narrow zone that trends WNW–

ESE, extending for more than 600 km from Bulgan,

Uench in the Mongolian Altai to Tseel in the Gobi Altai,

and farther to the southeast (Fig. 1c). This metamorphic

belt comprises a layered sequence of pelitic gneisses, am-

phibolite, and schists locally intruded by granitoids. Two

main clusters of metamorphic ages were recognized from

those metamorphic rocks: Late Devonian to Early Car-

boniferous and Permian (e.g., Kozakov et al., 2002,

2011, 2019; Jiang et al., 2012; Burenjargal et al., 2014;

Broussolle et al., 2015; Nakano et al., 2014, 2015, 2021b).

Granitic intrusions crop out in many places in the Mon-

golian Altai have predominant emplacement ages of 420–

350 Ma with a subordinate age population in the range of

320–260 Ma and 240–210 Ma (e.g., Kozakov et al., 2007;

Jiang et al., 2012; Cai et al., 2015; Soejono et al., 2016;

Dash et al., 2016). The Gobi Altai including the Tseel area

is dominated by low–grade metasedimentary rocks and

greenschist to amphibolite facies metamorphic rocks

(e.g., Badarch et al., 2002). The protolith age of Gobi

Altai was recognized 580–450 Ma by detrital zircon

from low–grade siltstone, high–grade paragneisses, pelitic

gneisses, and metapelites (Kröner et al., 2010; Jiang et al.,

2012; Burenjargal et al., 2014; Nakano et al., 2021b), and

these protoliths were metamorphosed together with Mon-

golia Altai at Late Devonian to Early Carboniferous and

Permian (e.g., Kozakov et al., 2002, 2011, 2019; Jiang et

al., 2012; Burenjargal et al., 2014; Broussolle et al., 2015;

Nakano et al., 2014, 2015, 2021b). The Gobi Altai hosted

three generations of magmatic rocks of Middle Devonian

to Early Carboniferous (385–345 Ma), Middle to Late

Carboniferous (335–307 Ma), and Early Permian (290–

271 Ma) ages (Kozakov et al., 2007; Hrdličková et al.,

2008; Demoux et al., 2009; Jiang et al., 2012; Cai et al.,

2014; Buriánek et al., 2016; Hanžl et al., 2016; Burenjar-
gal et al., 2014; 2016).

PETROGRAPHY

Our study investigates granitic rocks from the Mongolian

Altai that can be classified into five groups (Fig. 1a). The

mineral assemblages are shown in Table 1.

Group–I includes Bt–Ms granite (2204A, 2005A,

and 2005B), Ms–Tur granite (2107), and leucogranite

(2108) with massive structure. They were intruded into

metamorphic rocks and can be regarded as post–tectonic

structures (Figs. 2a and 2b). The main constituents of

the former two rock types are Ms, Kfs, Pl, and Qz with

or without Bt and Tur (Fig. 3a). The leucogranite consists

of Kfs, Pl, Qz, and a minor amount of Bt.

Group–II includes coarse–grained Crd–Bt granite

(1901A, 1807A, and 1810; Figs. 2c and 2d) and Bt gran-

ite (1808). The Crd–Bt granite is massive and contains

euhedral Crd, Bt, Pl, Kfs, and Qz with or without Grt
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(Fig. 3b). Nearly all the cordierite has euhedral shape and

is inclusion–poor; although some enclose small euhedral

Bt flakes, grain size is similar to Pl, Bt, and Qz. The Bt

granite consists of Bt, Kfs, Qz, Pl, lack of Crd and Grt.

Note that group–II Bt granite can be easily distinguished

from group–I Bt granite by its coarse–grained texture.

Group–III includes medium–grained Hbl–Bt granite

(1806A) and Bt granite (1801A), which contain mafic

magmatic enclave (MME; Figs. 2e and 2f). They have

massive structure and hypidiomorphic texture without

any deformation (Figs. 2e and 2f). The main constituents

are Bt, Pl, Qz with or without Hbl, and Kfs (Fig. 3c). The

MME (1806B and 1801B) is fine–grained and Pl–por-

phyritic texture with a similar mineral assemblage but

different in model composition compared to host granite

(Fig. 3d). Hbl–Bt diorite (1302A) has similar petrograph-

ic features to MME of group–III; therefore, this rock is

also included in this group.

Group–IV and –V are Bt quartz syenite (2401A, B;

Fig. 2g) and Kfs–porphyritic Bt granite (1905A, 2403A;

Figs. 2h and 2j), respectively. The former comprises Kfs,

Qz, and minor amounts of Pl, Bt, Ep, Grt, andMs (Fig. 3e).

The latter shows euhedral porphyritic texture with Kfs phe-

nocrysts, and the matrix is mainly Bt, Pl, and Qz (Fig. 3f).

WHOLE–ROCK GEOCHEMICAL FEATURES

All analyses were performed using instruments housed at

Kyushu University, Japan. Whole–rock major and trace

elements were analyzed using the RIGAKU Primus II X–

ray fluorescence (XRF) spectrometer with fused glass

disks (2:1 sample dilution). Before fusion, all samples

were heated at 880 °C for 2.5 h to remove volatiles

and to oxidize ferrous iron. The concentrations of rare

earth elements (REEs) and five trace elements (Hf, Ta,

Pb, Th, and U) were determined by laser ablation–induc-

tively coupled plasma–mass spectrometry (LA–ICP–MS)

using an Agilent 7500cx quadrupole ICP–MS with a New

Wave Research UP–213 laser. The analytical procedure

was described by Nakano et al. (2012), and the results are

attached in Supplementary Table S1 and Figure S1 (Table

S1 and Fig. S1 are available online from https://doi.org/

Table 1. Mineral assemblages of the analyzed samples from the Mongolian Altai

, high modal abundance (>20%); , moderate modal abundance (>10 and ≤20%); +, low modal abundance (≤10%).

Pl, plagioclase; Qz, quartz; Kfs, K–feldspar; Hbl, hornblende; Bt, biotite; Ms, muscovite; Grt, garnet; Crd, cordierite; Tur, tourmaline; Ep,

epidote; Ttn, titanite; Ap, apatite; Zrn, zircon; Aln, allanite; Mnz, monazite; Opq, opaque; Cal, calcite; Chl, chlorite.
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10.2465/jmps.210830).

Group–I granite has high–SiO2 content (70–77 wt%)

and high total alkalis (K2O + Na2O) contents of 7.5–8.6

wt% (Fig. 4a), plotting in the granite field on the total

alkali–silica (TAS) diagram (Fig. 4a). These samples are

having high–K2O contents, indicating high–K calc–alka-

line and are weakly peraluminous affinity with alumina

saturation index [ASI; molar ratio of Al2O3/(CaO +

Na2O + K2O)] values of 0.97–1.11 (Fig. 4b and Fig.

S1). On the other hand, they have relatively low–Al2O3

(12.1–14.2 wt%), total Fe2O3 (0.8–3.4 wt%), and MgO

(0.1–1.0 wt%) contents (Table S1). They are slightly en-

riched in LREE [(La/Yb)N = 4.59–7.56; N refers to values

normalized to chondrite] with strong negative Eu anoma-

lies (Eu/Eu* = 0.22–0.54). The PM–normalized patterns

(Fig. 4d) have positive Rb, Th, U, Pb, negative Nb, and

strong negative Ba, Sr, P, Eu, and Ti anomalies, similar to

the continental crust affinity. In addition, on the Ta versus

Yb diagram (Pearce et al., 1984), they are plotted near the

boundary field of syn–collisional and within–plate granite

fields (Fig. 6a). They have high–Th/Nb ratio of 1.05–1.15,

low–Ba/Th ratio of 2.47–26.48 (Fig. 6d), high–Rb/Sr of

0.52–4.94, and high–Rb/Ba of 1.29–6.40 (Table S1).

Group–II granite has high–SiO2 (70–75 wt%) and

high total alkalis ranging from 6.4 to 8 wt% (Fig. 4a).

They also have high–K2O content and high–ASI values

(1.04–1.16; Fig. 4b and Fig. S1), indicating high–K calc–

alkaline peraluminous affinity. They have relatively low–

Al2O3 (11.9–13.8 wt%), total Fe2O3 (2.2–4.0 wt%), and

MgO (0.4–1.3 wt%) contents (Table S1). They are slight-

ly enriched in LREE [(La/Yb)N = 3.58–5.70] with strong

negative Eu anomalies (Eu/Eu* = 0.26–0.47). The PM–

normalized patterns (Fig. 4f) have positive Rb, Th, U,

Pb, negative Nb, and strong negative Ba, Sr, P, Eu, and

Ti anomalies. Most of samples from group–II are plotted

near the boundary between volcanic arc granite fields

Figure 2. Mode of occurrences for representative samples in each group. (a) and (b) Bt–Ms granite (sample 2204A) intruded into metamorphic

rocks in group–I. (c) and (d) Crd–Bt granite (sample 1901A) in group–II. (e) and (f ) Hbl–Bt granite (sample 1806A) contains mafic

magmatic enclave (MME, sample 1806B) in group–III. (g) Bt quartz syenite (sample 2401A) in group–IV. (h)–( j) Kfs–porphyritic Bt granite

(sample 1905A) intruded into metamorphic rocks in group–V.
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(Fig. 6a; Pearce et al., 1984). They have high–Th/Nb ra-

tio of 0.90–1.68, low–Ba/Th ratio of 10.91–47.52 (Fig.

6d), high–Rb/Sr of 0.92–7.31, and high–Rb/Ba of 0.25–

2.88 (Fig. 6e and Table S1). We note that the chemical

features of group–II granite are similar to group–I granite.

Group–III granite, diorite, and related MME have

relatively low–SiO2 (52–69 wt%), and total alkalis are

ranging from 4.9 to 7.3 wt%, plotting diorite– to granite

fields (Fig. 4a). These samples are medium– to high–K

calc–alkaline and are metaluminous affinity with low–ASI

values (0.80–0.97; Figs. 4a, 4b and Fig. S1). They have

high–Al2O3 (14.8–17.8 wt%), total Fe2O3 (3.1–10.3 wt%)

and MgO (0.8–4.6 wt%) contents (Table S1). They dis-

play moderate enrichment of LREE [(La/Yb)N = 3.54–

13.00] and flat–HREE patterns with variable Eu anoma-

lies (Eu/Eu* = 0.57–1.21; Figs. 4c and 4g). In the prim-

itive mantle (PM)–normalized trace element patterns (Fig.

4f), they are enriched in Ba and Sr but depleted in Rb,

Th, U, Pb, Nb, Ta, Ti, and HREE. Moreover, on the Ta

versus Yb diagram (Pearce et al., 1984), they are plotted

in volcanic arc granite fields (Fig. 6a). They have low–

Th/Nb ratio of 0.06–0.50, high–Ba/Th ratio of 101–454

(Fig. 6d), low–Rb/Sr of 0.05–0.36, and low–Rb/Ba of

0.05–0.14 (Fig. 6e and Table S1).

Group–IV quartz syenite is a silicate–oversaturated

rock and has SiO2 contents of 66–68 wt%. They are char-

acterized by extremely high total alkalis (11.8–12.0 wt%),

defined as alkaline and shoshonitic affinity (Fig. 4a).

They have low–MgO (<0.1 wt%) and moderate–Al2O3

(15.8–16.5 wt%) contents (Table S1). They display vari-

able LREE–highly enriched and HREE–flat patterns with

(La/Yb)N ratios of 25–33 and strong negative Eu anoma-

lies (Eu/Eu* = 0.22–0.23; Figs. 4c and 4i). Quartz syenite

is enriched in LILE with weakly negative Nb and Ta

anomalies, negative Sr, P, and Ti anomalies, and positive

Pb anomalies and distinct from the oceanic island basalt

(OIB) and typical continental crust (Sun andMcDonough,

1989; Taylor and McLennan, 1995) (Fig. 4h). They have

Th/Nb ratio of 0.51–0.57, Ba/Th ratio of 7.38–9.07, Rb/Sr

of 4.22–4.77, and Rb/Ba of 0.94–1.05 (Table S1).

Group–V granite has SiO2 content of 68 wt% and

total alkalis ranging from 8.18 to 9.21 wt%, suggesting

Figure 3. Photomicrographs of representative samples in each group. (a) Bt–Ms granite (sample 2204A). (b) Crd–Bt granite (sample 1901A).

(c) Hbl–Bt granite (sample 1806A). (d) mafic magmatic enclave (MME, sample 1806B) hosted in Hbl–Bt granite. (e) Bt quartz syenite

(sample 2401A). (f ) Kfs–porphyritic Bt granite (sample 1905A).

Figure 4. Granitoid classification diagrams. (a) TAS diagram (after Middlemost, 1994) and the alkaline and subalkaline division (after Pec-

cerillo and Taylor, 1976). (b) Plot of ASI (Al2O3/CaO + Na2O + K2O)molar versus A/NK (Al2O3/Na2O + K2O)molar (after Maniar and Piccoli,

1989). (c) Plot of Eu/Eu* versus (La/Yb)N, where Eu/Eu* = , and N indicates C1 chondrite normalization; normal-

izing value from is from Sun and McDonough (1989). (d)–(i) Primitive mantle–normalized trace elements pattern and Chondrite–normalized

REE patterns. The data for oceanic island basalt (OIB) and normalizing values are from Sun and McDonough (1989). The lower crust, upper

crust, and continental crust data are from Taylor and Mclennan (1995).
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high–K calc–alkaline to shoshonitic affinities (Fig. 4a).

The low–ASI values (0.94–0.98) indicate a metaluminous

feature (Fig. 4b). They have moderate–Al2O3 (14.1–14.5

wt%), total Fe2O3 (2.8–3.7 wt%), and MgO (0.8–1.0 wt%)

contents (Table S1). They show moderately enriched

LREE and relatively flat–middle REE to heavy REE pat-

terns with (La/Yb)N ratios of 9.11–12.77 and negative Eu

anomalies (Eu/Eu* = 0.55–0.65; Fig. 4c). The PM–nor-

malized patterns display positive anomalies in Rb, Th, K,

Pb, Nb, Ta, and negative anomalies in Ba, Sr, P, Eu, and Ti

(Fig. 4h). The samples are plotted in within–plate granite

fields (Fig. 6a; Pearce et al., 1984). They have low–Th/Nb

ratio of 0.40–0.51, low–Ba/Th ratio of 23.26–37.79, Rb/Sr

of 0.51–1.06, and Rb/Ba of 0.21–0.50 (Table S1).

ZIRCON U–Pb AGE DATING

Zrn crystals from the above–described samples were sep-

arated and mounted in an epoxy disc with a 25 mm di-

ameter and 4 mm thickness, following separation from

powdered samples by panning with a beaker and watch

glass, then handpicking (Kitano et al., 2014). After that,

the internal structures and inclusions of the individual

zircon grains were imaged using a scanning electron mi-

croscope (JEOL JSM–6390A) with a cathodolumines-

cence (CL) detector (Gatan MiniCL). These images were

then used as guides of each analytical spot. Zircon U–Pb

age dating was performed using LA–ICP–MS of Agilent

7500cx quadrupole ICP–MS coupled with a Photon Ma-

chines Analyte G2 193 nm Excimer laser at Kyushu Uni-

versity. The isotopes 202Hg, 204Pb, 206Pb, 207Pb, 208Pb,
232Th, and 238U were monitored throughout the analyses,

which were carried out using laser spot size of 20–25 µm.

The zircon reference standards Temora (417 Ma; Black et

al., 2003) and 91500 (Wiedenbeck et al., 1995) were used

for calibration and FC–1 (1099 Ma; Paces and Miller,

1993) to determine the precision, respectively. In addi-

tion, a NIST SRM–611 glass standard was used to deter-

mine the Th/U ratios. The analytical procedure is de-

scribed in detail in Nakano et al. (2021a). Concordia

diagrams and weighted mean 206Pb/238U ages were deter-

mined using Isoplot/Ex 3.7 software (Ludwig, 2008).

GLITTER software (Griffin et al., 2008) was used to cal-

culate isotopic ratios and dates. All age uncertainties are

reported at the 2σ confidence level, and more than 3% of

discordant data were omitted from the age calculations.

FC–1 standard analyses yielded a concordia age of 1100

± 3 Ma (95% confidence intervals; n = 61; MSWD =

1.04) in this study. The results are listed in Supplemen-

tary Table S2, and the obtained ages are summarized in

Table 2. The CL images of analyzed Zrn, concordia dia-

grams for representative samples, are shown in Figure 5.

The zircon grains from the analyzed granitic rocks are

euhedral– to subhedral crystal, prismatic, and elongated

in shape with the aspect ratio of 1–3. In addition, zircon

shows oscillatory zoning (Figs. 5a–5f) with high Th/U

ratios (Table S2), indicating a magmatic origin.

Group–I: The Zrn grains from Bt–Ms granite

(2204A) gave a weighted mean 206Pb/238U age of 375 ±

4 Ma (n = 16, Th/U = 0.27; Fig. 5a) from the Zrn rim,

whereas inherited core gave ages of 943–420 Ma (Fig.

5a). The Zrn grains from Bt–Ms granite (2005A) show

a weighted mean 206Pb/238U age of 381 ± 13 Ma (n = 9,

Th/U = 0.37) from the rim, while the ages from the core

vary between 1210 and 450 Ma. The Zrn grains from

Ms–Tur granite (2107) gave a concordia age of 387 ± 4

Ma (n = 10, Th/U = 0.21) from the rims, and a single

analysis of a core gives an age of 440 Ma. The leucog-

ranite (2108) contains Zrn grains, yielding a concordia

age of 361 ± 4 Ma (n = 9, Th/U = 0.62) from the rim,

and a single analysis of a core gives an age of 400 Ma.

Group–II: The Zrn from Crd–Bt granite (1901A)

yielded a concordia age of 369 ± 5 Ma (n = 10, Th/U =

0.23; Fig. 5b) from the Zrn rim, whereas Zrn cores have

460–410 Ma ages as inherited ages. Zrn grains from Bt

granite (1808) show a weighted mean 206Pb/238U age of

353 ± 5 Ma (n = 9, Th/U = 0.38).

Group–III: The Zrn grains from Hbl–Bt granite

(1806A), yielded a concordia age of 366 ± 3 Ma (n =

13, Th/U = 0.50; Fig. 5c). The Zrn from MME (1806B)

yielded a weighted mean 206Pb/238U age of 356 ± 6 Ma

(n = 9, Th/U = 0.65; Fig. 5d), which is almost identical

within the analytical error to the crystallization age (366 ±

3 Ma) of host Hbl–Bt granite (Fig. 5c).

Group–IV: Zrn grains from Bt quartz syenite (2401A)

shows a homogeneous dark–CL wide core with a very nar-

row bright–CL rim (Fig. 5e). The bright–CL rim is too nar-

row to be analyzed. However, we detected two age clusters

from the dark–CL wide core during the measurement. The

rim portion of the dark–CL core gave a concordia age of

315 ± 6 Ma (n = 5, Th/U = 0.52), while the center portion

of the dark–CL core gave 370–350 Ma (Fig. 5e).

Group–V: The Zrn grains from Kfs–porphyritic Bt

granite (1905A) yielded a concordia age of 208 ± 1 Ma

(n = 24, Th/U = 0.57), while analyzed cores gave older

discordant ages (Fig. 5f). The Zrn grains from Kfs–por-

phyritic Bt granite (2403A) yielded a concordia age of

200 ± 1 Ma (n = 22, Th/U = 0.83).

DISCUSSION

Timing of magmatism in the Mongolian Altai

Zircon U–Pb ages, geochemical characteristics, and pet-
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rological investigations of the granitic rocks in the Mon-

golian Altai reveal four stages of magmatic activity: (1)

387–361 Ma group–I granite, (2) 369–353 Ma includes

groups–II and –III granites, (3) ~ 315 Ma group–IV quartz

syenite, and (4) 208–200 Ma group–V granite, as dis-

cussed in detail below.

Stage (1): zircon U–Pb age results of granites from

group–I gives zircon U–Pb age of 387–361 Ma as a mag-

matic age. Stage (2): zircon U–Pb age result of groups–II

and –III granites constrain that those two group granites

were contemporaneously emplaced at 369–353 and 366–

356 Ma. These ages are also in line with zircon ages of

390–380 Ma for high–grade metamorphism of the granu-

lite and amphibolite facies (Bibikova et al., 1992; Koza-

kov et al., 2002, 2011, 2019; Jiang et al., 2012) and 370–

356 Ma for relatively low–grade metamorphism of the

amphibolite facies (Kozakov et al., 2002, 2011, 2019;

Burenjargal et al., 2014; Broussolle et al., 2015; Nakano

et al., 2014) from the Mongolian Altai and Gobi Altai.

Moreover, recent zircon U–Pb age dating results of igne-

ous rocks demonstrate that Devonian magmatism was

widespread in the Mongolia Altai and Gobi Altai regions

(e.g., Kozakov et al., 2007; Kröner et al., 2010; Jiang et

al., 2012; Cai et al., 2015; Burenjargal et al., 2016; Soe-

jono et al., 2016; Hanžl et al., 2016; Buriánek et al., 2016).
Stage (3): we interpret the age of 315 Ma from the Zrn

core as an emplacement age of group–IV quartz syenite. In

addition, Late Carboniferous magmatism mainly affected

the boundary between the Early Paleozoic northern and

Late Paleozoic southern domains. Stage (4): the geochro-

nological result of group–V granite gives zircon U–Pb age

of 208–200 Ma as the timing of emplacement. Their em-

placement was separated by long periods from the main

magmatic activity in the Mongolian Altai.

Petrogenesis of the Mongolian Altai granitoids

Group–I (387–361 Ma) granites. Group I granite contain

Bt and Ms except for leucogranite and has weakly peralu-

minous feature with ASI values of 0.97–1.11, indicating

they have peraluminous affinity (Chappell et al., 2012).

Group–I granite displays positive Rb, Th, U, and Pb with

Table 2. Summary of the LA–ICP–MS zircon U–Pb ages of granitic rocks from the Mongolian Altai
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Figure 5. Concordia diagrams, cathodoluminescence (CL) images with analysis spots, apparent 206Pb/238U spot ages (upper numbers) and Th/

U ratios (lower numbers) for representative analyzed samples from the Mongolian Altai. The concordant and discordant data are shown as

solid and dashed ellipses, respectively. Grey color–filled ellipses indicate inherited Zrn, and red color–filled ellipses indicate magmatic Zrn.
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Figure 6. Granitoid discrimination diagrams. (a) Ta versus Yb discrimination diagram for granitic rocks. Fields of volcanic arc granites

(VAG), syn–collisional granites (syn–COLG), within–plate granites (WPG), and ocean–ridge granites (ORG) are after Pearce et al.

(1984). (b) and (c) Source discrimination diagrams for granitic rocks from the Mongolian Altai. Outlined fields denote compositions of

partial melts obtained in experimental studies by dehydration melting of various bulk compositions. MB, metabasalts (shaded); MA, meta–

andesites (solid line); MGW, metagreywakes (dotted line); MP, metapelites (dashed line). Data sources: Altherr and Siebel (2002) and

reference therein. (d) Ba/Th versus Th/Nb diagram with trends for upper crust and lower crust. Lower crust value from Taylor and

Mclennan (1995). (e) Rb/Ba versus Rb/Sr diagram for group–II and –III granites from the Mongolian Altai with the binary mixing curve

between the Hbl–Bt granite (1801A) and Crd–Bt granite (1807A) in this study. Lower and upper crust values from Taylor and Mclennan

(1995).
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negative Nb, strong negative Ba, Sr, P, and Ti anomalies in

PM–normalized trace element patterns, and negative Eu

anomaly with enriched–LREE to flat–HREE chondrite–

normalized patterns (Figs. 4d and 4e), indicating continen-

tal crust signature (Taylor and McLennan, 1995). Unlike

many trace elements, whose interpretation in granitic sys-

tems is complicated by the presence of accessory mineral

phases, practically all of the Rb, Sr, and Ba in granitic sys-

tems is contained in mica and feldspar (e.g., Harris and

Inger, 1992; Sylvester, 1998). Therefore, those elements

mainly play a role in their origin. Moreover, the behavior

of trace element ratio such as Th/Nb can be used as tracers

of sediment contribution in the source of magma because

Th is enriched in sediments and incompatible in the melt

(Brenan et al., 1995; Johnson and Plank, 1999). In the dis-

crimination diagram relating to source, group–I granite

is pointing towards an origin by dehydration melting of

meta–andesites and/or metagreywackes (Figs. 6b and 6c).

However, they have high–Rb/Sr of 0.52–4.94 and high–Rb/

Ba of 1.29–6.40 ratios, with respect to magmas generated

by partial melting of metagreywackes (Sylvester, 1998).

Group–I granite has high–Th/Nb and low–Ba/Th ratios

(Fig. 6d), suggesting that magma source was mainly de-

rived from sedimentary rocks, which is further supported

by the presence of inherited Zrn. Therefore, our result sug-

gests group–I peraluminous granite in the Mongolian Altai

was possibly formed by partial melting of mainly immature

sediments like metagreywackes that would leave behind

large amounts of plagioclase (Montel and Vielzeuf,

1997). Because Sr and Ba are compatible in plagioclase,

whereas Rb is incompatible (Harris and Inger, 1992), melts

derived from such sources will tend to have higher Rb/Sr

and Rb/Ba ratios than their sources (Sylvester, 1998). This

is one of the possible causes for the negative Eu anomalies

of group–I granite (Fig. 4e) due to the plagioclase being the

main carrier of Eu. In the Mongolian Altai, the sedimentary

sequence is mainly composed of a thick sequence (4000–

6000 m) of slate, phyllitic shale, mica schist, and grey-

wacke (Long et al., 2020, reference therein), which con-

tains abundant hydrous minerals, e.g., Bt and Ms. We sug-

gest that these hydrous minerals break down incongruently

at middle crust level and supply water and felsic compo-

nents to a melt phase (Patiño Douce, 1999).

Group–II (369–353 Ma) granites. Group–II gran-

ites contain euhedral Crd and Bt, and all samples have

peraluminous feature with high–ASI values of 1.04–1.16,

suggesting they are peraluminous granite (Chappell and

White, 2001). In comparison, group–I and –II granites

display similar behavior in PM–normalized trace element

patterns and chondrite–normalized REE patterns, where

they show positive Rb, Th, U, and Pb with negative

Nb, strong negative Ba, Sr, P, Eu, and Ti anomalies (Figs.

4d–4g), indicating continental crust signature (Taylor and

McLennan, 1995). For the magma source discrimination

diagram, Figures 6b and 6c imply dehydration melting

of immature metagreywackes for the origin of group–II

granite. It is supported by their high–Th/Nb and low–Ba/

Th ratios (Fig. 6d) and inherited Zrn.

Group–III (366–356 Ma) granites. In contrast, the

group–III granite and associated mafic magmatic enclave

are classified as diorite to granite fields (Fig. 4a) and

a medium– to high–K calc–alkaline series. Meanwhile,

most group–III granitoids contain Hbl, have metalumi-

nous features with low ASI values of 0.80–0.97, and

are suggested to be metaluminous granite (Chappell

and White, 2001). They also show enrichment in Ba

and Sr and depletion in Rb, Th, U, Pb, Nb, Ta, and Ti

in the PM–normalized patterns (Fig. 4d) and comparable

to continental crust (Taylor and McLennan, 1995). Other

geochemical features like the low–Sr/Y (4.42–19.26) <20

and low–La/Yb (4.93–18.12) <20 ratios suggest the

group–III granites do not have adakitic geochemical af-

finity (e.g., Moyen, 2009). One sample (1801A) has a

high Sr concentration of 620 ppm and a positive Eu

anomaly of 1.21, indicating plagioclase accumulation.

The partial melting of the crust largely involves dehydra-

tion melting processes play an essential role in the gran-

itic magma generation (e.g., Chappell et al., 2012). In the

discrimination diagrams relating to source, the group–III

granitoids are compatible with an origin by dehydration

melting from the metabasaltic source (Figs. 6b and 6c;

Rapp and Watson, 1995). The low–Th/Nb and high–

Ba/Th ratios of group–III granitoids are comparable with

mafic lower crustal material from Taylor and McLennan,

1995 (Fig. 6d). Also, they have low–Rb/Sr and low–Rb/

Ba ratios, and it is chemically comparable with partial

melts predominantly derived from the gabbroic lower

crustal material (Fig. 6e). Furthermore, group–II peralu-

minous and group–III metaluminous granites were

formed contemporaneously, and their Rb/Ba versus Rb/

Sr correlation (Fig. 6e) define a linear trend, indicating a

two–component mixing process. Hence, it suggests that

group–III metaluminous magma would carry heat to the

crust, inducing partial melting of sedimentary rocks to

produce group–II peraluminous granite, then mixing in

the source of these two components in proportions.

Moreover, group–III granite from NE portion possibly

to be lower–sequence and group–II granite from SW por-

tion possibly to be upper–sequence, regarding their NW–

SE to WNW–ESE, strike with dips W to S structures

(Fig. 1). Therefore, we assume that group–II peralumi-

nous granite in the Mongolian Altai was possibly formed

by partial melting of metagreywackes as immature sedi-

ments. However, the lack of isotopic data from group–II
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granites needs further study. Nevertheless, previous stud-

ies reported whole–rock εNd(t) values from −2.1 to +5.7

with Nd model ages between 0.95–0.60 Ga and Zrn εHf(t)

values from +0.5 to +19.2 with Hf model ages between

1.02–0.31 Ga from the Devonian granitoids in the Mon-

golian Altai (Kozakov et al., 2007; Cai et al., 2015).

Based on the isotopic data, they concluded that the Dev-

onian granitoids were mainly derived from newly formed

juvenile crustal materials buried in the deep crust, with

the addition of mantle–derived mafic magma. Our whole–

rock chemical data of group–III granite has reached a

similar conclusion. We note that different textural and

chemical features between the Devonian granitoids in

the Mongolian Altai are probably due to different source

rocks involved in the melting and cooling environments.

Group–IV (~ 315 Ma) quartz syenite. The group–

IV quartz syenite is exposed in the boundary between the

Mongolian Altai and Gobi Altai. Since the sampling of

quartz syenite was limited, a detailed discussion of pet-

rogenetic processes is difficult. Instead, this study docu-

mented quartz syenites have SiO2 contents of 66–68 wt%

and low–MgO (<0.1 wt%) with shoshonitic affinity and

distinct geochemical features of those continental crust

that they are strongly depleted in Sr, Eu, P, and Ti, en-

riched in Nb, Ta, and LREE (Figs. 4a, 4h, and 4i). More-

over, the presence of inherited Zrn indicates crustal as-

similation during magma evolution. However, numerous

petrological, geochemical, and experimental studies have

suggested that the lithospheric mantle and crust are pos-

sible sources for syenites (e.g., Huang and Wyllie, 1975;

Litvinosky and Steele, 2000; Laporte et al., 2014). More-

over, syenitic magmas appear to be polygenetic, and it

is generally assumed that syenite magma characterizes

anorogenic, within–plate environments. The age of quartz

syenite is ~ 315 Ma, which is in line with the dating of

Cai et al. (2015) from the same area, indicates that the

crustal extension occurred after main orogenic magma-

tism (387–353 Ma) and mainly affected the boundary be-

tween the Early Paleozoic northern domain and Late Pa-

leozoic southern domain. We suppose that quartz syenite

might have a genetic link to Sagsai alkali–gabbroic and

quartz monzonite pluton in the Gobi Altai, evidenced by

coeval emplacement age of 322–307 Ma (Buriánek et al.,

2016). The positive Zrn εHf(t) values of +7.4 to +11.5

from Sagsai alkali–gabbroic pluton suggested depleted

mantle–derived magma source, and Sagsai alkali–gabbro-

ic and quartz monzonite pluton were formed in post–sub-

duction extensional regime proposed by Buriánek et al.

(2016). Our geochemical and geochronological data of

quartz syenite support this idea that group IV quartz

syenite would be derived from depleted mantle–derived

magma source accompanied by crustal assimilation dur-

ing magma evolution.

Group–V (208–200 Ma) granites. Kfs–porphyritic

granite has high–K calc–alkaline to shoshonitic affinities

with low–ASI values of 0.94–0.98, suggesting metalumi-

nous granite. Accordingly, group–V granite intrusions

contain euhedral Kfs phenocryst and lack of deformation

features, and intruding into high– and low–grade meta-

morphic rocks in the Mongolian Altai are evidences for

considering them being post–orogenic granites.

CONCLUDING REMARKS

Newly investigated petrological, geochemical, and zircon

U–Pb geochronological studies of the Mongolian Altai

granitoids lead to the following conclusions:

1) Group–I (Bt–Ms granite) and –II (Crd–Bt granite)

have high–K calc–alkaline and peraluminous affini-

ty, whereas group–III (Hbl–Bt granite) has calc–al-

kaline and metaluminous affinity. Group–IV (Bt

quartz syenite) and –V (Kfs–porphyritic granite)

show shoshonitic– to high–K calc–alkaline and met-

aluminous affinity.

2) Groups–I, –II, and –III have continental crust–like

multi–elements and REEs patterns, whereas groups–

IV and –V have different patterns with strongly de-

pleted in Sr, P, and Ti, enriched in Nb, Ta, and

LREE.

3) Group–I granite yields 387–361 Ma, whereas group–

II and –III granites yield 369–353 and 366–356 Ma

as magmatic ages, respectively. Group–IV quartz

syenite and group–V granite yield ~ 315 and 208–

200 Ma as emplacement ages.

4) Groups–I and –II peraluminous granites have high–

Th/Nb, and low–Ba/Th reflecting sources might be

derived from sedimentary rocks, whereas group–III

metaluminous granite has low–Th/Nb, and high–Ba/

Th reflecting source might be derived from gabbroic

crustal material.

5) Groups–I and –II peraluminous granites have similar

geochemical characteristics, but their emplacement

ages are different, which suggests they were formed

from different magmas.

6) Group–II peraluminous and group III metaluminous

granites were contemporaneously formed at 369–

353 Ma. Their Rb/Ba versus Rb/Sr correlation de-

fine a linear trend of the magma mixing process. It

demonstrates that group–III metaluminous magma

would carry heat to the crust, inducing partial melt-

ing of sedimentary rocks to produce group–II pera-

luminous granite.

7) Geochemical and geochronological data of groups–

I, –II, and –III granites demonstrate that they were
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formed during the main orogenic activity in the

Mongolian Altai, which is also consistent with the

timing of the main metamorphic event at Late Devo-

nian to Early Carboniferous. Subordinate occurrenc-

es of group–IV quartz syenite and group–V granite

were probably formed in extensional to post–colli-

sional environments after main orogenic activity in

the Mongolian Altai.
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