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Late Paleozoic magmatic rock outcrops are common in the Northern Alxa,

Southern Central Asian Orogenic Belt (CAOB), which is a key area for

understanding tectonic processes and defining the final closure time of the

Paleo-AsianOcean (PAO). We present zircon U‒Pb chronology andwhole-rock

geochemistry data for late Paleozoic magmatic rocks from the Yagan area of

northern Alxa. This paper reveals two periods of magmatism: syenogranite

(374.8 Ma) and bimodal intrusive rocks, which consist of gabbro (261.4 Ma),

diabase (262.9 Ma) and biotite monzogranite (263.4 Ma). The syenogranite is

high-K calc-alkaline and shows enrichments in Th, Zr, Hf and LREEs; depletions

in Sr, Nb, Ta, and Ti; and low Mg# values (6.9–13.2); the syenogranite was

derived from partial melting of the crust and has volcanic arc characteristics.

The gabbro and diabase have similar geochemical characteristics, such as

enrichments in Pb, Rb, Sr, Zr, and Hf and depletions in Nb, Ta, and Ti, with

positive εHf(t) values (+0.9–+2.7 and +2.6–+3.6, respectively), indicating that

they originated from partial melting of depletedmantle and experienced crustal

contamination during magma emplacement. The biotite monzogranite shows

depletions in Nb, Ta, and Ti and εNd (t) values of -2.6 to −2.4 and resulted from

partial melting of the lower crust caused by asthenospheric underplating. The

bimodal intrusive rocks formed in a postcollision extensional setting. Combined

with previous data, we conclude that northern Alxa was an active continental

margin during the late Devonian and that the final closure of the Yagan branch

ocean of the PAO occurred prior to the middle Permian.
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1 Introduction

The Central Asian Orogenic Belt (CAOB), one of the largest

Phanerozoic accretionary orogenic belts in the world, is situated

between the Siberian and Tarim craton (Figure 1A) and

composed of a large number of accretionary complexes, arcs,

ophiolites, oceanic plateaus and terranes, and its tectonic

evolution was triggered by the breakup of Rodinia and the

subduction and closure of the Paleo-Asian Ocean (PAO)

during the Neoproterozoic to late Paleozoic (Sengör et al.,

1993; Jahn et al., 2000; Windley et al., 2007; Xiao et al., 2009;

Yang et al., 2015, 2020; Song et al., 2021). Until now, there are

vigorous controversies about the timing of the final closure of the

PAO. The final closure might have occurred in the middle

Devonian (Su et al., 2011; Li et al., 2013; Xu et al., 2013),

before the late Carboniferous (Xia et al., 2012; Li et al., 2022),

before the early Permian (Xie et al., 2020), during the late

Permian to early Triassic (Xiao et al., 2018; Li et al., 2020) or

the in Triassic (Song et al., 2021).

The Alxa area is located in the central southern CAOB

(Figure 1A). Prior studies have shown that the Enger Us and

Quagan Qulu faults (ophiolitic belts) (Figure 1B) in the Alxa area

are the lithospheric remnants of the ancient ocean and back-arc

basin between the Tarim and North China cratons, respectively

(Wang et al., 1993; Wu & He, 1993), but according to recent

findings, both have been linked to the tectonic evolution of the

PAO (Zhang et al., 2013; Song et al., 2017; Li et al., 2020; Zhao

et al., 2020; Hui et al., 2021) and are currently accepted as the

product of the final closure of the PAO (Zheng et al., 2017).

Therefore, the Alxa area is a pivotal area for investigating the

tectonic relationship of the timing of the final closure of the PAO

and the tectonic evolution of the southern CAOB. However, the

tectonic evolution of northern Alxa has long been controversial,

and different opinions are as follows: 1) the late Paleozoic

FIGURE 1
(A)Geological map of the Central AsianOrogenic Belt (modified after Jahn et al., 2000). (B) Tectonic units of Alxa block (modified afterWu &He,
1993). (C)Geological map of the northern Alxa region (modified after Shi et al., 2011). YTZ: Yagan tectonic zone, ZHTZ: Zhusileng-Hangwula tectonic
zone, ZSTZ: Zongnaishan-Shalazhashan tectonic zone, NLTZ: Nuru-Langshan tectonic zone.
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magmatic activity in the Zhusileng–Hangwula tectonic zone

(ZHTZ) (Figure 1C) was related to the southward subduction

of the Yagan branch ocean of the PAO, represented by the Yagan

fault (Wang et al., 1992; Zheng et al., 2013; Song et al., 2017), or

the northward subduction of the PAO, represented by the Enger

Us ophiolitic belt (Liu et al., 2018; Xie et al., 2020; Zhao et al.,

2020); this system shows that the geodynamic transformation

mechanism of northern Alxa changed from a passive continental

margin to an active continental margin. However, the geological

features show that the Enger Us ophiolite belt is southward

subducted (Wang et al., 1992), and the

Zongnaishan–Shalazhashan zone (Figure 1B) is a volcanic arc

(Wang et al., 1994). 2) Northern Alxa was a subduction setting

during the late Devonian to late Carboniferous (Zhao et al., 2020)

or early Permian (Liu et al., 2017) or a postcollision extensional

setting during the early Permian (Zheng et al., 2021). 3) The

timing of the final closure time of the PAO in the Alxa region was

during the Early Devonian (Liu et al., 2018), before the early

Permian (Fei et al., 2019), from the Permian to early–middle

Triassic (Li et al., 2020) or during the middle–late Triassic (Song

et al., 2021).

In any case, there are remained debated for geotectonic

framework during the late Paleozoic and the final closure of

the PAO in the northern Alxa (Xie et al., 2020; Zhao et al., 2020).

To promote our understanding of the above debate, this study

presents zircon U-Pb ages and whole-rock major- and trace-

element and Nd-Hf isotope data of the late Paleozoic

syenogranite, gabbro, diabase and biotite monzogranite in the

Yagan area of northern Alxa and discusses their petrogenesis and

the implications for the tectonic evolution of the southern CAOB.

2 Geological backgrounds

The Alxa region is between the Beishan-Tianshan orogenic

belt to the west and the north Qilian orogenic belt to the south

(Figure 1B). In the Alxa block, three major faults/ophiolite belts,

the Yagan fault, Enger Us ophiolite belt and Quagan Qulu

ophiolite belt (Figure 1B), and it is divided into southern and

northern parts by the Enger Us ophiolite belt, and the Yagan area

is part of the northern Alxa region (Figure 1C) and covers the

Yagan tectonic zone (YTZ) in the north, the ZHTZ in the south

(Figure 1B). The YTZ is located to the north of the Yagan fault

belt (Figure 1B). The Paleozoic volcano-sedimentary strata,

magmatic activities and ophiolite are distributed mainly in the

Alxa region. The Enger Us ophiolite belt is the major suture zone

of the PAO in the Alxa (Wu & He, 1993; Zheng et al., 2014).

The geology of the areas surrounding northern Alxa indicates

a significant change in the tectonic setting, as evidenced by the

existence of lower and upper Paleozoic strata. The lower

Paleozoic strata are a normal depositional sequence and are

composed of Cambrian–lower Ordovician siliceous rock, silty

dolomite, silt–slate and crystalline limestone and lower Silurian

argillaceous slate, siliceous slate and tuffaceous sandstone; the

strata are deep-sea facies clastic rocks that are mainly distributed

in the ZHTZ, indicating shallowmarine and carbonate sequences

in a passive continental margin (Wu & He, 1993). Moreover,

minor Upper Devonian limestones, sandstones, andesites and

andesitic tuffs (Zhao et al., 2020) are distributed in the Yagan

region. The upper Paleozoic strata in northern Alxa are

composed of marine volcanic rocks and deep-sea flysch

formations (Yin, 2016), such as Carboniferous feldspar-

containing sandstone and conglomerate, limestone, andesite

and tuff and Permian limestone, pyroclastic rocks and

volcaniclastic rocks, indicating that strong magmatic activity

occurred in this period. In summary, a great tectonic

transformation, e.g., from a passive continental margin to an

active continental margin, occurred in the northern area during

the late Paleozoic (Wang et al., 1994; Zhao et al., 2020).

The magmatic activities of northern Alxa show the

characteristics of the subduction arc during the late Paleozoic,

which was resulted from the subduction of the PAO (Zhao et al.,

2020; Hui et al., 2021). While other research suggests that the

early Permian magmatic activities in the northern Alxa are

related to Tarim large igneous province (Dan et al., 2014). Yet

studies show the Carboniferous-Permian bimodal volcanic rocks

in this area were formed in the post-collision extensional tectonic

setting (Xie et al., 2020). The Enger Us ophiolite belt is composed

of ultramafic and basic rocks, and produced by tectonic melange

zone, which is geochemical characterized of N–MORB (Zheng

et al., 2014), it is believed a suture between the Tarim and the

North China Plate (Wang et al., 1994). Except for the olivine

gabbro near the Yagan fault belt, ophiolite mélange does not

occur along the belt (Zheng et al., 2013), but the Yagan fault

would be an eastward extension of the Mingshui-Xiaohuangshan

ophiolite belt (Figure 1B) in the Beishan region of the southern

CAOB (Wu et al., 1998). To sum up, the study of magma activity

in the northern Alxa has guiding significance in tectonic

framework of southern CAOB.

3 Samples descriptions

For this study, syenogranite samples were collected from the

Wudenghan batholith (Figure 2). The syenogranite is light red in

color (Figure 3A) with medium to coarse porphyritic texture. The

phenocrysts are mainly potassium feldspar (25%), and the matrix

is composed of quartz (30%), plagioclase (20%), potassium

feldspar (15%), biotite (6%), minor amphibole (3%) and

magnetite (1%). Feldspar and plagioclase are euhedral to

subhedral. Biotite and amphibole are subhedral (Figures

3B,C). The diabase, gabbro and biotite monzogranite samples

were collected from the Yagan batholith in the south Yagan fault

(Figure 2). They outcrop in dikes and intrude into the sandy slate,

marble and gneiss strata of Devonian (Figure 2B). The diabase

samples are grayish-green (Figure 3D) and have an ophitic
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texture (Figure 3F). They are composed of plagioclase (65%),

pyroxene (25%), minor olivine (5%) and opaque minerals (5%)

(Figures 3E,F). The diabase is strongly altered indicating by the

highly chloritized pyroxene (Figure 3F). The gabbro samples are

light gray and contain plagioclase (50%), monoclinic pyroxene

(15%–20%), amphibole (20%), minor (10%) sphene and chlorite

(Figures 3G–I). The biotite monzonite samples are gray and

massive (Figure 3J). Their assemblages include plagioclase (35%),

potassium feldspar (20%), quartz (30%), biotite (10%) and minor

amphibole (5%). The plagioclase is subhedral and has been

altered. The amphibole is subhedral, and some of it fills

quartz voids. The biotite is subhedral and occurs in

chloritization (Figure 3K and L).

4 Analytical methods

Zircon cathodoluminescence (CL) images were obtained at

the Langfang Chenxin Geological Service Co., Hebei, China.

U-Pb dating, whole-rock major, trace element and Nd-Hf

isotope analyses were performed at the Key Laboratory of

Mineral Resources in Western China, Lanzhou University,

Lanzhou, China.

4.1 Zircon U-Pb dating

After separation by conventional heavy liquid and magnetic

techniques, zircon grains were hand-picked and embedded in an

epoxy mount under a binocular microscope and then polished to

expose half of the zircon grains. The zircon grains with internal

ring structures, no clear inclusions and fewer fractures in the CL,

transmitted and reflected images were chosen as suitable targets

for U-Pb dating. The U-Pb isotope ratios of the selected zircons

were measured using an Agilent 7500X ICP-MS instrument

combined with a Geo-Las200M laser ablation (LA) system.

The zircon standard 91500 (Wiedenbeck et al., 1995) was

used as the age standard. The reference glass NIST 610

(Andersen, 2002) and Si were applied as external and internal

standards, respectively, during the process of analyzing the

FIGURE 2
(A)Geological map of the studied area (Modified after 1:200,000 geological maps, Inner Mongolian Bureau of Geology and Mineral Resources,
China); (B) Profile of the Yagan bimodal intrusive rocks.
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elemental composition of the zircon. The spot diameter was

~30 μm and the analytical techniques are referred to Luan et al.

(2019). Data reduction was performed using the Glitter (ver. 4.0)

program, and common Pb was corrected using the common lead

correction program (ver. 3.15; Andersen, 2002). Concordia plots

and weighted mean ages were generated using the Isoplot

program (ver. 3.0; Ludwig, 2003).

4.2 Major and trace element analyses

Major element compositions were analyzed by ICP optical

emission spectroscopy (ICP-OES). The analytical accuracy was

better than 2%. The loss on ignition (LOI) was obtained by

heating approximately 0.5 g of dried sample powder at 1000°C for

2 h. Trace element contents were analyzed by ICP-MS on an

Agilent 7700X instrument, and the analytical errors were less

than 10%. The US Geological Survey reference materials AGV-2

and BCR-2 were used as standards.

4.3 Whole-rock Nd-Hf isotopes

Sample rock powders were mixed with 0.5 ml 60 wt% HNO3

and 1.0 ml 40 wt% HF in high-pressure PTFE bombs. These

bombs were steel-jacketed and placed in the oven at 195°C for

FIGURE 3
Field outcrops and microphotographs (A–C) Syenogranite (D–F) Diabase (G–I) Gabbro (J–L) Biotite monzogranite. Abbreviation:
Am–amphibole; Cc–calcite; Cpx–clinopyroxene; Chl–chlorite; Ol–olivine; Pl–plagioclase; Qtz–Quartz; Kfs–K-feldspar; Bt–biotite; Zr–Zircon.
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3 days. Digested samples were dried on a hotplate and

reconstituted in 1.5 ml of 1.5 N HCl before ion exchange

purification. The analytical procedure was the same as that

described by Liang et al. (2002). The diluted solution (50 ppb

Nd, 40 ppb Hf) was introduced into a Nu Instruments Nu Plasma

II MC-ICP-MS (Wrexham, Wales, United Kingdom) through a

Teledyne Cetac Technologies Aridus II desolating nebulizer

system (Omaha, Nebraska, United States). Raw data of the

isotopic ratios were internally corrected for mass fractionation

by normalizing to 146Nd/144Nd = 0.7219 for Nd and 179Hf/177Hf =

0.7325 for Hf with the exponential law. International isotopic

standards (JNdi-1 for Nd, Alfa Hf for Hf) were periodically

analyzed to correct instrumental drift. Geochemical reference

materials of USGS BCR-2, AVG-2, were treated as quality

control.

5 Results

5.1 Zircon U-Pb ages

The zircon U-Pb data of syenogranite (YG-32), diabase (YG-

6), gabbro (YG-16) and biotite monzogranite (YG-11) are listed

in Supplementary Table S1.

The zircon grains from the syenogranite samples are subhedral

and short columnar in shape, with aspect ratios of 1.5:1. The clear

oscillatory zone texture (Figure 4) and high Th/U ratios (0.43–1.27)

indicate a typical magmatic origin (Wu & Zheng, 2004). Twenty-five

spots for the syenogranite samples were analyzed. Five spots (YG32-

1, 2, 10, 15, and 17) were excluded from their age calculation because

of the high discordance (Supplementary Table S1). The 206Pb/238U

age of the YG32-14 spot is 1168 ± 12Ma, indicating captured zircons.

The other fifteen spots yielded concordant 206Pb/238U ages from 367±

4Ma to 382 ± 4Ma, with a weighted mean of 206Pb/238U of 374.8 ±

3.0Ma (MSWD= 1.8) (Figure 5), representing the crystallization age

of syenogranite.

The zircon grains from the diabase samples are euhedral to

subhedral and columnar, with length-to-width ratios of 1:1–3:1.

The zircon exhibits oscillatory zoning in the CL images

(Figure 4). Twenty-two spots were analyzed and they have

high Th/U ratios (0.36–0.98), indicative of a magmatic origin

(Wu & Zheng, 2004). Five spots (YG6-3, 5, 13, 15, 19 and 21)

were excluded from the age calculation because of the high

discordance (Supplementary Table S1). Four zircon core

(YG6-7, 10, 18, and 20) analyses yielded concordant 207Pb/
206Pb ages of 1650 Ma and 881 Ma, indicating captured

zircons. Eleven spots yielded concordant 206Pb/238U ages from

256 ± 3 Ma to 269 ± 3 Ma, with a weighted mean 206Pb/238U of

261.4 ± 3.2 Ma (MSWD = 2.4) (Figure 5), representing the

crystallization age of diabase.

The zircon grains from the gabbro samples are subhedral and

short columnar, with length to width ratios of 1:1–2:1. Their CL

FIGURE 4
Representative zircons cathodoluminescence (CL) images for syenograntite, diabase, gabbro and biotite monzogranite in the Yagan area of
northern Alxa.
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images show clear oscillatory zoning (Figure 4). Additionally,

they have high Th/U ratios (0.58–1.23). Fifteen spots for the

biotite monzogranite samples were analyzed. One spots (YG16-

9) were excluded from the age calculation because of deviation

from the concordant curve. One captured zircon (YG16-15)

yielded a 206Pb/238U age of 413 ± 4 Ma. Thirteen spots yielded

concordant 206Pb/238U ages from 259 ± 3 Ma to 270 ± 3 Ma, with

a weighted mean 206Pb/238U of 262.9 ± 2.2 Ma (MSWD = 1.5)

(Figure 5), representing the crystallization age of gabbro.

The zircon grains from the biotite monzogranite samples are

euhedral to subhedral and columnar, with length-to-width ratios

of 3:2–4:1, and they display oscillatory zoning (Figure 4). Their

Th/U ratios range from 0.56 to 1.39, which is characteristic of a

magmatic origin (Wu & Zheng, 2004). Nineteen spots for the

diabase samples were analyzed. Ten spots (YG11-4, 8, 10, 14)

were excluded from the age calculation because of their high

discordance (Supplementary Table S1). Fifteen spots yielded

concordant 206Pb/238U ages from 258 ± 3 Ma to 270 ± 3 Ma,

with a weighted mean 206Pb/238U of 263.4 ± 2.1 Ma (MSWD =

1.6) (Figure 5), representing the crystallization age of biotite

monzogranite.

5.2 Major and trace elements

The whole-rock major and trace element data are listed in

Supplementary Table S2.

5.2.1 Syenogranite
The samples (16YG28 to 16YG38 in Supplementary Table

S2) have high contents of SiO2 (70.60–73.27 wt%), Na2O

(3.66–4.63 wt%), and K2O (3.45–4.59 wt%), moderate contents

of Al2O3 (11.83 - 13.23 wt%), low contents of CaO (1.39–3.14 wt

%), MgO (0.11–0.27 wt%) and low Mg# values (Mg# =100*Mg2+/

(Mg2+ + Fe2+) of 7–13, and TiO2 (0.29–0.35 wt%). All samples

plot in granite domain and belong to syenogranite (Figure 6A).

The syenogranite is characteristic of the metaluminous

(Figure 6B) and high-K calc-alkaline series (Figure 6C). On

the primitive mantle-normalized trace element variation

diagram (Figure 7A), the syenogranite samples show

enrichments in large ion lithophile elements (LILEs, e.g., Rb,

Ba, K, and Th), weak enrichments in Zr and Hf and depletions in

high field strength elements (HFSEs, e.g., Nb, Ta, Ti). Furtherly,

the samples are enriched in light REEs (LREEs) ((La/

FIGURE 5
Zircon U-Pb concordia diagrams and weighted age from the syenogranite (16 YG-32), diabase (16YG-6), gabbro (16 YG-16) and biotite
monzogranite (16 YG-11) in the Yagan area of northern Alxa.
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Yb)N = 8.61–11.82) with negative Eu anomalies (δEu =

0.45–0.60) (Figure 7B).

5.2.2 Diabase
The samples (16YG3 to 16YG6 in Supplementary Table S2)

have low K2O (0.14–0.85 wt%), high Na2O (2.97–3.25 wt%),

TFe2O3 (11.23–11.76 wt%), and MgO (6.0–6.07 wt%, Mg# =

48–49) contents. All samples plot in gabbro field and belong

to diabase (Figure 6A). The diabase is characteristic of calc-

alkaline series (Figure 6C). They are enriched in Rb, Sr and Ba

(Figure 7C), depleted in HFSEs and exhibit enrichments in

LREEs ((La/Yb)N = 2.07–2.19), with no obvious negative Eu

anomalies (δEu = 0.92–0.95) (Figure 7D).

5.2.3 Gabbro
The samples (16YG12 to 16YG16 in Supplementary Table

S2) have high CaO (9.84–12.68 wt%) and Al2O3 (14.32–15 wt

%) contents, low TiO2 (0.59–0.74 wt%) contents and high

Mg# values of 60–66. All samples are located in the gabbro

field in the (Na2O + K2O) - SiO2) diagram (Figure 6A) and

belong to the calc-alkaline series to high-K calc-alkaline

series (Figure 6C). They display enrichments in Pb, Rb, Sr,

and K, and LREEs ((La/Yb)N = 5.56–7.10) with negative Eu

anomalies (δEu = 0.78–0.85) (Figure 7F), and depletions in

Nb, Ta, Ti and P (Figure 7E).

5.2.4 Biotite monzogranite
The samples (16YG7 to 16YG11 in Supplementary Table S2)

fall in quartz monzogranite field and belong to quartz monzonite

(Figure 6A). They are metaluminous and high-K calc-alkaline

series (Figures 6B,C) and show enrichments in Rb, K, Pb, Th, and

U and depletions in Nb, Ta, Ti, and Ba (Figure 7G), with slight

enrichments in LREEs ((La/Yb)N = 8.58–9.23) and Eu anomalies

(δEu = 0.76–0.83) (Figure 7H).

5.3 Nd-Hf isotope systems

The whole-rock Nd-Hf isotope data are listed in

Supplementary Table S3.

FIGURE 6
(A) Total alkali (Na2O + K2O) versus silica (SiO2) diagram (Middlemost, 1994); (B) A/NK versus A/CNK diagram; (C) K2O versus SiO2 diagram
(Rickwood, 1989).
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The four syenogranites (16 YG-01 to 16 YG-04 in

Supplementary Table S3) have negative εNd(t) (t = 374.8 Ma)

values (-2.1 to −1.9) (Figure 8A) and positive εHf (t) values (+0.1 -

+1.1) (Figure 8B). The diabase samples (16 YG-05 to 16 YG-08 in

Supplementary Table S3) have positive εNd (t) and εHf (t) (t =

261.4 Ma) values (+0.9 - +2.7 and +7.1 - +8.6, respectively)

(Figure 8). The gabbro samples (16 YG-09 to 16 YG-12 in

Supplementary Table S3) have variable εNd (t = 262.9 Ma)

values from -2.3 to 0.3 (average value of -0.1) (Figure 8A) and

positive εHf (t) values (+2.6 - +3.4) (Figure 8B). The biotite

monzogranite samples (16 YG-13 to 16 YG-16 in Supplementary

Table S3) have negative εNd (t = 263.4 Ma) values (-2.6 to −2.4)

(Figure 8A) and variable εHf (t) values from -2.1–0.3 (average

value of -0.5) (Figure 8B).

6 Discussion

6.1 Petrogenesis

6.1.1 The late devonian syenogranite
The late Devonian syenogranite (ca. 374.8 Ma) have the

chemical features of I-type or A-type granites (metaluminous,

A/CNK <1.1 and A/NK > 1) and contain no aluminum-rich

FIGURE 7
Primitivemantle normalizedmulti-element (A–G) and chondrite normalized REE patterns diagrams (B–H) of the syenogranites and the diabase,
gabbro and biotite monzogranite. Data for chondrite and primitive are from Sun & McDonough (1989).

Frontiers in Earth Science frontiersin.org09

Wang et al. 10.3389/feart.2022.1046122

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1046122


minerals (such as garnet and muscovite) (Chappel and White,

1992). All samples have relatively high 10000 Ga/Al ratios of

2.68–3.28 and show enrichments in Rb, Th, K, and Pb and

depletions in Nb, Ta, Ba, and Ti (Figure 7A), similar to those of

A-type granites (Whalen et al., 1987), but they have lower Zr +

Nb + Ce + Y values (245 ppm–330 ppm, except for one sample

16 YG-36 with a value of 434 ppm) than A-type granite (Zr + Nb

+ Ce + Y > 350 ppm, Eby, 1990). On the other hand, fractionated

I-type granites usually show geochemical characteristics similar

to those of A-type granites (Chappell and White, 1992). The

syenogranite has high contents of SiO2 (70.03–73.27 wt%), Na2O

(3.53–4.86 wt%), and K2O (3.45–4.67 wt%) and low contents of

CaO (1.39–3.14 wt%). Zr/Hf (30–36, except for one sample

16 YG-36 with a ratio 41) and Nb/Ta (10–16) ratios of the

rocks are similar to those of highly fractionated granites (Zr/

Hf < 38, Nb/Ta < 17; Wu et al., 2017), with depletions in Sr, Nb,

Ta, and Ti (Figure 7A) and negative Eu anomalies (Figure 7B).

Also, compared to A-type granites field, a common sample plots

in the highly fractionated granites (FG) (Figure 9A). These

geochemical features suggest that samples have characteristic

of fractionation. With everything else, it is notable that all the

syenogranite samples display an I-type granite trend such as Th

vs. Rb and Y vs. Rb (Figure 9B) correlations and negative P2O5 vs.

SiO2 correlations (Figure 9C) (Whalen et al., 1987; Wu et al.,

2017). Notably, the rocks contain small amounts of amphibole

(3%) (Figure 3B), implying that they formed in a water-rich

environment. Therefore, mineralogical and geochemical features

suggest that the late Devonian syenogranite is an I-type granite

rather than an A-type granite.

I-type granites may be generated from either partial melting

of the lower crust heated by underplating of mantle-derived

magma (Wu et al., 2003) or fractional crystallization of crust-

mantle mixed magma (Wang et al., 2017) and of mantle-derived

basaltic magma (Cribb & Barton, 1996). The depletions in Nb,

Ta, and P (Figure 7A) in the syenogranite samples suggest the

involvement of some crustal materials. Moreover, the

syenogranite samples have low Mg# values (6.9–13.2) and Th/

U (average of 5.9) and Sm/Nd (average of 0.2) ratios, which are

similar to the lower crustal values (Th/U = 6, Sm/Nd = 0.25,

Rudnick & Gao 2003), and they have Rb/Sr ratios (1.6–3.1)

similar to those of crustal materials (>0.5, Meschede, 1986). All

FIGURE 9
(A) K2O/MgO versus 10000Ga/Al (Whalen et al., 1987); (B) Y versus Rb diagrams; (C) P2O5 versus SiO2 diagrams. Abbreviations: FG–highly
fractionated I-type granites; OTG–undifferentiated I, S, M-type granites.

FIGURE 8
(A) εNd(t) values of igneous rocks; (B) εHf(t) values of igneous
rocks.
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sample spots are located in the crustal field on the (La/Yb)N vs.

δEu diagram (Figure 10A). These features indicate that the
syenogranite magma was derived mainly from a lower crustal
source, and their fractionated REE patterns (Figure 7A) and
obvious negative Eu anomalies (Figure 7B) may have resulted
from fractional crystallization of lower crustal melts. In addition,
the rocks have negative εNd(t) and positive εHf(t) values (Figure 8)
and two-stage model ages (TDM2) of 1300–1360 Ma, indicating
that they are the product of partial melting of ancient
(Mesoproterozoic) continental crust.

The syenogranite samples show depletions in Sr and Ba

(Figure 7A), no significantly negative Eu anomalies

(Figure 7B) and a weak fractional crystallization trend of

plagioclase (Figure 10B). However, they have high Ba content,

and in the diagram (Figure 10C), SiO2 is not correlated negatively

FIGURE 10
(A) (La/Yb)N versus δEu diagrams; (B) Ba versus Sr diagrams;
(C) SiO2 versus Sr and Ba. Abbreviations: Amp–amphibole;
Pl–plagioclase; Kfs–K-feldspar; Bt–biotite; Ms–muscovite.

FIGURE 11
Magma source discrimination diagrams for the diabase and
gabbro: (A) Nb versus Zr (Le Roex et al., 1983); (B) La/Yb versus Zr/
Nb (Zhao & Zhou, 2007). N–depleted mantle; T–transitional
mantle; P–primitive mantle.
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with the contents of Sr and Ba. All features indicate that the

syenogranite may have experienced weak fractionation of

plagioclase.

6.1.2 Middle permian bimodal intrusive rocks
The middle Permian bimodal intrusive rocks are mainly

composed of diabase, gabbro and biotite monzogranite, with

LA-ICP-MS zircon U-Pb ages of 261.4 Ma, 262.1 Ma, and

260.7 Ma. The diabase and gabbro have high contents of

Al2O3, MgO, Mg# and TFe2O3 and low contents of K2O

and P2O5, and belong to the calc-alkaline series

(Figure 6C). They display similar geochemical

characteristics (Supplementary Table S2), REE patterns

(Figures 7C–F) and evolutionary trends (Figure 11). Nb/Ta

ratios (19–20) for diabase, and 15.1–20.9 for gabbro are

similar to mantle values (17.5 ± 2.5, Sun & McDonough,

1989). The diabase and gabbro have source features of

depleted mantle (Figure 11A) and corresponding

evolutionary trends (Figure 11B). Moreover, the diabase

and gabbro have positive εNd(t) and εHf(t) values

(Figure 8), suggesting depleted mantle (Wu et al., 2007).

All of these features indicate that the diabase and gabbro

were derived from the partial melting of depleted mantle.

While, the diabase and gabbro have high Ba/Nb (59–89,

49–120, respectively), Zr/Hf (36–37, 26–32, respectively) and La/

Nb ratios (2.2–2.3, 3.4–4.1, respectively). They are all close to the

values of the continental crustal (Ba/Nb = 54, La/Nb = 2.2,

Weaver, 1991; Zr/Hf = 33, Taylor & McClennan 1995).

Moreover, Their Nb/U (11–12, 1.7–3.6, respectively) and Ce/

Pb ratios (5.1–5.9, 0.8–3.9, respectively) were close to values of

crust (Nb/U = 8.9, Taylor & McClennan 1995; Ce/Pb < 15,

Hofmann et al., 1986). The data aforementioned above imply the

diabase and gabbro might experience different degrees of crustal

contamination during emplacement of the magma. They show

enrichments in LILEs (K, Rb, Ba), depletions in HSFEs (Nb, Ta,

Ti) (Figures 7C,E) and negative Ce anomalies (Figures 7D,F),

FIGURE 12
Late Paleozoic tectonic evolution model in the northern Alxa (Data: Zhang et al., 2017; Li, 2019; Xie et al., 2020; Zhao et al., 2020).
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perhaps resulting from crustal contamination (Li et al., 2003).

These features imply that crustal contamination played a

significant role in the petrogenesis of the diabase and gabbro.

The gabbro and diabase have positive Sr anomalies (Figures

7C,E) and slightly negative Eu anomalies (Figures 7D,F),

indicating no fractional crystallization of plagioclase during

magmatism or the remains of relics of plagioclase in the

magma source (Goss et al., 2010).

The Middle Permian biotite monzogranites have high K2O,

Na2O, and CaO contents and low P2O5 contents and belong to

the high-K calc-alkaline series (Figure 6C). Their A/CNK

(0.81–0.84) and A/NK ratios (1.36–1.50) are similar to those

of I-type granites (A/CNK <1.1 and A/NK > 1, Whalen et al.,

1987). Additionally, they have amphibole inclusions (Figure 3K

and L) and show enrichments in LREEs (Figure 7G) and weakly

negative Eu anomalies (Figure 7H), being characteristic of I-type

granites. The biotite monzonite samples plot in the I-type granite

(Figure 9A) and Y vs. Rb for the rocks have positive correlation

(Figure 9B) and a P2O5 vs. SiO2 negative correlation (Figure 9C),

showing some characteristic of an I-type granite trend.

Therefore, we infer that the biotite monzogranites are I-type

granites.

Bimodal igneous rocks are generally assumed to have two

petrogenesis characteristics (Davies & MacDonald, 1987; Zhang

et al., 2021). The diabase, gabbro and biotite monzogranite have

similar patterns (Figure 7), but the trace element contents and

whole-rock Nd-Hf isotopes vary widely (Supplementary Table

S3). In addition, the biotite monzogranite outcrop area is larger

than the diabase and gabbro area (Figure 2B). Therefore, we

consider that diabase and biotite monzogranite have different

magma sources. The origins of granitic magma are mainly

divided into mantle-sourced magma the lower crust (Whalen

et al., 1987) and partial melting of crustal materials heated by

basalt magma underplating (Wu et al., 2003). The biotite

monzonites have high contents of SiO2, K2O, and Na2O and

low contents of P2O5 and show depletions in Nb, Ta, Ti, P and Sr

and enrichments in Zr and Hf (Figure 7G), with negative εNd(t)
values (Figure 8A), indicating partial melting of lower crustal

materials (Jiang et al., 2013). However, their Nb/Ta ratios

(10–16) are between the depleted mantle (17.7, Sun &

McDonough, 1989) and the lower crust values (8.3, Rudnick

& Gao, 2003), and they have various εHf(t) values (Figure 8B) and

moderate Mg# values (40–43), indicating the characteristics of

crust-sourced magma mixed by mantle-sourced underplating

magma. In addition, these samples plot in the crust-mantle

mixing region and show low Rb/Sr ratios (0.2–0.3) (crust-

mantle = 0.05–0.5, Meschede, 1986). These features also

support the above conclusion. Therefore, we consider that the

middle Permian biotite monzogranites were generated from the

product of partial melting of lower crust heated, and then mixed

by mantle-derived magma underplating. The biotite

monzogranites show positive Sr anomalies (Figure 7G) and

lightly negative Eu anomalies (Figure 7H; δEu = 0.76–0.83),

and the correlation of SiO2 with the contents of Sr and Ba does

not follow a linear trend (Figure 10C), implying no obvious

crystallization of plagioclase during emplacement processes of

acid magma (Figure 10B).

6.2 Tectonic implications

The tectonic evolution of northern Alxa during the late

Paleozoic is controversial. Many geological evidences show

the northern Alxa has undergone multiple phases of tectonic

evolution from subduction (Zhao et al., 2020), collision to

FIGURE 13
Tectonic environment discrimination diagrams for the
diabase and gabbro: (A) 2Nb–Zr/4–Y (Meschede, 1986); (B) Zr/Y
versus Zr (Pearce & Norry, 1979). MORB–mid-ocean ridge basalts;
IAB–island-arc basalts; WPB–within plate basalts; AI–within
plate alkaline basalts; AII–tholeiite and within plate tholeiite;
B–mid-ocean ridge basalts; C–within plate basalts and volcanic
arc basalts; D–volcanic arc basalts and normal mid-ocean ridge
basalts.
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post-collision (Xie et al., 2020) during late Devonian to

middle Permian. Usually, magmatic activity is an

important indicator for the analysis of regional tectonics

(Han et al., 2007). Late Paleozoic igneous rocks are of key

significance for defining the tectonic setting in northern Alxa.

The late Devonian syenogranites belong to the high-K calc-

alkaline series and I-type granites in this paper. They show

enrichments in Rb, K, Th, and depletions in Nb, Ta, Ti, and P

(Figure 7A), indicating island arc characteristics related to

subduction zones. The spider diagram of trace element ratio

and the REE distribution patterns show the characteristics of

the island arc calc alkaline series (Batcher and Bowden, 1985;

Woodhead et al., 1998). These features suggest that the

syenogranite should form in a volcanic arc setting that is,

continental margin arc.

By combining these findings with the lithostratigraphy

characteristics, some ideas can be inferred. 1) Early Paleozoic

sedimentary strata are widely distributed, and the

sedimentary package is continuous in northern Alxa (Wu

& He, 1993; Yin, 2016). They are mainly composed of

Cambrian-Silurian siliceous rocks of the Xishuangyingshan

and Bandingtaolegai Formations and are considered to

represent an archipelagic ocean environment, implying a

stable marine deposit setting (Zheng et al., 2017). The

middle Devonian strata are mainly limestones and

sandstones comprising the Wotuoshan Formation. The

Upper Devonian strata are mainly volcaniclastic rocks of

the Xipingshan Formation in the ZHTZ, reflecting

magmatic activity related to the subduction of the ocean

basin (Zhang et al., 2017). The Carboniferous strata have

an unconformable contact with the Devonian strata (Zhang

et al., 2018). These stratigraphic features indicate uplift

denudation caused by orogenic events during the late

Devonian - Carboniferous. 2) The late Devonian magmatic

activity is characterized by a volcanic arc in the ZHTZ. The

Late Devonian Wudenghan monzogranite (383 Ma, Figure 2)

is a calc-alkaline series and I-type granite representing

volcanic arc granite (Zhang et al., 2017). The late

Devonian granite and diorite (373 Ma, Figure 2) in the

Wudenghan were reported to have both volcanic and

subduction setting characteristics (Zhao et al., 2020). These

results are consistent with this late Devonian syenogranite

(374.8 Ma). Therefore, the above sedimentary and magmatic

activity confirms that the ZHTZ transformed from a passive

continental margin to an active continental margin during

the late Devonian.

The Enger Us ophiolite belt (Figure 1C) is regarded as the

major suture zone and shows an N-MORB geochemical

signature (Wang et al., 1992; Zheng et al., 2014). Previous

studies have suggested that southward subduction of the

PAO is represented by the Enger Us ophiolite belt and

that the Quagan Qulu ophiolitic belt (Figure 1B)

represents a back-arc basin (Wang et al., 1993, 1994; Wu

& He, 1993; Zhang et al., 2014). Moreover, the Enger Us

ophiolite belt has a series of northward imbricated thrust

faults, indicating that the PAO was still subducted southward

(Wang et al., 1994). However, according to magmatic

activities that existed at the Yagan fault belt, the Yagan

branch ocean of the PAO underwent southward

subduction during the Devonian (Song, 2017). In

summary, the Yagan branch ocean of the PAO began

southward subduction, causing passive continental

margins to become active continental margins for the

ZHTZ during the Late Devonian (Figure 12A).

The late Carboniferous medium-K calc-alkaline

granitoids (318 Ma, Figure 1C) are arc-related under the

subduction setting in the ZHTZ (Zhao et al., 2020).

Moreover, the lower Carboniferous strata are largely

absent in northern Alxa, implying a strongly tectonic

uplift and collision environment (Zhang et al., 2018).

Outliers of gneiss and marble indicate strong

metamorphism (Figure 2B). These geological events

indicate that the ZHTZ remained an active continental

margin during the Late Carboniferous, which means that

the Yagan branch ocean closed during the late Carboniferous

(Figure 12B).

The early Permian magmatic activities mainly include

diorite (289.3 Ma, Figure 2, Xie et al., 2020) and the

granodiorite (286 Ma, Figure 2, Zheng et al., 2017) are

suggested to have formed in a post-collision extensional

tectonic setting. All the above sedimentary and magmatic

rocks indicate that the ZHTZ was transformed to a post-

collision extensional setting during the Early Permian. These

middle Permian bimodal intrusive rocks (263.4–261.4 Ma) are

high-K and calc-alkaline to tholeiite (Figure 6C), which

reveals that the Yagan area (Figure 2) experienced another

tectono-magmatic event during the Permian. They were

formed in a post-collision extensional tectonic setting. The

diabase and gabbro samples plot in the within-plate basalt and

volcanic arc basalt fields (Figure 13A). On the Zr/Y vs. Zr

discrimination diagram (Figure 13B), all diabase samples plot

in the within-plate basalt (WPB) field, and some gabbro

samples plot on the boundary of the WPB area. These

features suggest that the gabbro and diabase formed in a

within-plate tectonic setting. The biotite monzonite

samples are high-K calc-alkaline series (Figure 6C) and

I-type granites, are one of the single most important

magmatic process characteristics of post-collision

extensional setting (Han et al., 2007). These features imply

that the middle Permian bimodal intrusive rocks formed in a

post-collision extensional setting. Moreover, the basalt-

rhyolite volcanic rocks (265 Ma) formed in the same

tectonic setting in northern Alxa (Li, 2019). All these

features indicate that the ZHTZ was still in a post-collision

tectonic environment during the middle Permian

(Figure 12C).
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7 Conclusion

1) The LA-ICP-MS zircon U-Pb dating results for late Paleozoic

igneous rocks in northern Alxa are as follows: late Devonian

syenogranite (ca. 374.8 Ma), middle Permian diabase (ca.

261.4 Ma), gabbro (ca. 262.9 Ma) and biotite monzogranite

(ca. 263.4 Ma).

2) The late Devonian syenogranite belongs to I-type granites and

was generated from partial melting of the crust in an active

continental margin setting. The middle Permian diabase and

gabbro were derived from depleted mantle. The middle Permian

biotite monzogranite is an I-type granite and was generated by

crust-mantle mixing. The diabase, gabbro and biotite

monzogranite all formed in the post-collision extensional setting.

3) The ZHTZ was an active continental margin during the late

Devonian linking to southward subduction of the Yagan

branch ocean of the PAO which finally closed before the

middle Permian.
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