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Abstract: The Southern Beishan Orogenic Belt (SBOB), an integral part of the Southern Cen-
tral Asian Orogenic Belt (CAOB), is characterized by extensive Late Paleozoic magmatism.
These igneous rocks are the key to studying the tectonic evolution process and the ocean–
continent tectonic transformation in the southern margin of the CAOB and Paleo-Asian
Ocean. We present zircon U-Pb chronology, in situ Lu-Hf isotopes, and whole-rock geo-
chemistry data for Early–Middle Devonian volcanic rocks in the Sangejing Formation and
granites from the Shuangyingshan-Huaniushan (SH) unit in the SBOB. The Wudaoming-
shiu volcanic rocks (Ca. 411.5 Ma) are calc-alkaline basalt-basaltic andesites with low SiO2

(47.35~55.59 wt.%) and high TiO2 (1.46~4.16 wt.%) contents, and are enriched in LREEs and
LILEs (e.g., Rb, Ba, and Th), depleted in HREEs and HFSEs (Nb, Ta, and Ti), and weakly
enriched in Zr-Hf. These mafic rocks are derived from the partial melting of the depleted
lithosphere metasomatized by subduction fluid and contaminated by the lower crust. Wu-
daomingshui’s high-K calc-alkaline I-type granite has a crystallization age of 383.6 ± 2.2 Ma
(MSWD = 0.11, n = 13), high Na2O (3.46~3.96 wt.%) and MgO (1.25~1.68 wt.%) contents,
and a high DI differentiation index (70.69~80.45); it is enriched in LREEs and LILEs (e.g.,
Rb, Ba, and Th) and depleted in HREEs and HFSEs (e.g., Nb, Ta, and Ti). Granites have
variable zircon εHf(t) values (−2.5~3.3) with Mesoproterozoic TDM2 ages (1310~1013 Ma)
and originated from lower crustal melting with mantle inputs and minor upper crustal
assimilation. An integrated analysis of magmatic suites in the SBOB, including rock assem-
blages, geochemical signatures, and zircon εHf(t) values (−2.5 to +3.3), revealed a tectonic
transition from advancing to retreating subduction during the Early–Middle Devonian.

Keywords: Early–Middle Devonian; orogeny transition; monzogranite; Sangejing
Formation; Beishan orogenic belt
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1. Introduction
The Central Asian Orogenic Belt (CAOB), bounded by the Tarim, Siberian, North

China, and East European cratons, constitutes the largest Phanerozoic accretionary oro-
genic belt in the world and was formed through Phanerozoic subduction–accretion
processes [1–6]. This orogenic belt recorded the process of the Paleo-Asian Ocean form
formation to subduction and extinction. A large number of oceanic crust fragments of
the PAO and magmatic–metamorphic–sedimentary activities produced in the process of
accretion orogeny in the CAOB [7–11], making the CAOB a pivotal region for elucidating
geodynamic transitions during the evolution of the PAO [4,12,13].

Located in the southern margin of the middle segment of the CAOB is the Beishan
Orogenic Belt (BOB), which links the Chinese Tianshan Orogenic Belt westward and the
Solonker Suture Zone eastward (Figure 1a). The BOB serves as a natural laboratory for
unraveling the tectonic evolution of the PAO and is composed of a series of magmatic
arcs, microcontinents, ophiolites, accretionary wedges, and others [14]. The tectonic evo-
lution of the BOB is related to the east–west tectonic connection and evolution within the
CAOB and is influenced by the interaction between the tectonic domains of the PAO and
Tethys. This special tectonic position makes the BOB crucial for studying the mode and
time span of accretionary orogeny in the CAOB, as well as the tectonic pattern of NW
China [15]. The BOB hosts four north–south-aligned ophiolite belts [Hongshishan (HOB),
Jijitaizi-Xiaohuangshan (JXOB), Hongliuhe-Niujuanzi-Xichangjing (HNXOB), Huitongshan-
Zhangfangshan (HZOB)] (Figure 1b). Taking the HNXOB as the boundary, the BOB is di-
vided into the Northern BOB (NBOB) and the Southern BOB (SBOB). (Figure 1b). Magmatic
rocks formed in different tectonic settings are the key to studying the tectonic evolution of
the SBOB and the southern margin of the central PAO [5]. Geochronological data reveal two
distinct magmatic events in the SBOB: the early Paleozoic and the Late Paleozoic [16–18].

The Early Paleozoic igneous rocks were formed during the subduction and conver-
gence of the PAO and have geochemical characteristics of arc magmatic rocks [19,20].
However, there are many debates on the formation environment of the late magmatism
because of the diversity of magmatic rock types and the complexity of geochemical char-
acteristics of these rocks [21,22], and there is debate as to whether the SBOB was in an
extensional setting or convergent setting during the Devonian [8,15]. Some scholars believe
that the SBOB was in a post-collisional setting during the Devonian based on the evidence
of A-type granites and within-plate basalts (WPBs) outcrop in the western section of the
SBOB [5,7,18,23]. However, others also suggest that the SBOB is still dominated by subduc-
tion in the Devonian on the basis of arc-like igneous rocks [8,16,24,25]. These controversies
hinder the correct understanding of the evolution process of the southern margin of the
central PAO.

While Devonian magmatic rocks are widespread across the SBOB, earlier investiga-
tions have largely concentrated on its western portion. Conversely, the eastern sector of
this region exhibits Devonian igneous outcrops that remain comparatively understud-
ied in the existing literature [5]. A comprehensive analysis of eastern SBOB Devonian
magmatism is essential for elucidating the transition from subduction-related to exten-
sional tectonic settings and the oceanic-continental transformation along the central PAO’s
southern margin.
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Figure 1. (a) A simplified tectonic map of the Central Asian Orogenic Belt (modified after [16]).
(b) The geological framework of the BOB (modified after [12]). Age data of Devonian magmatic rocks
from [5,8,18,19,21,23,24,26,27].

2. Geological Setting
The SBOB is comprises the Shibanshan unit, the Shuangyingshan-Huaniushan (SH)

unit, and the HZOB is situated between these two units (Figure 1b).
The study area is located in the SH unit, in which the Proterozoic to Cenozoic strata are

distributed. The northern part of the SH unit is predominantly composed of Proterozoic-
Ordovician strata, which are composed of metamorphic rocks (including orthometamor-
phite and parametamorphite) and sedimentary rocks [7,16,25,28,29]. The Ordovician-
Devonian strata are mainly outcrops in the southern part of the SH unit [5,17], and the
lower Sangejing (SGJ) Formation and upper Dundunshan Formation are composed of the
Devonian strata. The SGJ Formation is mainly composed of amygdaloidal basalt, andesite
porphyrite, quartz keratophyre, and sandstone with siltstone and conglomerate [22,30].
In addition to the widespread of the Devonian strata, the felsic and mafic intrusive rocks
formed in the Devonian are also widely outcrops in the SH unit [18,21,23,31]. These
basic-acid intrusive rocks have a lower degree of metamorphic deformation than the Early
Paleozoic magmatic rocks with obvious metamorphic deformation in the SH unit.

Volcanic rocks of the SGJ Formation and granites are exposed in the Wudaomingshui
(WDMS) area in the east of the SH unit (Figure 1b). The Precambrian Dunhuang Group
and Gudongjing Group, the lower Devonian SGJ Formation, the Upper Carboniferous-
lower Permian Ganquan Formation, the middle Jurassic toutunhe Formation, the lower
Cretaceous Chijinbao Formation and Quaternary outcropping in the WDMS (Figure 2a).
The SGJ Formation is composed of amygdaloidal basalt, trachybasalt, andesite, siltstone,
sandstone, mudstone, and siliceous rock. This formation forms an unconformable contact
with the Dunhuang Group, Ganquan Formation, Chijinbao Formation, and Quaternary, and
is invaded by Permian quartz diorite (Figures 2b and 3a,b). Because of strongly weathering,
the rocks of the SGJ Formation are generally broken (Figure 3b). The Ordovician, Silurian,
Devonian, and Permian quartz diorite, granodiorite, and granite are also outcrop in the
study area. The Devonian granite intrudes into the Ordovician quartz diorite and Silurian
granodiorite (Figures 2a and 3c,d).
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Figure 2. (a) Geological map of the Wudaomingshui (WDMS) area; (b) profile of the
Sangejing Formation.

 

Figure 3. Field photos and microphotographs showing the geological and petrographical features
of the WDMS volcanic rock and granite. (a) The Quartz diorite intruded into the volcanic rock;
(b) volcanic rocks within the SGJ Formation display characteristic amygdaloidal textures; (c) granite
intruded into the Quartz diorite; (d) Field photograph of the granite; (e) mineral compositions of the
volcanic rock; (f) mineral compositions of the granite. Pl: plagioclase; Px: pyroxene; Chl: chlorite; Kfs:
potassium feldspar; Bi: biotite; Qtz: quartz.
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3. Sample Descriptions
The WDMS grayish-green to dark green volcanic rocks show doleritic texture and

vesicular–amygdaloidal structure (Figure 3b). The mineral composition consists of pyrox-
ene (30~40 vol%) and plagioclase (40~60 vol%). Plagioclase occurs as elongate strips with
a length of 0.05~1.5 mm and a length–width ratio greater than 3:1. It develops Carlsbad
and polysynthetic twinning, and saussuritization is present. Subhedral–anhedral short
columnar pyroxene is 0.1~0.5 mm in length and filled between plagioclases. Vesicles and
amygdales are well-developed in the rock, with a content of about 10 vol% and a size of
0.1~0.7 mm, and the vesicles are filled chlorite (Figure 3e).

The WDMS grayish-white granite with medium-fine grained granitic texture and
massive structure. The mineral composition includes plagioclase (An 25~40) (30~35 vol%),
K-feldspar (28~45 vol%), quartz (20~25 vol%), biotite (~5 vol%), and accessory minerals
such as apatite, sphene, and metallic minerals. Plagioclase occurs as lath-shaped crystals
(~2 mm in length) with polysynthetic twinning and exhibits sericitization. K-feldspar
appears as anhedral grains (0.5~2 mm) with grid twinning and have kaolinization alteration.
Quartz forms anhedral grains (0.5~1 mm) and the dark mineral biotite occurs as tabular
flakes (~0.3 × 0.5 mm) with partial chloritization (Figure 3f).

One volcanic rock was selected for geochronology studies, and one granite sample
was used for geochronology and zircon Hf isotope studies. Five volcanic rocks and five
granites were used for geochemical studies.

4. Results
4.1. Zircon U-Pb Geochronology Result and Lu-Hf Isotopes

The zircon U-Pb geochronology and in situ Lu-Hf isotope results are listed in Supple-
mentary Tables S1 and S2, respectively.

Twelve zircons from the WDMS volcanic rock are euhedral to subhedral and columnar
in shape, with length-to-width ratios of 2:1~3:1. These zircons display inconspicuous
concentric oscillation zones (Figure 4a) but have high Th/U ratios (0.38~1.23) (Table S1),
indicating a magmatic origin [32]. All twelve analyses yielded similar apparent 206Pb/238U
ages of 412~403 Ma, with a weighted mean age of 411.5 ± 2.8 Ma (MSWD = 0.43, n = 12)
(Figure 4a).

 

Figure 4. U-Pb concordia diagrams of zircons from Wudaomingshui volcanic rock (a) and granite
(b). Cathodoluminescence images for two zircons from each sample are also shown. Red and
yellow circles represent the U-Pb analytical sites and zircon Lu-Hf isotope analysis sites on the
Wudaomingshui volcanic rock and granite, respectively.
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Thirteen zircon grains from granites were analyzed to determine their U-Pb ages.
All these analyzed zircons are euhedral and display granular elongated columnar crys-
tals with length/width ratios of 2:1~3:1 (Figure 4b). Moreover, all these zircons exhibit
obvious concentric oscillatory zoning (Figure 4b), and high Th/U ratios (0.25~0.59), in-
dicating a magmatic origin [32]. All these analyses yield close apparent 206Pb/238U ages
of 382~384 Ma and yield a weighted mean age of 383.6 ± 2.2 Ma (MSWD = 0.11, n = 13)
(Figure 4b). Thirteen zircon grains were also analyzed for their Lu-Hf isotopic compositions
and exhibited low 176Lu/177Hf ratios (0.0017467~0.0026975), and the contribution of 176Hf
derived from the decay of 176Hf after zircon crystallization can be considered negligible,
and the measured 176Hf/177Hf ratios can represent the Hf isotopic composition of the mag-
matic system from which the zircons crystallized [5]. The zircon Hf isotopic composition of
WDMS granites is 176Hf/177Hf = 0.282478~0.282642, corresponding to εHf(t) = −2.5~3.3,
TDM2 = 1310~1013 Ma.

4.2. Whole-Rock Major Oxide and Trace Elements

The major oxide and trace element analysis result are presented in Supplementary
Table S3.

4.2.1. Major Oxide

WDMS volcanic rocks underwent alteration, as indicated by high loss on ignition (LOI)
ratios (1.15~4.23) and petrological characteristics (Figure 3e). Due to the high mobility of
elements such as K and Na during alteration, immobile elements are chosen to assess the
alkalinity of samples. Volcanic rock samples have low SiO2 (47.35~55.59 wt.%) and P2O5

(0.18~0.30 wt.%) contents and are plotted in the andesite/basalt-andesite fields (Figure 5a).
This characteristic indicates that the WDMS volcanic rocks are basalt-basaltic andesites.
Samples also have high contents of TiO2 (1.46~4.16 wt.%), TFe2O3 (2.71~6.87 wt.%) and
MgO (3.81~8.29 wt.%) with Mg# values of 43.95~64.77. The Al2O3, Na2O, and K2O contents
are 13.20~16.45 wt.%, 2.81~5.70 wt.%, and 0.24~1.78 wt.%, respectively, and the contents
of Na2O are higher than those of K2O (Na2O/K2O = 1.58~24.24). Samples are plotted in
the calc-alkaline fields in the Ce/Yb vs. Ta/Yb diagram (Figure 5b) and indicate these
volcanic rocks are in the same calc-alkaline series as volcanic rocks of the SGJ Formation in
the SBOB.

 

Figure 5. (a) Zr/TiO2 vs. Nb/Y diagram [33]; (b) Ce/Yb vs. Ta/Yb diagram [34].

WDMS granite samples have high SiO2 (65.44~68.86 wt.%) and Na2O + K2O
(6.64~7.40 wt.%) contents. The Na2O contents of samples are slightly higher than K2O
contents (Na2O = 3.46~3.96 wt.%; K2O = 2.71~3.84 wt.%; Na2O/K2O = 0.92~1.45), and
samples display high-K calc-alkaline characteristics (Figure 6a). Granites exhibit low TiO2
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(0.32~0.57 wt.%) and P2O5 (0.10~0.15 wt.%) contents, high TFe2O3 (3.00~4.27 wt.%) and
Al2O3 (15.51~17.20 wt.%) contents, with A/CNK values of 1.09~1.13, and plotted in the
peraluminous field (Figure 6a). Samples also have high MgO contents (1.25~1.68 wt.%)
and Mg# values (34.71~37.75) with low SI consolidation index (9.85~11.80) and high DI
differentiation index (70.69~80.45).

 

Figure 6. (a) K2O vs. SiO2 diagram [35]; (b) A/NK vs. A/CNK diagram [36]; (c) Zr vs. 10,000 *Ga/Al
diagram [37]; (d) Th vs. Rb diagram.

4.2.2. Trace Elements

The concentration of rare earth elements (REE) in Wudaomingshui volcanic rock
samples are 95.10~146.90 ppm. Samples have enrichments of light REEs (LREE) and
depletion of heavy REEs (HREE) [(La/Yb)N = 1.51~5.01; LREE/HREE = 2.55~5.26] and are
weakly negative to no Eu anomalies (δEu = 0.84~1.07) (Figure 7a). Samples show positive
anomalies in Rb, Ba, Th, and other large ion lithophile elements (LILEs), negative anomalies
in Nb, Ta, Ti, and other high-field strength elements (HFSEs) (Figure 7b). In addition, they
also have weakly positive anomalies in Zr and Hf (Figure 7b).

The WDMS granites have enrichment of LREEs, depletion of HREEs [(La/Yb)N =
7.21~9.37, LREE/HREE = 7.41], and with moderate negative Eu anomalies (δEu = 0.52~0.71)
(Figure 7a). All granite samples show pronounced positive anomalies in LILEs and negative
anomalies in HFSEs (Figure 7b).
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Figure 7. Chondrite-normalized REE diagram (a) and primitive-mantle-normalized trace element
spider diagram (b) for Wudaomingshui volcanic rocks and granites. The values of chondrite and
primitive mantle are from Sun and McDonough [38].

5. Discussion
5.1. Petrogenesis
5.1.1. Volcanic Rocks

WDMS volcanic rock samples exhibit elevated Loss on Ignition (LOI) values and
pronounced mineral alteration features, indicating substantial post-magmatic alteration.
Given the high mobility of incompatible elements such as LILEs, we employed relatively
immobile elements, including HSFEs and REEs, to decipher the primary geochemical
signatures of the magmatic source.

The Rb/Sr (0.04~0.25) and Lu/Yb (0.13~0.15) ratios of these basalt-basaltic andesites
closely overlap with mantle-derived magma ratios (0.06~0.10 and 0.14~0.15, respectively),
but distinctly differ from crustal melt signatures (35 and 0.16~0.18) [38,39], supporting a
dominant mantle origin. During their ascent through the continental crust, mantle-derived
basaltic magmas may undergo variable degrees of fractional crystallization and crustal
contamination. Compared to primary basaltic magmas with high Mg# values (68~75) [40],
the WDMS basalt-basaltic andesite samples exhibit moderate MgO contents and Mg#
values (except for sample 2013XYQ5-1: MgO = 8.291 wt.%; Mg# = 64.77), suggesting the
influence of fractional crystallization. However, the position correlations of both samples
and volcanic rocks of the SGJ Formation in the western segment of the SBOB (Figure 8a)
indicate that these rocks have underwent limited fractional crystallization, with partial
melting being the dominant process. The WDMS basalt-basaltic andesite samples have low
concentrations of Cr (3.7~200.06 ppm) and Ni (1.7~99.3 ppm) compared to these primitive
basaltic magmas (Cr > 400 ppm, Ni > 235 ppm) and samples display an olivine fractional
crystallization trend in the Ni vs. Nb/Ta diagram (Figure 8b). These characteristics indicate
the separation of Mg-Fe-rich minerals (e.g., olivine) during magma evolution.
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Figure 8. (a) La/Yb vs. La diagram [41]; (b) Ni vs. Nb/Ta diagram; (c) Rb/Sr vs. SiO2 diagram [42];
(d) Ba vs. δEu diagram [5]; (e) Ba vs. Rb diagram [5]; (f) A/CNK vs. δEu diagram.

Mafic rocks affected by crustal contamination typically exhibit Nb/La < 1 and
(Th/Nb)PM > 1 [43]. Basalt-basaltic andesite samples have Nb/La values of 0.14~0.42
and (Th/Nb)PM values of 2.47~14.57. In addition, all samples are plotted within the crustal
contamination field (Figure 9a), consistent with the compositional range of the SGJ For-
mation volcanic rocks in the SBOB, indicating significant crustal input during magma
evolution. The (Th/Yb)PM values of samples (1.76~8.32) are between lower crustal (4.6)
and upper crustal (28) reference values [44], with closer affinity to the lower crust. Ad-
ditionally, samples also have Nb/Ta ratios (4.28~12.81) between those indicative of the
lower crust (8.3) and mantle (17.39) [38,39]. The above geochemical characteristics suggest
that the crustal contamination occurred during the formation of basalt-basaltic andesites
(Figure 9b).

 

Figure 9. (a) Nb/La vs. (Th/Nb)PM diagram [45]; (b) Zr/Hf vs. Sm/Nd diagram [46].

The WDMS basalt-basaltic andesite samples have enrichment of LREE and LILE
(Figure 7a,b) suggest that they originated from either an enriched asthenosphere or a
metasomatized lithosphere modified by subduction-related components [47,48]. Rocks
originating from the asthenosphere are typically enriched in LILEs and HFSEs, whereas the
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samples are enriched in LILEs and depleted in HFSEs (Figure 7b). Additionally, samples
are plotted distinctly away from the Ocean Island Basalt (OIB) (Figure 10a), and rocks
also exhibit higher La/Nb (2.37~6.95) and La/Ta (20.07~32.20, avg. 27.61) ratios than
values of asthenosphere-derived magmas [38]. Therefore, these geochemical signatures
indicate that the parent magma did not originate from the asthenosphere but from the
lithosphere. This pattern contrasts sharply with typical asthenosphere-derived magmas
and instead points to a subduction-modified lithosphere source. The Nb/La ratios of
lithosphere and asthenosphere are <0.4 and >1, respectively [49]. The Nb/La values of
samples are 0.14~0.42 (avg. 0.31) consistent with the value of lithosphere. Additionally,
their negative δNb values (−1.15 to −0.19) indicate a depleted mantle source. At the same
time, samples collectively display an enriched evolutionary trend aligned with the SGJ
Formation volcanics in the SBOB (Figure 10a). These geochemical features demonstrate
that the WDMS basalt-basaltic andesites originated from a metasomatized and depleted
lithosphere enriched by subduction-related components. Subduction materials include
subduction fluid and subduction melts. Samples have low Th/La (0.09~0.25), Th/Yb
(0.30~1.43), and Th/Ta (1.84~7.43, avg. 4.62) ratios with high Ba/Th (6.12~89.00, avg. 48.33)
ratios, which are consistent with values of melts generated by the mantle metasomatized
by subduction fluids [50,51]. Melts originating from garnet-facies lherzolite typically
exhibit Dy/Yb > 2.5, whereas those from spinel-facies lherzolite yield Dy/Yb < 1.5. Melts
derived from a garnet-spinel transitional mantle source show intermediate Dy/Yb values
(1.5~2.5) [52,53]. The WDMS volcanic rocks display Dy/Yb ratios of 1.81~2.04, plotting near
the spinel-garnet lherzolite partial melting trend (Figure 10b), with an estimated partial
melting degree of ~10%. In summary, the WDMS volcanic rocks formed through partial
melting of the garnet-spinel transitional lherzolite mantle metasomatized by subduction
fluid. Subsequent magma evolution involved olivine-dominated fractional crystallization
and assimilation-contamination processes with lower crustal materials.

 

Figure 10. (a) Sm/Yb vs. La/Sm diagram [54]; (b) Sm/Yb vs. Sm diagram [55]; (c) Nb vs. Zr
diagram [56]; (d) Nb/Ta vs. Nb diagram [56]; (e) [Al2O3/(MgO + TFeO)] vs. [CaO/(MgO + TFeO)]
diagram [57]; (f) (Na2O + K2O) vs. δEu diagram [58]. PM: primitive mantle; DM: depleted mantle;
Sp: spinel; Gt: garnet; EM: enriched mantle; C1: Chondrite; UCC: upper crust; C: crust; M: mantle;
CM: crust-mantle mixed source; SCLM: subcontinental lithospheric mantle.
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5.1.2. Granites

Granite can be classified as I-, S-, M- and A-type [59–61]. The WDMS granite samples
have high K2O contents (2.71~3.84 wt.%), which is different from the M-type granite with
low K2O contents (<1 wt.%) [62]. Samples exhibit distinct 10,000 × Ga/Al (1.94~2.13),
K/Rb (199.87~238.40) and Zr + Nb + Ce + Y (243.90~281.85 ppm) values compared to those
of A-type granites [37]. The TFeO/MgO (2.94~3.35) ratios are also different from the iron-
enriched signatures (TFeO/MgO > 4.0) of A-type granite [37]. In addition, all samples are
plotted within the I- and S-type fields. Therefore, the WDMS granite are I- or S-type. S-type
granite is characterized by A/CNK > 1.1, P2O5 > 0.2 wt% and enriched in Al-rich phase
minerals (e.g., muscovite, garnet) [60,63]. Although samples exhibit weakly peraluminous
characteristics (A/CNK = 1.09~1.13), their low P2O5 contents (0.10~0.15 wt.%, <0.2 wt.%)
and lack of Al-rich minerals in the mineral assemblage distinguish them from S-type
granites. In addition, samples have a 10,000 *Ga/Al ratio (2.04) close to that of I-type
granite (2.1), and their Th contents increases with the increase in Rb contents (Figure 6c),
which indicates that the WDMS granites belong to I-type granite [37].

Notably, samples exhibit low SI consolidation index (9.85~11.80) and high DI differen-
tiation index (70.69~80.45), coupled with a trend in which the Rb/Sr ratios increase with the
increasing in SiO2 contents (Figure 8c). These geochemical trends collectively indicate that
the rocks underwent intense fractional crystallization during magmatic evolution. Highly
fractionated granites are typically characterized by low ΣREE concentrations, LREE/HREE
ratios, K/Rb ratios and TFeO contents (<1 wt%), coupled with strongly negative Eu anoma-
lies [64]. Additionally, they also have elevated Be and significantly reduced Zr concen-
trations [60]. Granites have high ΣREE concentrations (108.67~145.73 ppm), LREE/HREE
ratios (7.46~8.35), K/Rb ratios (199.87~238.40), and TFeO contents (3.68~5.49 wt.%), with
weakly negative Eu anomalies, which indicates that samples do not belong to highly frac-
tionated granites. Zr/Hf ratios are critical indicators to determine whether the felsic rocks
are highly fractionated granites or not. Highly fractionated granites are characterized by
Zr/Hf < 25, while moderately fractionated granites exhibit Zr/Hf values of 25~55 [65,66].
Zr/Hf ratios of samples are 34~49, suggesting the granite underwent moderate fractional
crystallization but do not qualify as highly fractionated granitic rocks. Pronounced neg-
ative anomalies in Eu, Ba, and Sr (Figure 7) indicate significant plagioclase fractionation
(Figure 8d,e). Plagioclase, a major Al-bearing phase, contributes to increasing Al2O3 con-
tents and A/CNK values in residual melts during fractionation. Consequently, the strongly
peraluminous signatures of the samples (A/CNK = 1.09–1.13) are inferred to have re-
sulted from crystal fractionation-dominated processes rather than pure sedimentary source
melting, as demonstrated by the Al2O3 vs. A/CNK covariation trend (Figure 8f).

There are three primary genetic mechanisms for I-type granites: (1) crustal anatexis
triggered by mantle-derived magma underplating [67]; (2) crust-mantle hybridization [68];
(3) fractional crystallization of mafic magmas [69]. There are limited Silurian-Devonian
mafic rocks exposed in the WDMS, and the igneous rocks formed in the Silurian-Devonian
are dominated by felsic rocks (Figure 2a). Granites are characterized by high silicon,
potassium and total alkali contents, the depletion of Ba, Ti, and Eu, and low Cr-Ni concen-
trations, indicative of crust-derived magmas [70]. These signatures preclude an origin via
fractional crystallization of mafic magmas. The Rb/Sr (0.41~1.29), Ti/Zr (11.13~18.08), and
Sm/Nd (0.19~0.20) ratios of the WDMS granites are consistent with crust-derived magma
(Rb/Sr > 0.35; Ti/Zr < 20; Sm/Nd < 0.3) [71]. The Nb/Ta ratios (6.02~13.46) and Mg# values
(34.71~37.75) of samples are consistent with melts from the lower crust (Nb/Ta = 8.3~11.4,
Mg# < 45) [71,72], which is supported by samples plotted near the trend in crustal partial
melting (Figure 10d). However, the CaO/Na2O ratios of granite samples are 0.54~0.89, akin
to metagreywacke sources (0.3~1.5) [73]. In the A/FM-C/FM diagram (Figure 10e), samples
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are plotted within the overlapping field of mafic melts and greywacke-derived partial melts,
suggesting contributions from upper crustal materials during petrogenesis. In addition to
the obvious characteristics of crust-derived magma, the relatively high Zr/Hf ratios (34~49)
and high MgO and Na2O contents of samples suggest the influence of mantle [71]. Magmas
derived from or contaminated by the lithosphere typically exhibit La/Ta > 25 [74]. The
La/Ta values of samples are 15.80~41.76 (avg. 28.58), which indicate the involvement of
mantle-derived components during petrogenesis (Figure 10f). Zircon Hf isotopes serve as a
critical tool for investigating continental crustal growth and evolution [75]. The negative
zircon εHf(t) values coupled with TDM2 ages significantly exceeding their crystallization
ages are evidence that the felsic rocks were derived from partial melting from ancient
crust; positive εHf(t) values with TDM2 ages approximating crystallization ages, suggesting
that the felsic magma originated from the partial melting of juvenile crust (derived from
depleted mantle sources) or substantial mantle input during magma generation; widely
variable εHf(t) values demonstrate contributions from hybrid sources, reflecting the incor-
poration of both ancient crustal components and juvenile mantle-derived materials during
petrogenesis [75]. Samples exhibit high zircon εHf(t) values (−2.51~+3.32) and Mesopro-
terozoic TDM2 ages (1310~1013 Ma), which closely resemble those of the Mesoproterozoic
mafic igneous rocks constituting the basement of the SBOB [7]. These features indicate
that monzogranites originated from partial melting of Mesoproterozoic mafic magmatic
rocks [7]. Additionally, samples display significant variations in εHf(t) values, plotted
between the evolution line for depleted mantle and evolution line for crust extracted from
mantle at Ca. 1.0 Ga. This geochemical signature further attests to mantle-derived contri-
butions to the crustal magmas, reflecting hybridization between ancient crustal melts and
juvenile mantle-derived components during petrogenesis [7,59].

5.2. Early–Middle Devonian Magmatism in the SBOB

In the Paleozoic stratigraphic sequence of the SBOB, two major unconformity events
occurred during the Silurian-Devonian and Carboniferous-Permian, which indicate tectonic
regime transitions in these periods [76]. The Devonian is a critical temporal marker for the
Silurian-Devonian unconformity. Investigating the magma source and tectonic settings
of Devonian igneous rocks holds significant implications for reconstructing the process
of accretionary orogenesis and the ocean–continent transition of the PAO at this tectonic
junction. The Devonian magmatic events are subdivided into two stages (Early–Middle De-
vonian and Late Devonian). The Early–Middle Devonian K-feldspar granite, monzogranite,
granodiorite, and volcanics of the SGJ Formation are widely distributed in Huitongshan,
Shuangfengshan, Shijinpo, Yemaquan, Yemajing, and Dundunshan [5,8,21,26]. Based on
zircon U-Pb ages of volcanic rocks and sedimentary rocks within the stratum, combined
with geological evidence of unconformable contacts between this formation and both the
underlying strata and overlying Late Devonian Dundunshan Formation, the depositional
age of the SGJ Formation is 420~390 Ma (Early Devonian) [26,27]. The SGJ Formation in the
WDMS were previously assigned to the Silurian Gongpoquan Formation in the 1:200,000
Wudaoming Geological Map. However, the zircon U-Pb age of basalt-basaltic andesite is
411.5 ± 2.8 Ma (MSWD = 0.43), indicating an Early Devonian rather than the Silurian. Mean-
while, the strata of WDMS and the SGJ Formation in the BOB have similar rock assemblage
(such as amygdaloidal basalts, trachybasalts, andesites, siltstones, sandstones, mudstones,
and siliceous rocks). In terms of geochronology and rock assemblage characteristics, the
two are similar. In addition, both of the WDMS basalt-basaltic rocks and mafic rocks of
the SGJ Formation in the BOB have similar geochemical compositions and magma source
(Figures 8a–c, 9 and 10a–c). Therefore, we suggest that the strata previously assigned to the
Silurian Gongpoquan Formation in the WDMS should be reclassified as the Early–Middle
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Devonian SGJ Formation. The WDMS granite intrudes into Ordovician quartz diorites
and Silurian granodiorites (Figure 2a), indicating a post-Silurian emplacement age. Zircon
U-Pb dating of the WDMS granite is 383.6 ± 2.2 Ma (MSWD = 0.11), consistent with field
cross-cutting relationships, which constrains its magmatic crystallization to the Middle
Devonian. Consequently, the Early Devonian mafic volcanic rocks of the SGJ Formation
and Middle Devonian granites in the WDMS collectively represent a tectonic response to
the Early–Middle Devonian magmatic events in the SBOB.

5.3. Transition from Advancing to Retreating Accretionary Orogens in the SBOB During the
Early–Middle Devonian

Accretionary orogenesis encompasses advancing accretionary orogenesis and retreat-
ing accretionary orogenesis, which reflect contrasting plate tectonic dynamics and exhibit
markedly divergent geological characteristics [77]. In advancing accretionary orogenesis,
sustained compressional advancement of the subducting slab against the overriding plate
drives vertical crustal thickening and horizontal shortening. This process is dominated by
convergent dynamics, generating igneous rocks exhibiting diagnostic subduction-related
geochemical signatures. In contrast, retreating accretionary orogenesis features sustained
slab rollback of the descending plate, leading to extensional thinning of the overriding
plate. This results in vertical crustal thinning and lateral extension, manifesting as rock
assemblages formed in the extensional setting accompanied by extensional structures [77].
The Early–Middle Devonian magmatic rocks in the SBOB comprises not only A-type gran-
ites, within-plate basalts (WPB), and highly fractionated I/S-type granites which formed in
the extensional setting but also adakites and Nb-enriched basalts were also formed in the
SBOB [19–22,30]. This juxtaposition of comparative rock assemblages has sparked ongoing
debates regarding the tectonic setting and geodynamic processes governing the SBOB
during the Early–Middle Devonian [7,8,21,27]. WDMS mafic rocks have the characteristics
of both WPB [high TiO2 and Zr contents, weakly enriched in Zr and Hf, Zr/Y > 3 (4~7),
Th/Nb > 0.11 (0.29~1.74), Th/Ta > 1.6 (1.84~7.43); Figure 11a] and arc basalt [enriched in
LILEs, depleted in HFSEs (Nb, Ta), high Al2O3 contents (13.20~16.45 wt.%) and low Nb
and Ta concentration; Figure 11b] [47,78]. Granites exhibit relatively low Sr concentration
(122~271 ppm) and Sr/Y ratios (5.54~11.29), indicating a thinner crustal thickness. How-
ever, the Th/Ta and Y/Nb ratios (8.07~18.38 and 1.90~2.79, respectively), which are greater
than 6 and 1.2, display characteristics typical of subduction zone granites. Although the
contemporaneous formation of these contrasting geochemical signatures and rock assem-
blages formed in diverse environments poses challenges for determining the Early–Middle
Devonian tectonic setting of the SBOB, these features also provide critical constraints for
investigating the transition from advancing to retreating accretionary orogenesis in this
region. We proposed that the WDMS basalt-basaltic andesites and granites exhibit dual
geochemical affinities to both extensional and subduction-related magmatism, and the
co-occurrence of A-type granite, WPB, adakite, and Nb-rich basalt formed in Devonian is
interpreted to indicate a transition from advancing to retreating accretionary orogenesis at
this time. The rationale for this interpretation is as follows: (1) In advancing accretionary
orogens, crustal recycling dominates, whereas retreating accretionary orogen are character-
ized by substantial addition of juvenile material [79]. The WDMS granite originated from
partial melting of the basaltic lower crust, and is influenced by mantle-derived magma,
which indicates the addition of juvenile material during petrogenesis. Statistical analysis
of Hf isotopes for all Devonian felsic rocks in the SBOB reveals that their εHf(t) values
generally exhibit a decline evolutionary trend during 420~380 Ma, followed by a subse-
quent increase during 380~360 Ma (Figure 12). This evolution trend reflects a transition
from lateral arc accretion dominated by subduction-driven processes to vertical inputs of
mantle-derived materials. Furthermore, the presence of highly variable zircon εHf(t) values
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in pre-Devonian magmatic rocks, coupled with the predominantly positive εHf(t) values in
later magmatic zircons, provides evidence for substantial juvenile material input during
Early–Middle Devonian magmatism in the SBOB. (2) Early Paleozoic Basaltic rocks in the
SBOB with tholeiitic and that are Nb-enriched are interpreted to originate from partial
melting of the mantle wedge. At same times, the intermediate to felsic rocks dominantly
comprise calc-alkaline I-type granitoids, while adakites have high Sr and low Y concentra-
tions identified in the SH unit. These features collectively indicate that the SBOB resided
in a subduction-related arc setting during the early Paleozoic [19,20]. However, A-type
felsic rocks and mafic rocks have high Zr, TiO2 contents and Zr/Y ratios, which indicates
that an intraplate extensional environment emerged in the SBOB beginning in the Early
Devonian [7,8,26], as well as bimodal volcanic rocks also reported in the Yemaquan area
of the SBOB [27]. There is variation in the geochemical characteristics and rock assemblages
of igneous rocks that formed in early Paleozoic to Devonian reflecting a tectonic transition,
that is, the regional transformation from subduction convergence to an extensional tectonic
setting. As for basalt-basaltic andesites and granites in this study, although all of them have
geochemical characteristics of arc magmatic rocks, volcanic rocks show more obvious geo-
chemical characteristics of WPB [such as Zr/Y > 3 (4~7), Th/Nb > 0.11 (0.29~1.74), Th/Ta >
1.6 (1.84~7.43)] (Figure 11a). Granite samples are plotted in the post-orogenic granite field
(Figure 11c) with low Sr/Y (5.54~11.29) and La/Yb (10.05~13.06) ratios, reflecting the shallow
melting of magma source. At same time, basalt-basaltic andesites and granites are plotted in
the transition zone of arc and extensional magmatic rocks (Figure 11b,d), which also reflects
the tectonic transition from advancing to retreating accretionary orogenesis; (3) In addition to
the distribution of A-type granites in the Early Devonian, S-type granites are also distributed
in this area [80]. These S-type granites have similar characteristics to the Permian S-type
granites in New England, and these S-type granites in New England record the transition of
the Terra Australis orogenic belt from the convergent to the extensional tectonic setting [81].

 

Figure 11. (a) Zr/Y vs. Zr diagram [82]; (b) Th/Hf vs. Ta/Hf diagram [78]; (c) Nb vs. Y diagram [83];
(d) Rb/30 vs. Hf vs. 3Ta diagram [84]. MORB: mid-ocean ridge basalt; IAB: island-arc basalt;



Minerals 2025, 15, 632 15 of 22

WPB: within-plate basalt; VAG: volcanic arc granite; POG: post-orogenic granite; ORG: ocean
ridge granite; WPG: within-plate granite; syn-COLG: syn-collisional granite; I: divergent boundary;
II: Convergent boundary: II1: Ocean island arc basalt; II2: Continental arc basalt; III: Ocean island
basalt, Seamount basalt, T-MORB and E- MORB; IV. Continental within-plate basalt: IV1: Tholeiitic
basalts in continental rifts and continental margins; IV2: Alkali basalts in continental rifts; IV3: Basalts
in continental extensional zones (or incipient rifts); V. Mantle plume-related tholeiitic basalts or
N-MORB. The dashed line represents the upper compositional boundary for ORG from anomalous
ridge segments.

 

Figure 12. εHf(t)-Age diagram of the WDMS granite and Devonian acidic rocks from the SBOB [7].
Ages and εHf(t) values of Devonian acidic rocks from [5,8,18–21,23–27].

From a sedimentological perspective, the Early Paleozoic strata in the SBOB are
predominantly composed of pyroclastic rocks, limestones, sandstones, and mudstones,
deposited in upper bathyal to neritic environments [85]. A large-scale unconformity sepa-
rates the Late Paleozoic from the Early Paleozoic successions. The Middle-Lower Devonian
SGJ Formation constitutes a molasse-type deposit, showing the characteristics of rapid
accumulation [76,86]. Its vertical grain-size profile shows a vertical sequence of coarse–fine–
coarse, and the depositional systems transition from subaqueous fan deposits, through
fluvial-lacustrine facies to alluvial fan conglomerates. The color variations in sedimen-
tary sequences progressing from reddish-green→green→gray→red collectively record a
shallowing–deepening–shallowing cycle of the depositional water column [86]. The late
Devonian Dundunshan Formation which in unconformity contact with the SGJ Formation
is a continental volcanic sedimentary formation, composed of magmatic rocks (such as
rhyolite, rhyolite dacite, andesite) and volcanic clastic rocks (e.g., tuff, volcanic breccia) [18].
The above evidence indicates that the SBOB showed a transition from upper bathyal-neritic
facies to littoral-continental facies in the early Paleozoic-Devonian. In addition, magmatic
rocks and sedimentary rocks formed in the SBOB during the early Paleozoic have generally
suffered deformation and metamorphism, such as the strong mylonitization of granite,
indicating that the strong dynamic metamorphism occurred in the region after the forma-
tion of these rocks [25]. While the Devonian magmatic rocks and sedimentary rocks did
not undergo obvious deformation and metamorphism [87], it is indicated that the strong
dynamic metamorphism did not occur in the region after the formation of these rocks,
showing that there was a large-scale tectonic event in the SBOB at the turn of the early and
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late Paleozoic, and that the transformation of the tectonic system occurred in the region.
Characteristics of the sedimentary, deformation, and metamorphism, combined with the
diversity of geochemical types and rock assemblages of the Early–Middle Devonian mag-
matic rocks in the SBOB, support the view that the transition from advancing to retreating
accretionary orogenesis in the SBOB during the Early-Mid Devonian.

The core of the transformation of the accretionary orogenic shape is the process that the
underlying plate push the overlying plate transform into the process that the underlying
plate retreats and leads to the extension and thinning of the overlying plate. The HNXOB
and HZOB are located on the north and south sides of the SH unit (Figure 1b). A critical
question arises: which of these two ophiolite belts represents the subducting slab that
acted as the underlying plate driving the accretionary orogenic regime transition during
this tectonic transformation? The zircon U-Pb ages of gabbro and oceanic plagiogranite
in the Hongliuhe-Niujuanzi-Xichangjing ophiolite range from 508~536 Ma, indicating an
Early–Middle Cambrian formation age [7,88]. It is the product of the north–south bidi-
rectional subduction and closure of the Hongliuhe-Niujuanzi-Xichangjing paleo-ocean
basin [18]. The subduction process continued until the Silurian. Affected by this process,
a series of arc magmatic rocks were produced on the SH unit [19,20], and the back-arc
basin represented by the HZOB was formed by extension on the south side of the tec-
tonic unit at 444.9 ± 2.1 Ma [18]. The tectonic evolution of the SBOB is affected by the
subduction of the Hongliuhe-Niujuanzi-Xichangjing paleo-ocean basin. The Early De-
vonian A-type granite is the earliest A-type granite in the Beishan orogenic belt. It is
widely distributed in the Mazongshan unit and SH unit on both sides of the HBOB, which
corresponds to the early–late Paleozoic tectonic regime transformation event in the BOB.
At the same time, the Hongliuhe hornblende gabbro and Zhaobishannan A-type granite
with the characteristics of within-plate basalt formed at 404 Ma and 408 Ma intruded
into the Hongliuhe ophiolite as a nailed rock mass [18], indicating that the Hongliuhe-
Niujuanzi-Xichangjing paleo-ocean basin was closed before the Early Devonian. Therefore,
the Hongliuhe-Niujuanzi-Xichangjing paleo-ocean basin experienced continuous compres-
sional convergence with the SH unit, without exhibiting extension in the overlying plate
caused by retreat of the underlying slab during Early–Middle Cambrian to pre-Early De-
vonian. Consequently, we propose that the Huitongshan-Zhangfangshan back-arc basin
corresponds to the underlying slab during the transition in tectonic system. Zircon U-Pb
dating of gabbro from the Huitongshan-Zhangfangshan ophiolite yields crystallization
ages of 446~363 Ma [89–91], with the Zhangfangshan ophiolite (363 Ma) exhibiting char-
acteristics of mafic magmatic rocks formed during the back-arc basin spreading stage,
indicating that the Huitongshan-Zhangfangshan back-arc basin remained unclosed until
the late Devonian [18]. Simultaneously, Devonian arc magmatic rocks (e.g., adakitic rocks)
in southern Beishan are predominantly distributed near the Huitongshan-Zhangfangshan
ophiolite belt (e.g., Liuyuan and Heishantou areas) [19,24]. In contrast, the SH unit exhibits
an increased proportion of magmatic rocks formed in an extensional tectonic setting distal
to this HZOB. In summary, we propose that the underlying slab responsible for the Early–
Middle Devonian accretionary orogenic transition in the southern Beishan belt corresponds
to the Huitongshan-Zhangfangshan back-arc basin. Specifically, the subduction of this
back-arc basin beneath the SH unit transitioned from advancing compression to slab retreat
during the Early–Middle Devonian, ultimately driving the tectonic shift from progressive
advancing to retreating accretionary orogeny in the SBOB.
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6. Conclusions
1. The crystallization age of volcanic rock from Wudaomingshui is 411.5 ± 2.8 Ma

(MSWD = 0.43, n = 12), and the granite has crystallization age of 383.6 ± 2.2 Ma
(MSWD = 0.11, n = 13). The εHf(t) values of granites are −2.5 to 3.3 with TDM2 ages
from 1310 to 1013 Ma.

2. The Wudaomingshui volcanics are calc-alkaline basalt-basaltic andesite with low
SiO2 contents (47.35~55.59 wt.%), generated from the partial melting of the depleted
lithosphere metasomatized by subduction fluid and contaminated by the lower crust.
Granites are high-K calc-alkaline I-type felsic rocks, originating from the partial
melting of the lower crust, and influenced by the mantle. The upper crust also affected
the formation of granite.

3. Wudaomingshui volcanic rocks and granites were formed in the tectonic switching
process from advancing to retreating subduction. Combined with the regional geo-
logical background, these findings indicate that the transformation from advancing
to retreating accretionary orogenesis occurred in the southern Beishan Orogenic Belt
during the Early–Middle Devonian.
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Wudaomingshui volcanic rocks and granites; Table S1: Results of U-Pb dating by zircons from
the Wudaomingshui volcanic rocks and granites; Table S2: Zircon Lu-Hf isotope analysis of the
Wudaomingshui granites; Table S3: Whole-rock major (wt.%) and trace element (ppm) analyses of
the Wudaomingshui volcanic rocks and granites [92–104].
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