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Abstract: The Da Hinggan Mountains are an important area in the tectonic evolution of the Central
Asian Orogenic Belt (CAOB), and there are disputes over the closure time of the Paleo-Asian Ocean
and the amalgamation spatiotemporal relationship between the Ergun-Hinggan Massif and the
Songnun Massif. The geochronology and geochemistry of the Late Cambrian-Late Silurian volcanic
rock assemblages in the ARong Qi area at the eastern margin of the Da Hinggan Mountains are studied
in this paper. The results suggest that the U-Pb zircon ages of the Late Cambrian, Late Ordovician
and Late Silurian volcanic rock assemblages are 507.5 & 1.0 Ma, 456.2 + 1.0 Ma, 446.1 + 0.95 Ma and
423.3 £ 1.4 Ma, respectively. The Late Cambrian-Late Silurian volcanic rocks are quasi-aluminous-
peraluminous, belonging to calc-alkaline-shoshonite series, which is rich in HREE but has insignificant
europium anomalies. There are abundant large ion lithophile elements (LILE) in the rock, and
remarkable Nb, Ta and Ti negative anomalies. The previous data and the current study indicate that
a continental margin arc tectonic setting existed in the ARong Qi-Zalantun region during the Early
Paleozoic, which is inferred to be the product of the subduction-accretion-amalgamation of the plates
along the eastern margin of the Ergun Massif during the Early Paleozoic.

Keywords: eastern margin of the Da Hinggan Mountains; Early Paleozoic; Late Cambrian-Late
Silurian volcanic rock; U-Pb chronology; geochemistry; tectonic setting

1. Introduction

With the deep-going studies on Northeast China and the accumulation of some geo-
chemical and isotopic test data, it is generally accepted that several micro-terranes and
multiple convergence belts form the basic geotectonic pattern of Northeast China. However,
the delineation of the microplates in the northeastern region is still controversial. Previous
studies hold that the Ergun Massif and the Hinggan Massif merge along the Tayuan-Xijiatu
Fault, and the Late Paleozoic Ergun-Hinggan Massif and the Jiamusi-Songnen Massif amal-
gamate along the Hegen Mountain-Nenjiang River-Heihe River area [1-9]. The volcanic
rocks in the Da Hinggan Mountains have been considered as Mesozoic medium-acidic
volcanic rocks [10-15]. The Paleozoic especially Early Paleozoic volcanic rocks, mostly
Ordovician volcanic rocks and granitic amphibolites, are less exposed, and their magmatic
activities are concentrated in the Duobaoshan area, east of the Hinggan [16-18].

For a long time, the Zalantun Group, west of ARong Qi, has been considered a Paleo-
proterozoic metamorphic series, representing the Precambrian basement of the Hinggan
and Ergun Massifs. There are scholars who have measured the SHRIMP zircon U-Pb age
of the Zalantun Group chlorite schist (a type of metabasic volcanic rock), finding that the
age was 506 = 3 Ma. This age range suggests that the Zalantun Group emerged in the
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Late Cambrian and that it is a volcanic-sedimentary formation on the active continental
margin [19]. In recent years, during a field geological expedition in the ARong Qi area
in the middle part of the Da Hinggan Range, the authors discovered, for the first time,
a Late Cambrian-Late Silurian volcanic rock assemblage, the tectonic setting of which
is controversial due to the lack of precise geochronological and systematic geochemical
studies. In view of this, the authors conducted geochronological and geochemical studies
on the Late Cambrian-Late Silurian volcanic rock assemblages in the ARong Qi area. In
combination with the regional geological background, the authors probed into the source
zone, genesis type, tectonic background and formation mechanism of volcanic rocks in
the regional geological context. The authors further investigated the closure process of the
Paleo-Asian Ocean and the amalgamation characteristics of the Ergun-Hinggan Massif and
the Songnun Massif, aiming to provide basic information for studies on the tectonic pattern
and evolution of the eastern part of the Mongolia-Hinggan Orogen.

2. Regional Geological Background

In terms of geotectonic location, the Da Hinggan Range is situated east of the Mongolia-
Hinggan Orogen, and the Paleozoic is mainly characterized by the process of multi-phase
subassemblage between several micro-landmasses consisting of the Ergun, Hinggan and
Songnen Massifs from north to south [9]. The study area is located in ARong Qi, north
of the Greater Khingan Range, adjoining the Zalantun-Nenjiang suture zone. The study
area tectonically belongs to the Ergun-Hinggan Massif and is located next to the Songnen
Massif in the south (Figure 1a), where the Paleozoic volcanic-sedimentary formation and
the Mesozoic volcanic rock formation were developed (Figure 1b). Due to multi-subduction
in the Paleo-Asian Ocean, the Paleozoic Greater Khingan Range developed arc magmatic
rock, ophiolite and accretionary [20,21]. The Paleo-Asian Ocean came into being closure
during the late Permian-early Triassic [2,22,23], with continental molasse, intermediate
volcanic rock formation and early middle Jurassic coal-bearing basins featuring near east-
west distribution. The eastern part of the middle Triassic Central Asian orogenic belt
entered the intracontinental extension stage. The Mongol-Okhotsk Ocean closure during
the middle-late Jurassic resulted in the uplift and erosion of the northern Greater Khingan
Range, as well as the lacuna during the late-Jurassic [24]. The oblique subduction of
the western Pacific Plate during the early Cretaceous generated large-scale northward
strike-slips, extending depressions and large-scale volcanic activities in eastern China.

The Paleozoic types of rock include primarily Late Cambrian volcanic rock (initially
defined as the Zalantun Complex), Late Ordovician volcanic rock (initially defined as the
Zalantun Complex) and Late Silurian volcanic rock (initially defined as the Zalantun Com-
plex). The complex is lithologically composed of metamorphic trachybasalt, metamorphic
basaltic trachyandesite, metamorphic andesite, metamorphic dacite, metamorphic volcanic
clastic rock, etc. Late Cambrian-Late Silurian volcanic rock, mostly existing as mélange, is
the first of its kind found in the region. The Mesozoic is dominated by the Upper Triassic
Hadataulegai Formation (224.3 & 0.71 Ma), with lithologic assemblages of (metamorphic)
andesite, metamorphic pelitic siltstone and silty mudstone; the Middle-Upper Jurassic
Tamulangou Formation (158.58 4 0.46 Ma), chiefly composed of gray-black compacting
and blocky basalt and dolerite with a handful of dark gray andesite; the Lower Cretaceous
Baiyingaolao Formation (139.80 £ 0.57 Ma), primarily comprising acidic lava and volcanic
clastic rocks, with main lithologies being rhyolite, andesite and rhyolitic brecciated crystal
tuff, rhyolitic brecciated vitric tuff, acidic welded crystal tuff, acidic tuff, etc.; the Longjiang
Formation (124.67 & 0.47 Ma), with the lithologic assemblage of grayish purple, grayish
green and dark gray andesite, and andesitic tuff, sandwiched between tuffaceous sand-
stone and bedded tuff; the Guanghua Formation (123.89 £ 0.45 Ma), comprising rhyolitic
brecciated crystal tuff, rhyolitic breccia-bearing vitric tuff, rhyolitic welded fiamme-vitric-
crystal tuff, acidic welded crystal tuff, tuffaceous fine sandstone, tuffaceous glutenite, etc.;
the Jiufengshan Formation (clastic zircon 119.74 &+ 0.28 Ma), whose lithologic assemblage
includes tuffite, tuffaceous sandstone and tuffaceous glutenite; and the Ganhe Formation,
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which is composed of porous amygdaloidal basalt, compacting and blocky basalt, and
bits of basaltic clastic rocks. Magmatic intrusions are shown from the Early Jurassic to the
Early Cretaceous, with the Late Jurassic intrusive rocks being the most developed. There
are developed fractures in the study area, mostly in the NE and NW directions, and the
approximately EW, approximately NS and NNE fractures are complementary to each other
and present a net-like tectonic framework. In the Pre-Mesozoic epoch, the EW-extended
ductile shear zone was developed, and the Paleozoic geological bodies cut by this zone were
intruded by post-Paleozoic geological bodies along the fault zone and cut and destructed
by late-stage faults. The Mesozoic epoch is represented by Yanshan brittle fractures, which
largely modify the pre-existing tectonics and give rise to a NE-oriented spreading volcanic
rifted basin. Mesozoic brittle fracture activities have basically established the present-day
geomorphic pattern in the survey area [17].
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Figure 1. Geological sketch map of the studied area. 1. Quaternary, 2. Ganhe Formation, 3. Ji-
ufengshan Formation, 4. Guanghua Formation, 5. Baiyingaolao Formation, 6. Longjiang Formation,
7. Tamulangou Formation, 8. Hadataulegai Formation, 9 Linxi Formation, 10. Cambrian-Silurian
tectonic mélange, 11. Early Cretaceous intrusive rocks, 12. Late Jurassic intrusive rocks, 13. Middle
Jurassic intrusive rocks, 14. Location and results of Isotope samples. (a) Geotectonic location of the
ARong Qi, Da Hinggan Mountains (Northeastern China), (b) Simplified geological map of the ARong
Qi area.

3. Sample Characteristics

The locations of the volcanic samples collected are shown in Figure 1b, and the petro-
graphic characteristics are as follows: Samples CY-YTTW1 (G1-G2), D5396TW1 (G3-G5 and
G8), D5396TW2 (G6-G7) and D2145TW3 (G9-G10) were collected in the vicinity of Xiaosuo-
erqi Town and Chenjiayao Village in the A'Rong Qi area, Inner Mongolia (corresponding
sampling coordinates: E 123°10'15", N 48°23'55”; E 123°24'06", N 48°20'41"; E 123°24/05",
N 48°20/42"; E 123°14/08”, N 48°26/42"). Samples CY-YTTW1 and D5396TW1 are andesites
with a massive structure and a blastoporphyritic texture, and the phenocryst is chiefly
composed of plagioclase. The matrix is a cryptocrystalline structure. The rocks underwent
carbonate alteration (Figure 2a,b). Sample D5396TW2 is a metamorphic andesites with
a massive structure and a blastoporphyritic texture (Figure 2¢,d). Sample D2145TW3 is
a piece of blocky and porphyritic andesite, and the phenocryst is primarily composed of
plagioclase, whereas the matrix has an andesitic structure.
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Figure 2. Field and microscopic photomicrographs of Late Cambrian-Late Silurian volcanic rocks.
(a,b) Orthogonal polarization of andesite with carbonated alterations, (c,d) orthogonal polarization of
metamorphic rhyolite with a variable porphyritic structure, (e) mylonite foliation, (f) fold deformation.

4. Analytical Method
4.1. Zircon LA-ICP-MS U-Pb Dating

Sample crushing and zircon separation were performed in the laboratory at the Hebei
Regional Geological Survey Institute (Langfang, China). Zircon was separated using an
electromagnetic method, and typical and transparent zircon particles in a good crystal
shape and free of cracks and inclusions were sorted to create sample targets as described
in relevant literature [25]. The transmission and reflection electron images and cathodo-
luminescence (CL) images of zircon (Figure 3) were analyzed before running the zircon
U-Pb test, and the dating points were calibrated according to the crystal morphology and
internal structures of zircon particles. The zircon laser-exfoliation plasma mass spectrom-
etry (LA-ICP-MS) U-Pb dating of volcanic samples was performed by the Beijing Yandu
Zhongzhi Testing Technology Co. The Bruker M90 was the inductively coupled plasma
mass spectrometer (ICP-MS) aided by a New Wave 193-FXArF (New Wave Up 213) laser
ablation system was the equipment chosen for this experiment. A laser beam spot with
a diameter of 25 um, a frequency of 10 Hz and an energy density of about 2.5 J/cm? was
chosen, and He was used as carrier gas. The ordinary lead was calibrated as previously
described by Andersen [26]. Isotopic fractionation correction was performed using zircon
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standards GJ-1 and 91500 and Plesovice as external standards. GJ-1 was analyzed twice for
every 5-10 sample points, and t zircon trace element content was quantified by the SRM610
as the external standard and Si as the internal standard. Laboratory test details can be found
in related literature [27]. Age calculations were performed using the international standard
program Ispplot (version 3.0). The error was 1o for both the test data and weighted mean
ages. For the zircon tested younger than 1000 Ma, the 2°°Pb /233U age was adopted to filter
the U-Pb age data by the ratio of the 2°°Pb /238U age to the 2”Pb /29U age [28-31], and the
data with a concordance degree of 95% or above were considered valid.
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Figure 3. CL images of representative zircons from the Late Cambrian-Late Silurian volcanic rocks in
the A'Rong Qi area.

4.2. Whole-rock Primary and Trace (Rare Earth) Elements

In this paper, nine volcanic rock samples were tested for primary and trace (rare earth)
elements, and samples testing was performed at the Northeast Mineral Resources Super-
vision and Testing Center of the Ministry of Land and Resources. After the thin sections
from the collected samples were identified by microscopy, the samples were selected for
geochemical analysis, which was entirely conducted in a pollution-free facility. The pri-
mary elements were tested using X-ray fluorescence spectrometry (XRF) and other methods
(FeO by chemical titration, loss-on-ignition by chemical mass analysis). In addition, rare
earth elements La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Y, as well as
trace elements Th, U, Ta and Li, were tested by ICP-MS. The precision and accuracy of
the primarily elements analyzed were above 5%, and the results for trace elements were
generally higher than 10%.

5. Result Analysis
5.1. Zircon LA-ICP-MS U-Pb Dating Results
5.1.1. Late Cambrian Volcanic Rock Age

CY-YTTW1 (metamorphic andesite): The sample test results are given in Table S1, and
the selected zircon grains have a clear internal crystal structure with significant magmatic
oscillatory growth rings and high Th /U ratios, generally 0.36-1.26, indicating that the zircon
has a magmatic crystallization origin [32]. A zircon U-Pb concordant age of 507.5 + 1.0 (Ma)
was obtained (Figure 4), which represents the andesite formation age during the Late
Cambrian epoch. The deviated zircon U-Pb ages in the table are the ages of captured
and nascent zircon. The nascent zircon age is 448.5-483.4 (Ma), implying that magmatic
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hydrothermal events still occurred after rock formation. The captured peritectic zircon ages
(548.5-549.4 Ma) indicate the presence of a Precambrian basement in the area.
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Figure 4. Zircon U-Pb isotopic age harmony map of Late Cambrian metamorphic andesite
(CY-YTTW1).

5.1.2. Late-Ordovician Volcanic Rock Age

D5396TW1 (metamorphic andesite) and D5396TW2 (metamorphic andesite): The test
results are shown in Table S1. The internal structure of zircon granular crystals is clear with
obvious magmatic oscillatory growth rings and high Th/U ratios (0.40-1.57), suggesting
that the zircons are magmatic in origin. The U-Pb concordant ages obtained for andesite
and zircon are 456.2 + 1.0 (Ma) and 446.1 £+ 0.95 (Ma) (Figures 5 and 6), representing
andesite formation in the Late Ordovician.
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Figure 5. Harmony diagram of U-Pb isotopic ages of zircon from the Late Ordovician metamorphic
andesite (D5396TW1).
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Figure 6. Harmony diagram of U-Pb isotopic ages of zircon from the Late Ordovician metamorphic
andesite (D5396TW?2).
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5.1.3. Late-Silurian Volcanic Rock Age

D2145TW3 (andesite): Zircon grains feature clear internal crystal structures, notable
magmatic oscillatory growth rings and high Th /U ratios, generally 0.41-1.92, indicating
that the zircon is magmatic in origin. Two groups of zircon U-Pb concordant ages, namely
423.3 £ 1.4 (Ma) (n = 12) and 510.8 £ 2.0 (Ma) (n =6 ), were calculated (Figure 7), the
former representing Late Silurian andesite and the latter the captured zircon. The zircon
ages of the deviated group are 537.2-1450.5 (Ma), which is the age of magma-captured
peritectic zircon.
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Figure 7. Harmony diagram of U-Pb isotopic ages of zircon from the Late Silurian andesite
(D2145TW3).

5.2. Primary and Trace Element Characteristics

Two Late Cambrian volcanic rock samples, six Late Ordovician volcanic rock samples
and Late late Silurian volcanic rock samples were collected. Table S2 shows the analyses
of the primary and trace elements comprising the samples. The Late Cambrian volcanic
rock samples are G1-G2, the Late Ordovician volcanic rock samples are G3-G8 and the
Late Silurian volcanic rock sample is G9-G10. As most of the samples exhibited a loss
on ignition (LOI) greater than 1.5%, the TAS classification diagram does not apply to the
volcanic rock samples. In this paper, inactive high-field strength elements (HFSESs, like Ti,
Z1, Nb, Ta, Hf and Y) and rare earth elements (REEs) were the elements primarily used for
lithological classification and discussions of tectonic setting and lithogenesis.

5.2.1. Primary Elements

The LOI is high and linked to later volcanic rock alterations to varying degrees which
caused increases in sample volatiles. Late Cambrian-Late Silurian volcanic rock showed
major changes in primary elements, which can be reconverted on a percentage basis after
LOI subtraction. It is shown that the Late Cambrian-Late Silurian volcanic rock samples
exhibited a major SiO; content change (52.56-62.79%). The total alkali (Na;O + K,O)
change was at a medium level (5.70-8.92%; mean: 7.79%), the total ion change (FeO*)
was 4.17-6.38% with a 6.15% mean, the MgO content change was 0.08-0.28% with a
0.20% mean and a 2.14-8.09% Mg#, and the TiO; content change was 0.47-1.71% with
a mean (0.89%), similar to that of calc-alkaline andesite [33]. In the diagram showing
0.0001 x Zr/TiO,-Nb/Y, the Late Cambrian-Late Silurian volcanic rock samples were taken
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from andesitic or basaltic strata and proved to be consistent with microscopic examination
findings (Figure 8a). In the diagram showing Th-Co, the samples were primarily projected
in the calc-alkaline series, and a few fell into the high-potassium calc-alkaline series and
the peridotitic trachybasalt series (Figure 8b).
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Figure 8. (a) 0.0001 x Zr/TiO, vs. Nb /Y diagram (after [34] and (b) Th vs. Co diagram (after [35]
for the Late Cambrian-Late Silurian volcanic rocks in the A'Rong Qi area.

5.2.2. Trace (Rare Earth) Element Characteristics

The analysis results for rare earth elements are shown in Table S2. The total rare earth
in the Late Cambrian-Late Silurian volcanic rocks is YREE = (70.87-181.23) x 10~® with
an average of 132.73 x 10, which is much lower in intermedium-basic rocks than in
acidic rocks. The LR/HR ratios of light and heavy rare earths are 5.37-11.55 (mean value
7.10), and the (La/YDb)y is 3.74-15.74, suggesting the light rare earth was enriched. The
fractionation of light and heavy rare earths was remarkable, and the intermediate-basic
rocks have a high degree of it. (La/Sm)y is 2.00-3.11, and (Gd/Yb)y is 1.09-2.87. The
light rare earths were more fractionated than their heavier counterparts, and the degree
of fractionation was high in alkaline rocks. SEu is 0.82-1.18, and the Eu anomaly was
not obvious. The standardized fractionation curves of the rare earth element chondrite
meteorite were basically identical, both asymmetrically leaning to the right (Figure 9a).
The rare earth element types of all rock samples are similar to the elemental composition
characteristics of the Ocean Island Basalt (OIB) [36] (Figure 9a), indicating that the Late
Cambrian-Late Silurian volcanic rocks may have originated from the fertile mantle area of
the OIB and underwent the same magmatic evolutionary process.
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Figure 9. (a) Distribution patterns of rare earth elements and (b) trace element cobweb map of Late
Cambrian-Late Silurian volcanic rocks with a standardized data quote from [37].

The general high field strength elements (HFSE) Nb, Ta and Ti showcase obvious neg-
ative anomalies, and Th and U are relatively enriched in the primitive mantle-normalized
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spider chart of trace elements. The large ion-lithophile (LIL) elements Rb, Ba, K and Sr
are relatively enriched (Figure 9b). Sr and K have the largest distribution coefficients
in plagioclase, and their depletion may be associated with the fractional crystallization
of plagioclase.

6. Discussion
6.1. Age of Early Paleozoic Volcanic Rock Formations in the Study Area

According to the 2005 geological survey report at a 1:250,000 scale on the topographic
map of the A’Rong Qi area issued by the third geological team from the Qigihar Branch
of the Heilongjinag General Institute of Ecological Survey and Research and the latest
data, the Zalantun Group in the western part of A’Rong Qi in the study area has long been
considered a Paleoproterozoic metamorphic series representing the Precambrian basement
of the Hinggan and Ergun Massifs. Moreover, its formation age has always been prioritized
when it comes to research and is a point of contention in this area. Scholars measured the
SHRIMP zircon U-Pb age of the Zalantun Group chlorite schist, which is (506 £ 3) Ma,
suggesting that the Zalantun Group emerged in the Late Cambrian, and it is a volcanic-
sedimentary formation on the active continental margin [19]. The 507.5 £ 1.0 (Ma) zircon
U-Pb of the metamorphic andesite measured in the A'Rong Qi area is highly consistent with
the chloritic schist (metabasic volcanic rocks) age of the Zalantun Group, demonstrating
that they are products of coeval magmatic activities and may have formed in the same
tectonic setting, albeit with different degrees of deformation and metamorphism. The zircon
206pb /238U age of Paleozoic volcanic rocks is 423.3-507.5 Ma in the A’Rong Qi area, falling
to the age of 427-563 Ma among the upper metavolcanic rocks of the Dawangzi Formation
in the Wolegen terrain in the Xinlin area, north of the Greater Khingan Mountains [38],
which may reflect coeval volcanism in two different areas under the Paleo-Asian Ocean
tectonic regime. The aforementioned data suggest that the Early Paleozoic volcanic rocks
in the A'Rong Qi area are, in fact, an assemblage of rock strata spanning from the Cambrian
to the Early Silurian.

6.2. Petrogenesis and Tectonic Settings

Calc-alkaline andesite occurs as an integral part of orogenic belts. Studying its origina-
tion plays a key role in revealing crust formations and development, as well as crust-mantle
interactions [39]. The popular theories surrounding calc-alkaline andesite formation in-
clude the partial melting of the crust due to the underplating of the mantle-derived basaltic
magma [40-42], fractional crystallization of mantle-derived magma [43,44], migmatization
of crust-derived felsic magma and mantle-derived basaltic magma [45,46] and partial melt-
ing of the metasomatic mantle wedges of the subduction-induced fluids or fusion [47-49].
The samples of the Late Cambrian-Late Silurian volcanic rock (mostly andesite) collected
from the region of interest have a high LOI (1.68-7.31), suggesting deuteric alterations
to some degree. Nevertheless, the content of the primary elements in the volcanic rock
samples does not significantly change as LOI increases. A prominent linear correlation
exists between Zr and REEs, HFSE (e.g., Ti, Zr, Nb and Hf) and large ion lithophile elements
(LILEs, such as Rb, Ba and Sr), which indicates that the primary and trace elements in
andesite-predominated volcanic rock did not migrate to a significant degree. This can serve
as an important basis for studying the volcanic rock genesis and lithological features of the
source region.

The geochemical characteristics of Late Cambrian-Late Silurian volcanic rocks indicate
that the magma primarily came from the upper mantle or lower crust with intrusions of
continental crust substances. The Nb/Ta ratios of rock range from 6.10 to 33.88 with a mean
value of 15.56, similar to the mantle mean (17.5) [37] and higher than the crustal mean (about
11) [50]. The Zr/Hf ratio mostly ranges from 16.75 to 46.65 with a mean value of 30.60,
similar to the mantle mean (30.74) [50] but much lower than the crustal mean (44.68) [51].
The Th/U is 1.57-4.96, with a mean value of 3.11, which is lower than the Th/U ratio of
the lower crust (about 6) [52]. The rocks are generally a quasi-aluminous-peraluminous
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HREE-rich calc-alkaline-shoshonite series with insignificant europium anomalies. The
rocks are rich in Th, U, Rb, Ba, K and Sr and possess significant negative anomalies in
Nb, Ta and Tj, indicating that residues from minerals such as ilmenite, rutile and titanite
in the magmatic source area, was well as the the intrusion of crust-derived substances.
The Rb/Sr ratio (0.25 on average) of the rock is similar to the crustal value (0.35) [50] and
significantly higher than that of the primitive mantle (0.03), EEMORB (0.033) and OIB (0.047).
The high Rb/Sr ratio may reflect the enriched mantle source area. The Mg* value ranges
from 2.14 to 8.09 with an average of 5.63, much lower than the Mg* values of primitive
magma in equilibrium with mantle peridotites (91.5-93.5), suggesting that the rock was
contaminated by continental crust substances during its formation [53] or that magma
splitting occurred. In summary, the rocks have the geochemical characteristics of magmatic
rocks in a subduction setting [54].

In the Zalantun Complex, the Late Cambrian-Late Ordovician-Late Silurian volcanic
rock samples have a low Sr/Y ratio and high Y and Yb content. In this regard, said rock
clearly differs from adakite sourced from plate subductions or lower crust delamination
while resembling typical arc volcanic rock. Whereas mantle-derived magma rose to emplace,
the crustal matter was unavoidably contaminated [55]. The samples featured evident
Nb and Ta depletion, as well as a large amount of trapped zircon, suggesting possible
crustal material contamination. Overall, the volcanic samples have high K;O/P,05 and
K;O/TiO; ratios. At the same time, the ratios have proved to be positively correlated
with the SiO; content (see Figure 10b,c). In the diagram of the Th/Yb ratio and the
Ba/La ratio (Figure 10d), the samples generally feature a trend of a subduction-induced
metasomatism [56], while some samples exhibit a high Th/Yb ratio, suggesting that deposit
subductions contributed to the magma source region.
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Figure 10. (a) Sr/Y vs. Y diagram (after [57], (b) K;O/P,05 vs. SiO; diagram, (c) K,O/TiO; vs. SiO,
diagram, and (d) Th /Yb vs. Ba /La diagram (after [56] for the Late Cambrian-Late Silurian volcanic
rocks in the A’Rong Qi area.
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Late Cambrian-Late Silurian volcanic rock in Arong Banner area has high Nb/Yb and
Th/Yb ratios. In the diagram of the Th/Yb and Nb/Yb ratios, the samples are projected
in the continental arc area [17], suggesting that the rock possibly came into being because
of subduction from an active continental margin. In the Ba/Nb-La/Nb diagram, the
sample fell into the island arc region (Figure 11a), suggesting that it is associated with arc
magmatism. In the Th/Yb-Nb/Yb diagram, the sample fell within the continental margin
arc region (Figure 11b), meaning that it was formed on the convergent plate margin.
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Figure 11. The diagrams of La/Nb-Ba/Nb (a) (after [58] and Nb/Yb-Th/Yb (b) volcanic rocks from
Late Cambrian to Late Silurian (modified after [59]. ARC = Arc igneous, OIB = ocean island basalt,
MORB = mid-ocean ridge basalt, PM = primitive mantle.

As stated above, the aforementioned features indicate that Late-Cambrian-Late Sil-
urian calc-alkaline volcanic rock in the A’Rong Banner area was mantle-derived and tec-
tonically came into being in the marginal continental arc area. Considering the oceanic
crustal subduction features of the samples, deposit subduction likely contributed to the
source region, which underwent fractional crystallization during magmatic evolution. In
addition, based on regional tectonic evolution, the author attributes the genesis of the major
Khingan Block to plate subduction-accretion on the eastern margin of the Ergun Block in
the Early Paleozoic.

Based on the aforementioned analysis and discussion, this paper has built a model for
the Early Paleozoic tectonic evolution of the eastern margin of the Da Hinggan Mountains
(Figure 12).

(1) 537-508 Ma: The Paleo-Asian Ocean subducted beneath the Ergun Massif to form a
Cambrian arc granite belt on the Ergun Massif. Along with the continuous subduction-
accretion and amalgamation of the oceanic crust, the subduction belt continuously
retreated into the ocean, and the 508 Ma subduction belt migrated to the southeast
side of the Duobaoshan-ARonggi-Zalantun magmatic arc (Figure 12a).

(2) 508-423 Ma: The oceanic basin subduction caused the Duobaoshan-Aronggi-Zalantun-
Yi’ershi magmatic arc, within which Duobaoshan (Mt Duobao) porphyry-type copper
ores developed, and extensive Ordovician deposition was present in the back-arc
extension area. Massive post-orogenic granites formed on the southern edge of
and inside the Ergun Massif, along with lithosphere expansion in the back-arc area
(Figure 12b).
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Figure 12. Diagram of the Early Paleozoic tectonic evolution model in the northern Da Hinggan
Mountains. The detrital zircon data are quoted from [60]; the post-orogenic granite data are quoted
from [61]; the Xinlin and Yimin River sedimentary rocks data are quoted from [5]; the Aronggqi
volcanic rock data are quoted from this article; and the data of Duobaoshan-Handagqi volcanic
rocks are quoted from [38]. The data of Duobaoshan-Huahuashan-Handaqi-Zhalantun-Xiaosuoerqi
sedimentary rocks are quoted from [60,62,63]. The data of the Duobaoshan porphyry copper deposit
are quoted from [61,64,65] The data from the Zhalantun pluton are quoted from [66]. (a) Early
Cambrian, (b) Late Cambrian-late Silurian.

7. Conclusions

The study on the zircon U-Pb geochronology and lithogeochemistry of the Early
Paleozoic volcanic rocks in the A'Rong Qi area has led to the following conclusions:

(1) Late Cambrian-Late Silurian volcanic rocks exist in the A’Rong Qi area, and the zircon
U-Pb isotopic age is 423.3-507.5 Ma. The volcanic rocks were identified as a set of rock
stratigraphic assemblages spanning from the Late Cambrian to the Early Silurian.

(2) The Late Cambrian-Late Silurian volcanic rocks are HREE-rich quasi-aluminous-
peraluminous calc-alkaline-shoshonite series with minor europium anomalies, abun-
dant LILEs and obvious negative anomalies in Nb, Ta and Ti, suggesting that a
A’Ronggi-Zalantun continental margin arc existed in the Early Paleozoic. This margin
arc may have been produced by the subduction, accretion and soft collisions of the
plates along the eastern margin of the Ergun Massif in the Early Paleozoic.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min12020197/s1, Table S1: LA-ICP-MS U-Pb date of zircons for
Late Cambrian—Late Silurian volcanic rocks in Arong Qi; Table S2: Majore element (%) and trace
element (x10°) analys for Late Cambrian—Late Silurian volcanic rocks in Arong Qi.
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