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Abstract: The Northeast China Block is a major component of the Central Asian Orogenic Belt, and
its tectonic evolution has attracted much research attention. Ordovician strata are important in
reconstructing the tectonic evolution of the Northeast China Block. This paper presents the results of
sedimentological, zircon U–Pb, and geochemical analyses of sandstones of the Luohe Formation in
the Wunuer area, Northern Great Xing’an Range, Northeast China. Lithological data, sedimentary
structures, and grain-size analysis indicate that the Luohe Formation was deposited in a shallow
marine environment. Detrital zircon U–Pb dating yields age peaks of 463, 504, 783, 826, 973, and
1882 Ma for sandstones from the Luohe Formation. The youngest zircon grain age of 451 ± 6 Ma
represents the maximum depositional age of the Luohe Formation. The peak age at 463 Ma is
consistent with the timing of post-collisional magmatism and the formation of the Duobaoshan island
arc, while the peak at 504 Ma is consistent with the timing of magmatic activity related to the collision
between the Erguna and Xing’an blocks. The peaks at 788, 826, 973, and 1882 Ma correspond to
magmatism in the Erguna block, these ages indicate that the sandstones of the Luohe Formation
were derived mainly from the Erguna block. Sandstone modal compositional analysis indicates that
the provenance of the Luohe Formation was mainly a magmatic arc. The geochemical compositions
of the sandstones suggest that the source rocks have continental island arc signatures. Based on
the depositional age, sedimentary environment, provenance, and regional geology, it is concluded
that the Luohe Formation was deposited in a back-arc basin setting during the formation of the
Duobaoshan island arc–basin system in response to subduction of the Paleo-Asian oceanic plate.

Keywords: provenance analysis; tectonic setting; U/Pb spot ages; Northern Great Xing’an Range

1. Introduction

The Central Asian Orogenic Belt (CAOB) is one of the largest and best-preserved
Phanerozoic accretionary orogenic belts worldwide (Figure 1). It is located between the
Siberian Craton–European Craton and the North China Craton–Tarim Craton, and, from
west to east, it crosses the Ural Mountains through Kazakhstan, the Tien Shan, the Altai
Mountains, and Mongolia to the eastern Pacific Ocean [1–11]. The CAOB records the
tectonic evolution of the Paleo-Asian Ocean [8,12–15] and is one of the most prominent
areas of continental crust growth globally, making it an ideal location in which to study
accretionary orogenic processes and the growth of continental crust [4,8,16–19].

Northeast China is located in the eastern segment of the CAOB and comprises a
collage of microcontinents, including (from southeast to northwest) the Songnen, Jiamusi,
Xing’an, and Erguna blocks (Figure 2) [20–37]. The Erguna and Xing’an blocks were
amalgamated into the Erguna–Xing’an block along the Xinlin–Xiguitu suture zone before
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~500 Ma [20,27,30,38–43]; however, the mechanisms of subduction and collision between
the Songnen and Erguna–Xing’an blocks remain unclear [29,37,41–47].
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Previous studies on the tectonic evolution of the Erguna–Xing’an and Songnen blocks
have focused mainly on magmatic rocks and ophiolites, with little attention paid to stratig-
raphy and sedimentology. Therefore, this study provides information on the depositional
age, sedimentary environment, and provenance of the Ordovician Luohe Formation in
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the Wunuer area, Northern Great Xing’an Range, Northeast China, to constrain the early
Paleozoic tectonic evolution of the Erguna–Xing’an and Songnen blocks in Northeast China.

2. Geological Framework
2.1. Regional Geology

The study area is located between the Siberian and North China cratons and the
Paleo-Pacific Plate, and it has been affected by the Paleo-Asian, Okhotsk, and Paleo-Pacific
tectonic domains. During the Paleozoic era, the subduction and closure of the Paleo-Asian
Ocean resulted in the formation of various Paleozoic sedimentary and magmatic rocks. The
strata include the Ordovician Duobaoshan [39,49] and Luohe [50,51] formations and the
Devonian Niqiuhe [52] and Daminshan [53] formations, with Silurian strata being absent.
Paleozoic magmatic rocks include early Carboniferous diorite and granodiorite and late
Carboniferous monzogranite and syenite [54,55]. Since the Mesozoic era, the study area has
been influenced by the tectonic evolution of the Okhotsk and Paleo-Pacific oceanic domains.
Mesozoic volcanic rocks are widespread in the study area and include the Manketouebo,
Manitou, and Baiyingaolao formations [56,57] (Figure 3). The Luohe Formation is in fault
contact with the Duobaoshan Formation, is unconformably overlain by Mesozoic volcanic
rocks, and is intruded by Carboniferous and Ordovician magmatic rocks.

Minerals 2024, 14, x FOR PEER REVIEW 3 of 17 
 

 

to stratigraphy and sedimentology. Therefore, this study provides information on the 
depositional age, sedimentary environment, and provenance of the Ordovician Luohe 
Formation in the Wunuer area, Northern Great Xing’an Range, Northeast China, to con-
strain the early Paleozoic tectonic evolution of the Erguna–Xing’an and Songnen blocks in 
Northeast China. 

2. Geological Framework 
2.1. Regional Geology 

The study area is located between the Siberian and North China cratons and the 
Paleo-Pacific Plate, and it has been affected by the Paleo-Asian, Okhotsk, and 
Paleo-Pacific tectonic domains. During the Paleozoic era, the subduction and closure of 
the Paleo-Asian Ocean resulted in the formation of various Paleozoic sedimentary and 
magmatic rocks. The strata include the Ordovician Duobaoshan [39,49] and Luohe [50,51] 
formations and the Devonian Niqiuhe [52] and Daminshan [53] formations, with Silurian 
strata being absent. Paleozoic magmatic rocks include early Carboniferous diorite and 
granodiorite and late Carboniferous monzogranite and syenite [54,55]. Since the Meso-
zoic era, the study area has been influenced by the tectonic evolution of the Okhotsk and 
Paleo-Pacific oceanic domains. Mesozoic volcanic rocks are widespread in the study area 
and include the Manketouebo, Manitou, and Baiyingaolao formations [56,57] (Figure 3). 
The Luohe Formation is in fault contact with the Duobaoshan Formation, is unconform-
ably overlain by Mesozoic volcanic rocks, and is intruded by Carboniferous and Ordovi-
cian magmatic rocks. 

 
Figure 3. Geological map of Wunuer area with sample locations (simplified and modified after the 
1:50,000 geological map). 

2.2. Sampling 
The studied section of the Luohe Formation has a thickness of 1435 m. The lower 

part of the formation is composed mainly of fine- to coarse-grained feldspathic 
litharenite, with graded and parallel bedding. The upper part of the formation is com-

Figure 3. Geological map of Wunuer area with sample locations (simplified and modified after the
1:50,000 geological map).

2.2. Sampling

The studied section of the Luohe Formation has a thickness of 1435 m. The lower
part of the formation is composed mainly of fine- to coarse-grained feldspathic litharenite,
with graded and parallel bedding. The upper part of the formation is composed mainly of
horizontally bedded siltstone and mudstone, with minor fine-grained feldspathic litharenite
(Figure 4).



Minerals 2024, 14, 258 4 of 17

Minerals 2024, 14, x FOR PEER REVIEW 4 of 17 
 

 

posed mainly of horizontally bedded siltstone and mudstone, with minor fine-grained 
feldspathic litharenite (Figure 4). 

 
Figure 4. Schematic lithostratigraphic succession of the Luohe Formation showing sample loca-
tions. 
Figure 4. Schematic lithostratigraphic succession of the Luohe Formation showing sample locations.

One sample of fine- to medium-grained sandstone (sample 20171013) was collected from
the middle part of the Luohe Formation for detrital zircon geochronology (Figures 3 and 5).
The sandstone was a greyish-green color with parallel bedding and consisted of lithic
fragments (35%, mainly volcanic), feldspar (30%), and quartz (35%).
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We collected 32 hand samples of medium- to coarse-grained sandstone for analysis of
the sandstone modal compositions (Figures 3 and 5). The samples were a greyish-green
color with parallel bedding and consisted of lithic fragments (30%–35%, mainly volcanic),
feldspar (30%–35%), and quartz (35%–40%).

Three samples of medium- to coarse-grained sandstone were collected from the middle
and lower parts of the Luohe Formation for geochemical analysis (Figures 3 and 5). The
samples were a greyish-green color with parallel bedding and consisted of lithic fragments
(30%–35%, mainly volcanic), feldspar (30%–35%), and quartz (35%–40%).

We collected 33 samples for sedimentary grain-size analysis. The samples were evenly
distributed throughout the Luohe Formation. Those from the lower and middle parts were
mainly medium- to coarse-grained sandstones, and those from the upper part were mainly
fine- to medium-grained sandstone with horizontal bedding.

3. Analytical Methods
3.1. Detrital Zircon Geochronology

Zircon separation and cathodoluminescence imaging were carried out at Beijing Geo-
analysis Co. Ltd., Beijing, China. Zircon U–Pb isotope analyses were performed at Beijing
Createch Testing Technology, Beijing, China. The analyses employed a SIUP193FXArF LA
system and a ThermoFisher Neptune multi-receiver inductively coupled plasma–mass
spectrometry (ICP–MS) instrument, with a laser spot diameter of 35 µm, laser energy of
10–13 J/cm2, and frequency of 8–10 Hz. Zircon U–Pb age data were calculated using Isoplot
3.00 software [58]. The standard zircon 91500 with an age of 1065.4 ± 0.6 Ma was used for
calibration, the zircon 91500 consists of one crystal with an original mass of 238 g, which
was provided by the Harvard Mineralogical Museum in Cambridge, USA. The original
collection site of the zircon 91500 is recorded as Kuehl Lake in Ontario, Canada. The pre-
dominant rock type at this locality is porphyroblastic syenite gneiss which is cross-cut by
sheets or sills of syenite pegmatite. This earlier characterization reported a near concordant
U–Pb age of 1065 Ma for this crystal, and the 91500 zircon is widely used for in situ U–Pb
zircon dating as a standard sample globally [59–61].

3.2. Sandstone Modal Analyses

Point counting of 32 thin sections of sandstone samples was undertaken using a
polarizing microscope. For each thin section, >400 framework grains were counted and
categorized according to a modified Gazzi–Dickinson method [62], in which crystals larger
than silt within lithic grains were counted as monocrystalline grains. Matrix and cement
were not counted, and grains within plutonic rock fragments were counted separately, so
that the relative proportions of the plutonic rock fragments could be documented.
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3.3. Geochemistry Analyses

Whole-rock geochemical analyses were performed at the Analytical Laboratory of the
Beijing Research Institute of Uranium Geology, Beijing, China. Major element analyses were
conducted on an AxiosmAX X-ray fluorescence spectrometer, and the analytical precision
was ~5%. Trace element analyses employed a NexION300D ICP–MS instrument, and the
analytical precision was better than 10%.

3.4. Sedimentary Grain Size Analysis

Grain-size analysis was conducted at the Hebei Provincial Institute of Regional Ge-
ological and Mineral Survey, Langfang, China. Thin sections were prepared for analysis
under an Olympus BX53 polarizing microscope. Particle size and type were measured by
visual estimation according to the Gazzi–Dickinson point-counting method, and then the
particles were screened out and impurities corrected. A total of 600 grains of >0.004 mm
in size were counted in each sample. The mean grain size (MZ), standard deviation (SD),
skewness (SK), and kurtosis (KG) were calculated using the Method of Moments. All
particle-size parameters were calculated using Fokker and Ward’s formula. Cumulative
probability and frequency curves were drawn using Origin 8.0 software.

4. Results
4.1. Zircon U–Pb Geochronology

A total of 120 zircons were analyzed. The zircons are mainly short columnar crys-
tals with widths of 50–100 µm, lengths of 100–150 µm, and fine-scale oscillatory zoning
(Figure 6). The Th/U ratios of the zircons are 0.10–1.28, indicating a magmatic origin. Seven
analyses were discarded owing to high discordance (Table S1). The remaining 113 analyses
yield apparent ages of 451 ± 5.6 to 2765 ± 19 Ma and fall into four main age populations:
(1) 451 ± 6 to 499 ± 6 Ma (n = 24) with a peak at 463 Ma; (2) 500 ± 5 to 559 ± 6 Ma (n = 50)
with a peak at 504 Ma; (3) 707 ± 14 to 1004 ± 12 Ma (n = 31) with peaks at 783, 826, and
973 Ma; and (4) 1321 ± 24 to 2766 ± 20 Ma (n = 8) with a peak at 1882 Ma (Figure 7).

Minerals 2024, 14, x FOR PEER REVIEW 6 of 17 
 

 

larger than silt within lithic grains were counted as monocrystalline grains. Matrix and 
cement were not counted, and grains within plutonic rock fragments were counted sep-
arately, so that the relative proportions of the plutonic rock fragments could be docu-
mented. 

3.3. Geochemistry Analyses 
Whole-rock geochemical analyses were performed at the Analytical Laboratory of 

the Beijing Research Institute of Uranium Geology, Beijing, China. Major element anal-
yses were conducted on an AxiosmAX X-ray fluorescence spectrometer, and the analyt-
ical precision was ~5%. Trace element analyses employed a NexION300D ICP–MS in-
strument, and the analytical precision was better than 10%. 

3.4. Sedimentary Grain Size Analysis 
Grain-size analysis was conducted at the Hebei Provincial Institute of Regional Ge-

ological and Mineral Survey, Langfang, China. Thin sections were prepared for analysis 
under an Olympus BX53 polarizing microscope. Particle size and type were measured by 
visual estimation according to the Gazzi–Dickinson point-counting method, and then the 
particles were screened out and impurities corrected. A total of 600 grains of >0.004 mm 
in size were counted in each sample. The mean grain size (MZ), standard deviation (SD), 
skewness (SK), and kurtosis (KG) were calculated using the Method of Moments. All 
particle-size parameters were calculated using Fokker and Ward’s formula. Cumulative 
probability and frequency curves were drawn using Origin 8.0 software. 

4. Results 
4.1. Zircon U–Pb Geochronology 

A total of 120 zircons were analyzed. The zircons are mainly short columnar crystals 
with widths of 50–100 µm, lengths of 100–150 µm, and fine-scale oscillatory zoning 
(Figure 6). The Th/U ratios of the zircons are 0.10–1.28, indicating a magmatic origin. 
Seven analyses were discarded owing to high discordance (Table S1). The remaining 113 
analyses yield apparent ages of 451 ± 5.6 to 2765 ± 19 Ma and fall into four main age 
populations: (1) 451 ± 6 to 499 ± 6 Ma (n = 24) with a peak at 463 Ma; (2) 500 ± 5 to 559 ± 6 
Ma (n = 50) with a peak at 504 Ma; (3) 707 ± 14 to 1004 ± 12 Ma (n = 31) with peaks at 783, 
826, and 973 Ma; and (4) 1321 ± 24 to 2766 ± 20 Ma (n = 8) with a peak at 1882 Ma (Figure 
7). 

 
Figure 6. Cathodoluminescence (CL) images of detrital zircons from sample 20171013. The circles 
represent numbered U–Pb analysis sites, with ages presented below. 

Figure 6. Cathodoluminescence (CL) images of detrital zircons from sample 20171013. The circles
represent numbered U–Pb analysis sites, with ages presented below.



Minerals 2024, 14, 258 7 of 17Minerals 2024, 14, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 7. (a,b) Zircon U–Pb concordia and age probability diagrams for sample 20171013. (c) Age 
probability diagram for zircons from the Erguna terrane, from [63] (d) Age probability diagram for 
zircons from the Early–Middle Ordovician strata/complex, from [63]. (e,f) Age probability dia-
grams for zircons from the Duobaoshan Formation, from [64]. 

4.2. Sandstone Modal Analyses 
The sandstone samples used for modal analysis are moderately cemented and 

moderately to poorly sorted with subangular to subrounded framework grains. The 
sandstones are medium- to coarse-grained sandstones (Figure 8). The results indicate that 
the samples comprise 20%–40% lithic fragments (mainly volcanic), 15%–35% feldspar 
grains, and 25%–45% quartz grains (mainly monocrystalline), and the ratio of mono-
crystalline quartz to polycrystalline quartz is 28:5, the ratio of volcanic-metavolcanic rock 
fragment to sedimentary-metasedimentary rock fragment is 28:3 (Table S2). 

Figure 7. (a,b) Zircon U–Pb concordia and age probability diagrams for sample 20171013. (c) Age
probability diagram for zircons from the Erguna terrane, from [63] (d) Age probability diagram for
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4.2. Sandstone Modal Analyses

The sandstone samples used for modal analysis are moderately cemented and mod-
erately to poorly sorted with subangular to subrounded framework grains. The sand-
stones are medium- to coarse-grained sandstones (Figure 8). The results indicate that the
samples comprise 20%–40% lithic fragments (mainly volcanic), 15%–35% feldspar grains,
and 25%–45% quartz grains (mainly monocrystalline), and the ratio of monocrystalline
quartz to polycrystalline quartz is 28:5, the ratio of volcanic-metavolcanic rock fragment to
sedimentary-metasedimentary rock fragment is 28:3 (Table S2).
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Figure 8. Representative photomicrographs used for sandstone modal analyses. (a) The photomi-
crographs under single polarizer and (b) the photomicrographs under crossed polarizer.
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4.3.1. Major Elements 

The studied sandstones contain SiO2 (58.79–61.25 wt.%), Al2O3 (17.19–18.43 wt.%), 
Na2O + K2O (5.11–5.32 wt.%), TiO2 (0.41–0.61 wt.%), MgO (3.83–4.17 wt.%), and (Fe2O3)T

(7.33–7.64 wt.%), with N2O/K2O values of 0.22–0.61. The samples are rich in Si, Al, and Fe, 
and poor in Mn, P, and Mg (Table 1). 

Table 1. Major element data of sandstones from the Luohe Formation in the Wunuer area (wt.%). 
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sandstone 
58.79 18.43 7.64 3.83 0.38 0.96 4.36 0.45 0.78 0.16 4.16 99.94 
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Feldspar lithic 

sandstone 
60.61 17.35 7.33 4.17 0.47 1.93 3.18 0.13 0.73 0.17 3.9 99.97

4.3.2. Trace Elements and REE 
The sandstones are relatively enriched in Rb and U, and depleted in Nb, Sr, P, and 

Ti. Their chondrite-normalized rare earth element (REE) patterns exhibit uniform dis-
tributions and are characterized by moderate enrichment in light REEs (LREEs) and rel-
atively flat heavy REEs (HREEs). In addition, the sandstones exhibit slightly negative Eu 
anomalies (Table 2; Figure 9a,b). 
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4.3. Geochemistry Analyses
4.3.1. Major Elements

The studied sandstones contain SiO2 (58.79–61.25 wt.%), Al2O3 (17.19–18.43 wt.%),
Na2O + K2O (5.11–5.32 wt.%), TiO2 (0.41–0.61 wt.%), MgO (3.83–4.17 wt.%), and (Fe2O3)T

(7.33–7.64 wt.%), with N2O/K2O values of 0.22–0.61. The samples are rich in Si, Al, and Fe,
and poor in Mn, P, and Mg (Table 1).

Table 1. Major element data of sandstones from the Luohe Formation in the Wunuer area (wt.%).

Sample Rock SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 P2O5 LOI TOTAL

D001 Feldspar lithic
sandstone 61.25 17.19 7.48 3.87 0.43 1.53 3.77 0.12 0.74 0.16 3.43 99.97

D002 Feldspar lithic
sandstone 58.79 18.43 7.64 3.83 0.38 0.96 4.36 0.45 0.78 0.16 4.16 99.94

D003 Feldspar lithic
sandstone 60.61 17.35 7.33 4.17 0.47 1.93 3.18 0.13 0.73 0.17 3.9 99.97

4.3.2. Trace Elements and REE

The sandstones are relatively enriched in Rb and U, and depleted in Nb, Sr, P, and Ti.
Their chondrite-normalized rare earth element (REE) patterns exhibit uniform distributions
and are characterized by moderate enrichment in light REEs (LREEs) and relatively flat
heavy REEs (HREEs). In addition, the sandstones exhibit slightly negative Eu anomalies
(Table 2; Figure 9a,b).

Table 2. Trace element data of sandstones from the Luohe Formation in the Wunuer area (ppm).

Sample Rock Rb Ba Th U Nb La Ce Sr Nd Zr Hf Sm

D001 Feldspar lithic sandstone 276 410 10.9 2.71 12.4 29.6 62.4 81.7 29 59.2 2.09 5.76

D002 Feldspar lithic sandstone 424 426 10.2 3.73 11.8 45.7 60.5 210 38.4 69.3 2.06 7.75

D003 Feldspar lithic sandstone 235 370 10.3 2.26 11.4 23.6 48.9 85.3 24.3 52.8 1.88 5.1

Sample Rock Pr Eu Gd Tb Dy Ho Er Tm Y Yb Lu

D001 Feldspar lithic sandstone 7.37 1.07 5.38 0.72 3.67 0.721 2.14 0.304 22 2.01 0.306

D002 Feldspar lithic sandstone 10.6 0.995 6.9 0.944 4.9 0.959 2.92 0.419 29.1 2.86 0.433

D003 Feldspar lithic sandstone 6 0.999 4.74 0.646 3.39 0.675 2.02 0.285 20 1.89 0.285
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4.4. Sedimentary Grain-Size Analysis

The grain-size characteristics of sedimentary rocks are influenced by transport and
depositional processes and can be used to infer the sedimentary environment [65]. The
grain size of the studied samples is mainly ~2φ (where φ is the average particle size), and
grain-sizes fall in a range of 1φ–4φ, indicating that the samples are mainly fine–medium
sandstone. Standard deviation values are 0.5–0.8; therefore, the samples are moderately sorted
to moderately well sorted (Table S3). Cumulative probability curves for the samples display
a three-stage distribution (Figure 10), representing three phases of sediment movement; i.e.,
jump, shift, and suspension. The first stage is between 75% and 90%, representing the jump
formation. The second stage is between 5% and 15%, representing the movement formation.
The third stage is between 5% and 10%, representing the suspension formation. The grain-
size frequency curves are characterized by a single peak and exhibit nearly symmetrical
negative skewness and sharp or very sharp distributions. According to grain-size discriminant
analysis [66], the calculated Y values for the studied samples are all >65. The above features
indicate that the Luohe Formation was deposited in a shallow marine setting.
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5. Discussion
5.1. Deposition Age

Radiometric age data for the Luohe Formation are lacking. A Middle–Late Ordovician
age is inferred from graptolites, conodonts, and ostracods [67,68].

Detrital zircon ages can be used to determine the maximum depositional age of
sedimentary rocks [69,70]. The youngest zircon grain of sample 20171013 from the Luohe
Formation yields a U–Pb age of 451 ± 6 Ma; therefore, deposition must have occurred after
451 ± 6 Ma. In addition, the Luohe Formation strata are intruded by monzogranite that
yields an age of 457.0 ± 6.5 Ma. Accordingly, deposition of the Luohe Formation occurred
between 457.0 ± 6.5 and 451 ± 6 Ma; i.e., during the Late Ordovician.

5.2. Sedimentary Environment

The grain size in the lower part of the Luohe Formation is relatively coarse, and the rocks
are mainly sandstones with minor mudstones that exhibit graded and parallel bedding. The
grain size in the upper part of the Luohe Formation is relatively fine, and the rocks comprise
mainly mudstones with minor sandstones that exhibit horizontal bedding. The rocks are
compositionally immature and the grains are poorly rounded and well sorted. Cumulative
probability curves for the samples exhibit a three-stage distribution, and frequency curves
mainly show single peaks. Therefore, the lithological assemblage, sedimentary structures, and
results of sedimentary grain-size analysis of the Luohe Formation are consistent with rapid,
near-source deposition in a shallow marine environment.

5.3. Provenance
5.3.1. Detrital Zircon Geochronology

Zircon has a high closure temperature and high hardness, and its U–Pb isotopic
system remains stable during various geological processes. Therefore, the detrital zircon
age spectra from this study and geochronological data from the literature can be used to
determine the sedimentary provenance [71].

Zircon age probability diagrams (Figure 7a,b) for sample 20171013 are characterized by
predominant early Paleozoic age peaks at 504 and 463 Ma and subordinate Neoproterozoic
peaks at 783, 826, and 973 Ma, with few grains having ages of >1.0 Ga. These data indicate
that rocks in the source area are mainly Cambrian–Ordovician in age.

The predominant age peak is at 504 Ma. Most zircons have fine-scale oscillatory zoning
with Th/U ratios of >0.1, consistent with a magmatic origin. Therefore, these zircon grains
were derived mainly from Cambrian magmatic rocks. Rocks with similar ages are well
documented from the Erguna [72,73] and Xing’an [32] blocks in relation to magmatism that
occurred in response to collision between the blocks [23,48].

The zircon grains with ages of ~463 Ma exhibit fine-scale oscillatory zoning and yield
Th/U ratios of >0.1, again indicating a magmatic origin. Therefore, these zircons were
derived mainly from Ordovician magmatic rocks (Figure 7d–f). After the collision between
the Erguna and Xing’an blocks, post-collisional magmatic intrusions were emplaced during
493–436 Ma [20,73–76]. The early Paleozoic Duobaoshan magmatic arc rocks were then
emplaced in the southern margin of the Erguna–Xing’an Block during 485–467 Ma [39,41,49].
Therefore, zircons with an age of 463 Ma may have been derived from these two groups of
magmatic rocks.

The subordinate Neoproterozoic peaks (783, 826, and 973 Ma) are mainly consistent
with the ages of magmatic rocks in the northern–central Erguna Block (Figure 7c), including
929–737 Ma magmatic rocks in the Enhe and Mangui areas [76,77], 808 ± 2 Ma magmatic rocks
in the Fenghuangshan area [78], and 915 ± 3 Ma gneissic granite in the Bowuleshan area [79].

Only eight zircons yield Mesoproterozoic or Mesoarchean ages, and these grains may
have been derived from the ancient basement of the Erguna block (Figure 7c) including
1741–1854 Ma granitic gneiss and 1847 ± 4 Ma biotite plagioclase gneiss in the Hanjiayuanzi
area [80], 2464 ± 26 Ma granitic gneiss in the Mohe area [81], and 2459–2562 Ma gneissic
monzogranite in the southern Erguna mining area [82].
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5.3.2. Sandstone Modal Analyses

The studied samples are medium- to coarse-grained sandstones. Grains are mainly
subangular–subrounded and poorly to moderately sorted (Figure 7). Framework grains
comprise mainly volcanic lithic fragments (20%–40%), quartz (25%–45%), and feldspar
(15%–35%). The texture and composition of the sandstones are consistent with rapid depo-
sition and a short transport distance. On ternary provenance discrimination diagrams [62],
the samples plot mainly in the magmatic arc field, with some data in the recycled orogen
field, indicating that the samples were not derived from a single source area, but that the
main provenance area was a magmatic arc (Figure 11).
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the above two values are obviously higher than the values of the upper crust (2.55 and 
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ment of sandstone from the Luohe Formation (after [62]). Qt—total quartz grains; Qp—polycrystalline
quartz; Qm—monocrystalline quartz; F—total feldspar grains; Lvm—total volcanic–metavolcanic
rock fragments; Lsm—total sedimentary–metasedimentary rock fragments. A—recycled orogenic
belt; B—stable craton or uplifted basement; C—magmatic arc; P—accretionary wedge; □—the
samples of sandstone modal analyses in this study.

5.3.3. Geochemistry Analyses

Values of SiO2/Al2O3 can be used to infer the maturity of sedimentary rocks [83,84].
The SiO2/Al2O3 values of sandstones from the Luohe Formation are 3.1–3.5, with an
average of 3.4, indicating that the sandstones are of low maturity.

The REE patterns of sedimentary rocks reflect the properties of the source rocks [83–85].
The sandstones of the Luohe Formation are characterized by moderate enrichment in
LREEs and relatively flat HREEs with a negative Eu anomaly (Figure 9a), indicating that
the parent rocks were mainly felsic volcanic rocks. The Ba/Sr values of sandstones from the
Luohe Formation are 2.03–5.02, with an average of 3.79, and the Rb/Sr values of sandstones
from the Luohe Formation are 2.032–3.38, with an average of 2.72, the above two values are
obviously higher than the values of the upper crust (2.55 and 0.32) [83], which indicates
the source of the sandstones is the upper crust. In summary, the REE data indicate that the
Luohe Formation was derived mainly from an upper crustal source.

Immobile element compositions in sandstones are closely related to the tectonic setting
of deposition [86]. The contents and ratios of certain immobile elements can be used to
identify four typical tectonic environments: oceanic island arc, continental island arc, active
continental margin, and passive continental margin [84]. For the studied samples, most
of the data plot in the continental island arc provenance field in a La–Th–Sc diagram
(Figure 12).
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5.4. Tectonic Implications

Based on geochronological and geochemical data, along with sandstone modal com-
positions, information on the sedimentary environment, and data from the literature, a
new model is proposed for the Ordovician arc–basin system in the Northern Great Xing’an
Range, Northeast China.

The collision between the Erguna and Xing’an blocks occurred before the late Cam-
brian, followed by the emplacement of late Cambrian granitic and mafic intrusions on
either side of the Xinlin–Xiguitu suture zone [20,24,67]. During this period, the southern
margin of the newly formed Erguna–Xing’an Block was a passive continental margin.

Subsequently, the Erguna–Xing’an Block transitioned to an epicontinental setting.
During the Early Ordovician, an arc–basin system (i.e., the Duobaoshan island arc) formed
in the southern margin of the Erguna–Xing’an Block in association with the subduction of
the Paleo-Asian oceanic plate beneath the Erguna–Xing’an Block, and the Luohe Formation
was deposited in the corresponding back-arc basin. Therefore, the Luohe Formation was
derived mainly from magmatic rocks that were emplaced in response to the collision
between the Erguna and Xing’an blocks, and the Duobaoshan island arc rocks formed in
association with subduction of the Paleo-Asian oceanic plate. The ancient basement and
Proterozoic granites of the Erguna block also provided a subordinate source for the Luohe
Formation (Figure 13).
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6. Conclusions

1. Based on the zircon age data of this study and the age of a monzogranite intrusion,
the Luohe Formation was deposited between 457.0 ± 6.5 and 451 ± 6 Ma (i.e., Late
Ordovician).

2. The detrital zircon age spectra for sandstones of the Luohe Formation show peak ages
at 504 and 463 Ma, with subordinate Proterozoic and Neoarchean ages.

3. The zircon age distribution for the Luohe Formation rocks is consistent with the timing
of periods of magmatism in the Erguna and Xing’an blocks. The youngest peak age of
463 Ma corresponds to the timing of post-collisional magmatism and the formation
of the Duobaoshan island arc, and the second peak age of 504 Ma is consistent with
magmatism that occurred in association with the collision between the Erguna and
Xing’an blocks. The subordinate ages of 783, 826, 973, and 1882 Ma are consistent with
magmatism in the Erguna block.

4. A new model of the tectonic evolution in the Northern Great Xing’an Range (Northeast
China) during the Early Ordovician is proposed. Owing to the subduction of the
Paleo-Asian oceanic lithosphere beneath the Erguna–Xing’an Block, an arc–basin
system (i.e., the Duobaoshan island arc) was formed in the southern margin of the
Erguna–Xing’an Block, and the Luohe Formation was deposited in the corresponding
back-arc basin.
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