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Abstract. This study reports petrography, petrogeochemistry and geochronology of Tamulangou
Formation, which are located in Tahe, northern Da Hinggan Mountains, northeast China. In this
study, we discussed their formation ages, petrogenesis, and tectonic environment. Zircon U-Pb
dating results suggest formation ages of 148.1±1.95Ma and 161.5 ± 1.9 Ma for the conglomerate
gravel, and the basaltic andesite, respectively. The geochemical characteristics indicate that the
volcanic rocks in Tamulangou Formation are high-K calc-alkaline-shoshonitic rock that that formed
in a continental intraplate environment. All volcanic rocks of Tamulangou Formation in the study
area are enriched in large ion lithophile elements and light rare earth elements and depleted in high
field strength elements and heavy rare earth element. Combined with geochemical characteristics
of the volcanic rocks and previous studies on the region, we concluded that the magma source of
the volcanic rocks in the Tamulangou Formation derived from the enriched lithospheric mantle
formed by metasomatism of subduction fluids. Comprehensive study suggested that the volcanic
rocks from Tamulangou Formation in Tahe region all formed in a tectonic environment of
lithospheric extension triggered by post-orogenic extension after the closure of the Mongol-Okhotsk
Ocean.
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1. Introduction
The Da Hinggan Mountains (DHM) are located in a region of strong superposition,

compounding, and transformation in the Paleozoic Paleo-Asian Ocean (PAO) tectonic domain,
Mesozoic circum-Pacific tectonic domain, and Mongol-Okhotsk (MO) tectonic domain. Overall, its
tectonic evolution is complex.

From the late Paleozoic to Early Mesozoic, the DHM experienced the closure of the PAO and
MO oceans as well as the collision of multiple blocks [1]. The DHM entered a post-orogenic stage
in the Late Mesozoic, with active volcanic eruptions and complex basin-ridge structures [2]. The
Mesozoic volcanic rocks are widely exposed, and the rock types are complex. They are an
important part of the Mesozoic igneous belt in eastern China and the margin of the Asian continent.

In recent years, many studies have been conducted on the formation age, geochemical
characteristics, and tectonic setting of volcanic rocks in the DHM; however, the petrogenesis and
tectonic setting of the Mesozoic volcanic rocks remain controversial [3-14]. These controversies are
as follows: (1) whether the formation of Mesozoic volcanic rocks is either related to the rise of the
deep mantle thermal plume resulting from the PAO closure [15-16] or due to the intraplate
mechanisms [17]. (2) Whether these volcanic rocks are related to the subduction of the
Paleo-Pacific plate [18-19] or the evolution of the MO ocean [20-22].

These discrepancies are caused by two gaps in research. First, the age of formation of the
Mesozoic volcanic rocks in the DHM is uncertain. Second, the characteristics of volcanic
geochemical evolution over time remain unclear, which also leads to uncertainties about tectonic
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setting, rock genesis, and the dynamic nature of the formation. These limitations have hindered
further research in this area.

On conducting a detailed study on the chronology of Mesozoic igneous rocks in eastern China,
Wu et al. [23] attributed the large-scale magmatism to the subduction of the Pacific Plate. However,
only few references to Mesozoic volcanic rocks widely distributed in the DHM are present,
particularly due to the lack of accurate chronological data. Therefore, determining the formation age
of the Mesozoic volcanic rocks in the DHM is crucial for an in-depth understanding of the age and
genetic mechanisms of large-scale Mesozoic magmatism in the area. Furthermore, determining the
age of the volcanic rock formation is helpful to explain the tectonic evolution and geodynamic
process during the Mesozoic in eastern China. In addition, the key to ascertaining the formation age
of the Mesozoic volcanic rocks in the DHM is to determine the initiation age and duration of
volcanism.

At present, the consensus is that the Tamulangou Formation is the earliest volcanic stratigraphic
unit in the DHM and comprises a set of basic volcanic rocks [24-25]. Therefore, determining the
age of the volcanic rocks in the Tamulangou Formation is the key to determining the beginning of
Mesozoic volcanism in the DHM. However, there is no consensus regarding the age division of the
Tamulangou Formation. Most researchers believe that the basic volcanic rocks in the Tamulangou
Formation formed during the Late Jurassic, but some believe that the formation age is Middle–Late
Jurassic or even earlier. Therefore, determining the age of the Tamulangou Formation is of great
significance for dividing and correlating Mesozoic volcanic strata in the DHM and to establish the
chronological framework of Mesozoic volcanic rocks in the DHM.

In this study, by determining the geochronology and geochemical characteristics of the rocks of
the Tamulangou Formation in Tahe in the northern section of the DHM, the authors discuss the age,
petrogenetic environment, and tectonic setting of the formation. This study provides an important
theoretical basis for the establishment of the geochronological framework of Mesozoic volcanic
rocks in the DHM, and it is of great significance for an in-depth understanding of the genetic
mechanism of large-scale Mesozoic magmatism in this area.

2. Regional geological setting
The DHM is situated in the eastern part of the Xingmeng Orogenic Belt, which is divided into

the Erguna, Xing’an, and Songnen Blocks from north to south (Fig.1a). Since the Late Paleozoic,
this area has experienced complex tectonic domain transformation. After the PAO closure, the
Pacific tectonic domain gradually comprised the main portion of the area, thereby inheriting and
gradually changing the original tectonic patterns of the PAO domain. The transformation process
and the characteristics of multi-block and multi-stage evolution in the DHM [26] have created
major challenges in gaining in understanding of the geological evolution process during the Late
Paleozoic to Mesozoic.
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Fig. 1 Regional location map (a, after Wu et al. [26]) and Geological sketch map (b)
In the northern DHM, few pre-Cambrian crystalline basement rocks are exposed, including the

Xinghuadukou and Jiahe Groups with amphibolite and greenschist phase transitions, respectively.
The main lithology is a regional metamorphic rock series composed of plagioclase amphibolite,
gneiss, schist, variolite, epigranulite, marble, and mixed rocks. The basement rocks in the area also
contain a small number of Neoproterozoic granites; however, the distribution of these basement
rocks is relatively limited.

The study area is in the Tahe region of the northern section of the DHM, which is located in the
Erguna Block. The meso-Cenozoic tectonics are located in the DHM-superimposed orogenic
system-rift and the DHM superimposed magmatic arc belt. Since the ancient Proterozoic, the DHM
has experienced the formation of the continental basement (silica-aluminum crust), accretion and
evolution of the PAO continental margin, and activity of the coastal Pacific continental margin. The
basement is dominated by Late Cambrian–Early Ordovician granite with a few exposed basic
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complexes. The overlying strata are mainly Mesozoic sedimentary and volcanic. From bottom to
top, the sedimentary strata are the Xiufeng and Ershierzhan Formations, and the volcanic strata
comprise the Tamulangou, Baiyingaolao, and Ganhe Formations (Fig.1b).

The Tamulangou Formation is mainly composed of volcanic lava with intermediate-basic
spillage facies, most of which are grey green, grey purple, or grey black, with a stomatal almond
structure developed and distinct rock flow characteristics, which mainly comprise basalt, trachyte
basalt, olivine basalt, basaltic andesite, and some trachyandensite. The upper part of the
Tamulangou Formation is predominantly sedimentary and is composed of fine conglomerate,
medium-coarse conglomerate with volcanic breccia, and tuffaceous sandstone.

The conglomerate gravel lithology is basaltic andesite, with porphyritic texture and massive
structures. The phenocrysts (±7%) are mainly composed of plagioclase and some amphibole. The
predominant plagioclases are andesine（>5%）with grain sizes ≤0.8×1.2 mm, and hornblende (±2%)
with grain sizes ≤0.4×1.0 mm. The matrix (~93%) consisted of microcrystals and crystallites of
plagioclase and amphibole with a small amount of microgranular black opaque iron minerals
(Figure. 2a).

The basaltic andesite also has a porphyritic texture and a massive structure. Under the
microscope, it shows a directional structure, which is indicated by the orientation trend of
plagioclase and hornblende along the long axis and the matrix flow structure. The phenocrysts are
mainly composed of plagioclase and amphibole. Plagioclase (±3%) is self-shaped plate columnar
with particle size ≤0.5×1.0 mm. Hornblende (±2%) is self-shaped short columnar with particle size
≤0.4×0.5 mm. The matrix is a microcryptic structure composed of microcrystalline sperthite and
hornblende and vitreous crystals (Fig.2b).

Fig. 2 Photomicrographs of the Tamulangou Formation of the study area. (a) Pebble of
conglomerate; (b) Basaltic andesite. Q - quartz; Pl - plagioclase; Hb - hornblende; Che - chlorite

3. Analytical method
The sample crushing and zircon selection were completed by Langfang Yuneng Rock and

Mineral Sorting Technical Service Co., LTD., Hebei Province.
Target preparation and obtaining images of cathodoluminescence (CL) and transmitted and

reflected light and zircon U-Pb dating were completed at the State Key Laboratory of Continental
Dynamics, Northwestern University.The Geo Las laser-ablation system was equipped with a 193
nm ArF excimer laser and an Agilent 7500a ICP-MS. Helium was used as a carrier gas to enhance
the transport efficiency of the ablated material, Zircon 9l500 was used as the external standard for
age calculations, and NIST 610 silica glass was used as the external standard for concentration
calculations. Measured U-Th-Pb isotope ratios were calculated using the CLITTER4.0 software.
The weighted mean U-Pb ages and concordia plots were produced using the Isoplot program.

The analysis of major and trace elements was conducted with pollution-free equipment at the
Northeast China Mineral Resources Supervision and Testing Center, Ministry of Natural Resources.
The main process of testing and data processing and the main technical parameters of instruments
are shown in Shi et al. [28].



718

Advances in Engineering Technology Research EMMAPR 2024
ISSN:2790-1688 Volume-10-(2024)
4. Results
4.1 Zircon dating

Two rock dating samples, namely D2025TW and D0041TW, were collected from the
conglomerate gravel above the Tamulangou Formation (124º 33 '57.1 "E, 52º 35' 51.6" N) and from
the volcanic rocks of the Tamulangou Formation (124º 36 ′53.3 ″E, 52º 30′5.3″N), respectively.
Colorless transparent zircons without inclusions and fractures were selected for U-Pb isotopic
analysis. These zircons have high Th/U ratios of 0.18–1.09 (Table 1) and show distinct oscillatory
zoning (Fig.3a, b), which is indicative of their typical magmatic origin [29]. The U-Pb dating results
are listed in Table 1.

The zircons from the conglomerate gravel (D2025TW) were long and columnar, with lengths of
100–200 μm, showing typical magmatic zircon characteristics. Their length-width ratio was 1:2–1:4
(Fig.3a), and Th/U ratios were 0.18–0.75. Some zircons had narrow bright white edges, indicating
weak recrystallization. U-Pb dating was conducted at 16 points, and we determined that the
206Pb/238U ages of these zircons were 146–149 Ma. The 206Pb/238U ages of these zircons were
evenly distributed, yielding the weighted mean 206Pb/238U age of 148.1±1.95 Ma（MSWD=0.072,
n=16） (Fig.4a), which was interpreted to represent the crystallization age of the Tamulangou
Formation.

The zircons of the basaltic andesite (D0041TW) were hemihedral long columns, with diameter
axes ranging from 50 to 190 μm. The Th/U ratios were 0.38–1.09, and the length-width ratio was
1:1–1:3 (Fig.3b). The test results for the 21 valid points showed that the 206Pb/238U ages of these
zircons ranged from 159 to 163 Ma. The 206Pb/238U ages of these zircons are evenly distributed,
with a weighted average 206Pb/238U age of 161.5±1.9 Ma（MSWD = 0.046, n=21） (Fig.4b),
which was interpreted to indicate the crystallization age of Tamulangou Formation volcanic rocks.

4.2 Geochemical characteristics
The analysis results for major, trace, and rare earth elements (REEs) of Tamulangou Formation

are listed in Table 2 (exclusive of loss on ignition).
Table 1. Zircon LA-ICP-MS U-Pb dating results for the Tamulangou Formation of the study area

Sp
ot

Pb Th U Th/
U

Ratio Age(Ma）

ppm
206Pb/238
U 1σ

207Pb/23
5U 1σ

206Pb/2
38U

1
σ

207Pb/23
5U 1σ

D2025T
W

2 1.6
6

30.
19

66.7
6 0.45 0.02085 0.00052 0.1409

1 0.01006 148 3 149 9

4 2.7
1

53.
08

107.
16 0.50 0.02068 0.00049 0.1484

7 0.00811 147 3 156 7

5 2.1
8

38.
91

88.5
2 0.44 0.02065 0.0005 0.1378

4 0.00817 147 3 146 7

7 2.4
0

45.
3

88.5
5 0.51 0.02083 0.00051 0.1409

5 0.00871 146 3 149 8

12 2.2
8

41.
06

86.6
4 0.47 0.02107 0.00049 0.1382

3 0.00778 149 3 146 7

13 2.1
1

37.
39

78.5
5 0.48 0.02086 0.00054 0.1383 0.01003 148 3 147 9

14 2.1
6

61.
2

81.6
8 0.75 0.02083 0.00062 0.1396

2 0.01453 148 4 148 13

16 2.3
0

36.
4

89.0
3 0.41 0.02099 0.00054 0.1426

4 0.01057 149 3 150 9

17 3.0 73. 119. 0.61 0.02075 0.00051 0.1453 0.00885 147 3 153 8
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5 53 81

19 2.7
7

52.
7

112.
89 0.47 0.02093 0.0005 0.1409

8 0.00799 148 3 149 7

20 3.6
0

54.
67

136.
4 0.40 0.02066 0.00048 0.1395

1 0.00699 147 3 148 6

21 2.3
9

48.
19

91.7
9 0.53 0.02099 0.0005 0.1375

3 0.00826 149 3 146 7

22 2.3
6

40.
3

83.8
5 0.48 0.02099 0.00051 0.1392

4 0.00886 149 3 147 8

23 6.9
4

53.
94 304 0.18 0.02082 0.00047 0.1421

8 0.00536 148 3 150 5

24 2.0
9

38.
15

78.0
4 0.49 0.02088 0.00049 0.1411 0.00764 148 3 149 7

25 1.6
2

26.
73

61.3
8 0.44 0.02100 0.00054 0.1317

4 0.01057 149 3 141 9

D0041T
W

1 3.4
4

89.
15

81.7
2 1.09 0.02943 0.00072 0.1988

0 0.01183 162 5 159 10

2 2.1
9

40.
31

51.4
6 0.78 0.02908 0.00075 0.1978

8 0.01833 160 5 158 16

3 3.0
8

73.
88

75.4
8 0.98 0.02927 0.00071 0.2061

4 0.01191 161 4 165 10

4 3.1
7

72.
29

72.4
2 1.00 0.02936 0.00070 0.2207

6 0.01058 162 4 178 9

6 2.3
2

47.
75

53.9
3 0.89 0.02928 0.00071 0.2047

9 0.01168 161 4 164 10

9 2.8
5

37.
86

69.1
2 0.55 0.02938 0.00081 0.2027

8 0.01668 162 5 162 14

11 2.6
6

48.
42

67.1
0 0.72 0.02932 0.00073 0.2139

5 0.01318 161 5 172 11

12 2.4
9

45.
76

59.8
8 0.76 0.02917 0.00075 0.1974

0 0.01865 160 5 158 16

13 3.1
7

57.
03

79.8
9 0.71 0.02932 0.00069 0.2132

6 0.01075 161 4 171 9

14 8.0
2

83.
47

220.
9 0.38 0.02964 0.00074 0.2045

8 0.01246 163 5 164 11

15 2.4
5

46.
57

60.5
9 0.77 0.02944 0.00069 0.2054

3 0.01055 162 4 165 9

16 1.8
0

31.
09

46.5
0 0.67 0.02942 0.00089 0.2150

9 0.02117 162 6 173 18

17 3.3
5

79.
03

77.6
0 1.02 0.02942 0.00071 0.2204

7 0.01172 162 4 177 10

18 3.1
2

70.
73

71.4
8 0.99 0.02964 0.00070 0.2042

9 0.01100 163 4 164 9

19 2.2
3

43.
93

52.6
1 0.84 0.02941 0.00075 0.2165

0 0.01468 162 5 174 12

20 2.0
4

39.
57

47.7
4 0.83 0.02951 0.00085 0.2005

8 0.01972 162 5 161 17

21 2.2
9

50.
33

55.5
5 0.91 0.02941 0.00070 0.1942

4 0.01117 162 4 155 9

22 2.7
1

55.
35

61.4
6 0.90 0.02943 0.00070 0.2045

1 0.01126 162 4 164 9
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Table 2. Major (wt%) and trace (×10-6) elements for the samples of the Tamulangou Formation
Sampl
e

D004
1

D004
3

D004
5

D004
8

D202
5

D0015G
S1

D0016G
S1

D0016
GS2

D0048G
S1

D6055
GS1

SiO2 52.52 54.76 52.7
8 53.43 53.02 52.12 55.89 52.64 53.41 53.02

TiO2 1.04 1.01 1.03 1.06 1.05 1.01 1.02 1.03 1.07 1.05

Al2O3 17.15 16.19 16.6
1 16.44 16.58 17.11 16.26 16.59 16.54 16.56

Fe2O3 8.17 7.65 8.44 8.25 8.36 7.98 7.05 8.44 8.29 8.36
FeO 3.39 3.52 4.35 2.73 3.55 3.28 3.55 4.36 2.74 3.55
MnO 0.14 0.13 0.14 0.11 0.12 0.12 0.13 0.09 0.10 0.09
MgO 3.49 3.95 4.85 4.77 4.81 3.43 2.77 4.85 4.75 4.80
CaO 5.27 5.91 4.08 6.90 5.36 4.95 7.17 2.91 7.23 5.07
Na2O 3.88 3.79 3.72 3.92 3.84 3.86 3.82 3.61 3.95 3.78
K2O 3.85 2.37 2.69 2.03 2.43 3.82 2.33 2.67 1.97 2.32
P2O5 0.32 0.30 0.33 0.28 0.31 0.29 0.30 0.33 0.28 0.30
LOI 0.78 0.42 0.97 0.15 0.57 4.96 3.03 6.65 2.15 4.40
A/NK 1.63 1.84 1.84 1.90 1.85 1.63 1.85 1.88 1.92 1.90
A/CN
K 0.85 0.83 1.01 0.78 0.89 0.88 0.74 1.18 0.76 0.92

σ 6.05 3.17 4.03 3.35 3.81 5.97 2.94 3.75 3.36 3.55

TFeO 10.74 10.40 11.9
4 10.15 11.07 10.46 9.89 11.95 10.20 11.07

Mg# 24.52 27.52 28.8
8 31.96 30.29 24.69 21.87 28.86 31.77 30.24

K2O/
Na2O 0.99 0.63 0.72 0.52 0.63 0.99 0.61 0.74 0.50 0.61

K2O+
Na2O 7.73 6.16 6.41 5.95 6.27 7.68 6.15 6.28 5.92 6.10

Rb 60.82 51.96 72.2
9 32.42 52.44 60.84 51.93 72.25 32.47 52.40

Cr 17.92 58.83 64.2
4

134.5
5 99.38 17.90 58.88 64.22 134.53 99.37

Th 3.66 4.25 3.51 2.77 3.16 3.64 4.21 3.52 2.76 3.14
U 0.93 1.44 1.19 0.73 0.92 0.90 1.46 1.18 0.69 0.94

Li 17.16 6.52 29.9
7 3.78 16.86 17.17 6.51 29.95 3.73 16.84

Nb 6.94 8.22 8.88 6.56 7.62 6.96 8.20 8.81 6.53 7.67
Ta 3.11 0.73 1.02 0.69 0.89 4.17 0.75 1.03 0.68 0.86
Be 1.56 1.79 2.01 1.66 1.85 1.53 1.78 2.04 1.63 1.83

Ba 790.3 834.7 828.
4 856.2 842.0 190.0 834.7 828.4 856.2 842.0

Sr 140.2 721.9 405. 121.4 217.1 110.0 921.9 415.7 100.0 217.0

23 3.1
5

75.
05

73.8
9 1.02 0.02931 0.00070 0.1990

0 0.01120 161 4 159 9

24 3.2
6

42.
27

54.1
7 0.78 0.02904 0.00101 0.1995

0 0.02607 160 6 160 22

25 3.0
5

62.
04

73.1
3 0.85 0.02898 0.00074 0.2046

5 0.02010 159 5 164 17



721

Advances in Engineering Technology Research EMMAPR 2024
ISSN:2790-1688 Volume-10-(2024)

7

Ni 39.53 46.09 45.2
5 64.91 62.09 9.55 47.07 45.16 74.90 60.03

Zr 145.2 166.7 174.
4 146.2 165.7 135.2 169.6 184.3 148.0 166.0

Hf 4.14 5.35 4.55 3.98 4.33 4.10 5.45 4.62 3.86 4.24

V 172.1 162.7 171.
3 157.7 165.7 172.1 142.8 172.5 148.6 160.0

Co 21.78 23.47 26.8
3 27.71 26.25 21.75 21.38 26.80 27.59 27.20

La 24.50 29.35 25.5
7 27.98 24.69 24.39 30.36 25.41 22.58 24.00

Ce 58.67 70.09 66.8
8 58.97 61.55 57.34 72.10 67.01 53.91 60.46

Pr 7.18 8.78 7.64 6.99 7.23 7.08 8.80 7.66 6.93 7.30

Nd 28.72 34.37 30.6
5 29.49 29.85 28.61 35.27 30.53 28.38 29.45

Sm 4.98 5.83 5.21 5.04 5.15 4.96 5.93 5.24 5.00 5.12
Eu 1.68 1.70 1.59 1.54 1.49 1.65 1.71 1.50 1.44 1.47
Gd 4.14 4.88 4.20 3.89 4.05 4.14 4.88 4.20 3.89 4.05
Tb 0.56 0.63 0.59 0.52 0.56 0.58 0.65 0.57 0.53 0.55

Continue Table 2.
Dy 3.06 3.11 2.97 2.68 2.69 3.00 3.15 2.77 2.59 2.68
Ho 0.56 0.54 0.53 0.51 0.49 0.57 0.56 0.49 0.47 0.48
Er 1.56 1.51 1.37 1.35 1.28 1.57 1.50 1.27 1.26 1.27
Tm 0.24 0.23 0.21 0.19 0.21 0.26 0.24 0.20 0.19 0.20
Yb 1.57 1.50 1.35 1.32 1.32 1.66 1.52 1.20 1.20 1.20
Lu 0.24 0.23 0.16 0.18 0.17 0.25 0.21 0.17 0.17 0.17

Y 14.98 14.46 11.8
7 11.95 11.79 15.00 14.52 11.76 11.93 11.85

ΣREE 137.7 162.8 148.
9 140.7 140.7 136.1 166.9 148.2 128.5 138.4

LREE 125.7 150.1 137.
5 130.0 130.0 124.0 154.2 137.4 118.2 127.8

HREE 11.93 12.63 11.3
8 10.64 10.77 12.03 12.71 10.87 10.30 10.60

LREE
/HRE
E

10.54 11.89 12.0
9 12.22 12.07 10.31 12.13 12.64 11.48 12.06

LaN/Y
bN 11.19 14.04 13.5

9 15.20 13.42 10.54 14.33 15.19 13.50 14.35

δEu 1.13 0.97 1.04 1.06 1.00 1.11 0.97 0.98 1.00 0.99
δCe 1.08 1.07 1.17 1.03 1.13 1.07 1.08 1.18 1.06 1.12
Refere
nce This article Reference[8]
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Fig. 3 Cathodoluminescence (CL) images of selected zircons from the Tamulangou Formation

Fig. 4 Zircon U-Pb concordia diagram from the Tamulangou Formation of the study area
The samples of the Tamulanguou Formation in Tahe are characterized by a variable content

range of SiO2 (52.12–55.89%), Al2O3 (16.19–17.15%), Na2O+K2O (5.95–7.73%) (Table 2), and
MgO (2.27–4.85%). The magnesium index (Mg#) is 22–32. The K2O/Na2O ratios were 0.50–0.99,
which is less than 1.

In the TAS diagram (that is, Total Alkali vs. Silica), majority of the sample lies in the alkaline
series, and part of it falls near the dividing line between the alkaline and subalkaline series volcanic
rocks. The overall lithology is basaltic trachyandrean (Fig.5a), with a Rittman index (σ) of
2.49–6.05. In the SiO2-K2O diagram, the samples primarily belonged to the high-K–calc–alkaline
shoshonite series (Fig.5b).

The Chondrite-normalized rare earth element (REE) patterns (Fig.6a) show that all the samples
exhibit the same trend, with right-dipping characteristics of light REE (LREE) enrichment.

Fig. 5 SiO2 vs. total alkali (Na2O + K2O) (a, after Le Maitre R. W. [30]) SiO2 vs. K2O (b, after
Peccerillo and Taylor [31]) diagrams for the Tamulangou Formation of the study area.

Pc - Picrite basalt; B - basalt; O1 - Basalt-andesit; O2 - Andesite; O3 - Dacite; R - Rhyolit;
S1-Trachybasalt; S2 - Basaltic trachyte andesite; S3 - trachyandensite; T - Trachyte\Trachy dacite；
F-Feldspathoidite; U1-Tephrite\Basanite; U2-Phonotephrite; U3-Pollenite; Ph-phonolite; Ir-Irvine
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Fig. 6 Chondrite-normalized REE patterns (a, normalization values after Taylor and McLennan [32])
and Chondrite-normalized trace element spider diagrams (b, normalization values after Sun S.S. and

McDonough W.F. [33]) for the Tamulangou Formation of the study area
The volcanic rocks of Tamulangou Formation in Tahe have high total REE

(ΣREE=128.54×10-6–166.88×10-6), notable fractional distillation of light and heavy rare earth
elements, (La/Yb)N values of 10.54–15.20, and a slight negative Eu anomaly (δEu=0.97–1.13).
This observation shows that the separation and crystallization of plagioclase are not predominant
during the diagenetic process.

The chondrite-normalized trace element spider diagram (Fig.6b) shows that the samples are
relatively enriched in large ion lithophile elements (LILEs; Rb, Ba, Sr, and K) and LREEs, and
depleted in high field strength elements (HFSEs; Nb, P, Ta, Ti, and Yb).

The LILEs and LREEs suggest that the magma was derived from an enriched mantle source. The
low HFSEs (Nb, Ta, and Ti ) reveal the existence of fluid metasomatism in the magmatic source or
the contamination of magma by crustal materials during the rise process.

The Chondrite-normalized trace element spider diagrams show an overall "uplift" feature, which
is similar to the intraplate basalt distribution pattern [34]. The contents of incompatible elements Cr,
Co, V, and Ni were 17.90×10-6–134.55×10-6, 21.38×10-6–27.71×10-6, 142.83×1-6–172.49×1-6,
and 9.55×10-6–74.90×10-6, respectively. These trace element characteristics suggest that these
rocks may be related to subduction metasomatism or crustal mixing.

5. Discussion
5.1 Age of formation

The formation age and stratigraphic division of the DHM Mesozoic volcanic rocks have always
been debated among researchers. The division of volcanic strata in the DHM was mainly based on
the correlation of rock assemblages and comparison of paleontological evidence. However, during
the actual geological field study, the geological environment was determined as complex,
vegetation coverage rate was high, and paleontological data were lacking. Therefore, the division of
volcanic-sedimentary strata using the rock assemblage correlation method is erroneous. Therefore,
accurate dating data are required to determine the attributes of the volcanic strata.

Recent studies on the geochronology of regional Mesozoic volcanic rocks indicate that the
volcanic rocks of the Tamulangou Formation formed at 122 Ma [35], 138–129 Ma [36], 163—140
Ma (divided into two phases: 163–160 Ma and 147–140 Ma [37]), or 186–128 Ma (divided into
four phases: 180 Ma, 165–160 Ma, 150–140 Ma, and 125 Ma [38]).

Zircon LA-ICP-MS U-Pb dating was conducted on conglomerate gravels and basaltic andesites
from the Tamulangou Formation. The lithology of the gravel conglomerate is basaltic andesite
(Fig.2a), and its composition is similar to that of the volcanic rocks in the Tamulangou Formation
(Table 2). These characteristics are the same as those in Chondrite-normalized REE patterns (Fig.6a)
and chondrite-normalized trace element spider diagrams (Fig.6b), indicating that the gravel
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originates from the Tamulangou Formation, and is thus representative of its age. The zircon
LA-ICP-MS U-Pb dating of the gravel and basaltic andesite distributed in Tahe region of the DHM
revealed formation ages of 148.1 ± 1.95 Ma and 161.5 ± 1.9 Ma, respectively. According to the test
results, the Tamulangou Formation in Tahe was deposited during Early–Late Jurassic or in the Late
Jurassic (161–148 Ma).

5.2 Magma source
The volcanic rocks of the Tamulangou Formation in the Tahe region were enriched in LILEs and

LREE and depleted in HREE and HSFEs, such as Nb, Ta, and Ti, indicating that the magma was
contaminated by crustal materials during magma ascension or originated from enriched mantle
melting.

The Nb/La vs. Ba/Rb diagram can distinguish between intercrustal and mantle origins [39],
where the samples show a near-horizontal trend of subduction and enrichment (Fig.7a), indicating
that the magma is uncontaminated or only slightly contaminated by crustal materials. This
observation implies that the volcanic magma of the Tamulangou Formation in this area did not mix
with crustal materials during its ascent. Therefore, the geochemical characteristics of the samples
reflect the properties of the magma source region.

Therefore, the volcanic magma of Tamulangou Formation in the area was not obviously mixed
with crustal materials during its ascent, and its geochemical characteristics mainly reflect the
characteristics of its mantle source region.

The ratio of major elements K2O/TiO2 (1.84–3.78) and K2O/P2O5 (7.04–13.17), and the ratio
of trace elements La/Nb (2.87–4.26) and La/Sm (4.52–5.55) showed minimal change. These ratios
indicate that crustal contamination had little influence on magmatic evolution [40]. Combined with
the aforementioned geochemical characteristics, this finding suggests that the magma source region
may have experienced metasomatism of the melt or fluid related to subduction after the exclusion of
crustal mixing.

Fig. 7 Ba/Rb Vs. Nb/La (a) and La/Yb Vs. Sr/La (b) diagrams for the Tamulangou Formation
In conclusion, the volcanic rocks of the Tamulangou Formation in Tahe are enriched in LREE

and LILEs, but depleted in HREE and HFSEs, which represent the geochemical characteristics of
the magma melting source area. Because magmas from the enriched continental lithospheric mantle
are usually deficient in HFSEs [41] and have high LILE/HFSE and LILE/LREE ratios, the contrary
is true for magmas from the asthenospheric mantle.

In addition, a strongly incompatible element ratio is often used to reflect the source region
characteristics because of its high stability during magmatic evolution, which is unaffected by
separation crystallization or partial melting. The La/Nb ratio of basalts from the asthenosphere is
less than 1.5 [42], and they have a relatively high TiO2 content [43], whereas the La/Nb ratio of
lava originating from or influenced by the lithospheric mantle is greater than 1.5 [44], and the TiO2
content is relatively low. The samples of the Tamulangou Formation in the study area plot in the
high-K calc-alkaline series on the K2O vs. SiO2 diagram (Fig.5b).

Previous studies have shown that potassium-high-K rocks mainly originate from the enriched
mantle, with the addition of water and LILEs from subduction zones [45-46]. Subduction-related
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metasomatism is the main mechanism of lithospheric mantle enrichment and consists mainly of
fluid metasomatism formed by the dehydration of oceanic crust or melt metasomatism of oceanic
crust sediments. The presence of subduction fluid and sedimentary melt metasomatism can be
determined by the ratio of trace elements. Fluid-active elements, such as Ba, Rb, and Sr, easily
migrate in the water-bearing fluid, whereas melt-active elements, such as Th and La, easily enter the
sediment melt. Therefore, the ratio of the active elements of the fluid or sedimentary melt to the
weakly active elements of the HFSES or HREE can be a good indicator of the contribution of
subduction fluid and sedimentary melt to the mantle source region. For example, the linear trends of
Ba/La and Sr/La indicate that fluids released from the subducted plate play a vital role, and those of
La/Yb and Ce/Yb are due to the participation of subducted sediments in magmatism [47].

In the Sr/La vs. La/Yb and Ba/La vs. Ce/Yb diagrams (Fig.7b and 8a), the samples of the
Tamulangou Formation in Tahe show a good subduction fluid metasomatism trend, which indicates
that the fluid from the plate was added to the basalt mantle source, whereas the melt from the partial
melting of the subducted sediments showed minimal effect. In addition, the samples had high Th/Zr
and low Nb/Zr values (Fig.8b), indicating the dominance of subduction fluid metasomatism in the
mantle [48]. Therefore, the volcanic magma of the Tamulangou Formation originated from
lithospheric mantle metasomatized by subduction fluids.

Fig. 8 Ce/Yb Vs. Ba/La (a) and Th/Zr Vs. Nb/Zr (b) diagrams for the Tamulangou Formation

5.3 Tectonic setting
In Th/Yb vs. Ta/Yb diagrams, the samples from the Tamulangou Formation in the study area

plot in the volcanic rocks of the active continental margin (Fig.9a). Considering that the magma
source area underwent subduction fluid metasomatism, continental basalts can be misjudged as
island arc basalts.

Fig. 9 Ta/Yb Vs. Th/Yb (a), Zr Vs. Zr/Y(b) and Nb/Zr Vs. Th/Zr(c) diagrams for the Tamulangou
Formation of the study area

I - margin of divergen t oceanic plate; II - margin of convergent plate (II1 - island arc of
continental margin; II2 - volcanic arc of continental margin; III - oceanic intra ( the oceanic island
and seamount, T - MORB, E - MORB); IV - continental intraplate (IV1 - continental rift; IV2 -
tentional zone; IV3 - col1ision zone of two continental plate); V - mantle plume.

For basic lavas with subduction zone information, the use of Zr content, Zr/Y ratio, and Zr vs.
Zr/Y diagrams can effectively distinguish continental basalts from island arc basalts [49]. The
samples have high Zr content (135.22–84.28×10-6) and Zr/Y ratio (9.01–15.67). The samples
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plotted in or near the intraplate basalts on the Zr vs. Zr/Y diagram (Fig.9b) indicated that they
belonged to continental intraplate basalts rather than continental margin arc basalts. In addition, the
Th/Zr vs. Nb/Zr diagram (Fig.9c) shows that the volcanic rocks of the Tamulangou Formation are
intracontinental basalts that are located in the continental tensile zone (or initial rift) within the
continental plate.

Three different views are present on the tectonic setting of the DHM Mesozoic volcanic rocks.
Some scholars believe that the formation of Mesozoic volcanic rocks in this area is related to the
subduction of the Paleo-Pacific Plate [21, 50], whereas others believe that it is related to the MO
ocean evolution [10, 21, 51]. Some even believe that it is a result of a mantle plume [51].

The volcanic rocks of the Tamulangou Formation in the Tahe area formed in an intraplate
environment and originated from the lithospheric mantle metasomatized by subduction fluids.
Geophysical data show that the subduction of the Pacific Plate toward East Asia began in the Late
Jurassic [52]; therefore, the dynamic source of metasomatic fluid and volcanic rock formation
cannot be associated with the subduction of the Pacific Plate. The subduction fluid may have
originated from remnants of the PAO or from the MO oceanic crust. The following evidence
reinforces this view: (1) Late Jurassic volcanic rocks in Northeast China are mainly distributed in
the DHM, at the south of the MO suture zone, and volcanism during this period was almost absent
in the Songliao Basin and eastern Jihei [53]. In addition, the Paleo-Pacific Plate subducted
northward toward Eurasia during this period [54], and the spatiotemporal characteristics of the
volcanic rocks indicate that the formation of Late Jurassic volcanic rocks in the DHM was mainly
related to the evolution of the MO ocean. (2) The formation age of the basalts in this area is
approximately 100 Ma younger the final closure of the PAO [55], which is inconsistent with recent
mantle metasomatism (which occurred shortly before partial melting) that was revealed by the
decoupling phenomenon of high incompatible element enrichment and relative depletion of isotopic
compositions. (3) The subduction of the Pacific Plate toward East Asia began in the late Jurassic
[56]. (4) In terms of the formation age, the volcanic rocks far from the MO ocean showed a new
trend in formation age [9, 57]

Regionally, the Mesozoic igneous rocks in the Jurassic Erguna Block are primarily composed of
calc-alkaline igneous rocks, alkaline volcanic rocks developed in the Late Jurassic [58-59], and
bimodal volcanic rocks developed in the Early Cretaceous. The change in magmatism features
record the transition of the MO ocean from Early Jurassic oceanic subduction to Late Jurassic
post-orogenic extension.

The study of Late Mesozoic igneous rocks in the Erguna Block shows that these granites are
majorly A-type and A2-type [59], which were formed in the post-collision stretching stage of the
MO ocean. Furthermore, the igneous rocks in this period tended to change from adakite to normal
igneous rocks, indicating that the depth of the source rocks formed by partial melting during
extension and collapse of the MO orogenic belt and crustal thinning became gradually shallower.

In conclusion, the magmatism of Tamulangou Formation is unrelated to the Pacific Rim tectonic
system, and the regional dynamics are derived from the tectonic evolution of the MO tectonic belt.
Therefore, the formation of volcanic rocks in the Tamulangou Formation is likely related to the
tectonic environment of the lithospheric extension triggered by post-orogenic extension after the
MO ocean closure and the metasomatic fluids originating from the MO subducted oceanic crust.

6. Summary
(1) Zircon U-Pb dating results show that the Tamulangou Formation in the Tahe area were

formed in the late Jurassi (161.5±1.90 Ma-148.1±1.95Ma).
(2) The volcanic rocks of Tamulangou Formation in study area are enriched in LILEs and LREE,

and depleted in HFSEs. The magma source region is an enriched lithospheric mantle with
subduction fluid metasomatic.

(3) The formation of the volcanic rocks should be related to the postorogenic lithospheric
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extension environment of the MO ocean after the collision and closure, and have no relationship
with the Pacific Rim tectonic system. The regional dynamics are derived from the tectonic
evolution of the MO tectonic belt.
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