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O I N R e

Abstract: This article focuses on zircon U-Pb isotope dating and a whole-rock elemental analysis of
granodiorites, monzonitic granites, granodioritic porphyries, and alkali feldspar granites in the Yang-
mugang area of the Lesser Xing’an-Zhangguangcai Range. The zircon U-Pb isotope-dating results
revealed that these granitic rocks formed during the late Early Jurassic period (182.9-177.2 Ma). Their
geochemical characteristics and zircon saturation temperatures suggest that the granodiorites are
moderately differentiated I-type granites and the monzonitic granite, granodioritic porphyries, and
alkali feldspar granites are highly differentiated I-type granites. The degree of magma differentiation
progressively increased from granodiorites to alkali feldspar granites. By combining the regional Nd
and Hf isotope compositions, it was inferred that the magma source involved the melting of lower
crustal material from the Mesoproterozoic to the Neoproterozoic eras. By integrating these findings
with contemporaneous intrusive rock spatial variations, it was indicated that the late Early Jurassic
granitoids in the Lesser Xing’an-Zhangguangcai Range formed within an extensional tectonic setting
after the collision and closure of the Songnen-Zhangguangcai Range and Jiamusi blocks. Additionally,
this study constrains the closure of the Mudanjiang Ocean to the late Early Jurassic period (177.2 Ma).

Keywords: Lesser Xing’an-Zhangguangcai Range; Early Jurassic; I-type granitoids; zircon U-Pb age;
petrogeochemistry; magmatic volution; Mudanjiang Ocean

1. Introduction

The Lesser Xing’an-Zhangguangcai Range is situated at the junction of the eastern seg-
ment of the Central Asian Orogenic Belt, the northern segment of the North China Craton,
and the ancient Pacific tectonic system [1,2]. During the Paleozoic to Early Mesozoic periods,
it was influenced and controlled by the ancient Asian oceanic tectonic system, characterized
by the collision and amalgamation of multiple micro-continental blocks [3-6]. During the
Mesozoic era, the region underwent superimposed modifications from the Paleo-Pacific
tectonic system, characterized by extension following composite continental collision [7-9].
This led to intense tectonic and magmatic activity in the area, with the widespread devel-
opment of Mesozoic magmatic rocks and a complex variety of rock types. This constitutes
an important component of the Mesozoic “large granite province” at the eastern margin
of the East Asian continent [10]. Previous studies have indicated that this region hosts a
significant amount of trending Phanerozoic magmatic rocks and sporadic exposures of
Late Paleozoic strata [11,12]. In recent years, a large number of zircon U-Pb dating results
have shown that the Phanerozoic magmatic rocks in the Lesser Xing’an-Zhangguangcai

Minerals 2024, 14, 941. https://doi.org/10.3390/min14090941

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min14090941
https://doi.org/10.3390/min14090941
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-9114-7651
https://doi.org/10.3390/min14090941
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min14090941?type=check_update&version=2

Minerals 2024, 14, 941

2 of 32

Range mainly formed during the Late Paleozoic to Early Mesozoic periods, with a smaller
amount forming during the Neoproterozoic and Early Paleozoic periods [13-15]. These
Late Paleozoic to Early Mesozoic medium-acidic rock assemblages primarily consist of
quartz diorite, granodiorite, monzonitic granite, syenitic granite, and a small amount of
alkaline feldspar granite. They belong to the medium-K-high-K calc-alkaline series, with a
decreasing P»Os content as the SiO; content increases [6,8,11] and an A/CNK < 1.1 [12],
indicating a peraluminous to weakly peraluminous granite [14]. They exhibit the character-
istics of I-type granites [11,14], and during the emplacement process, they underwent an
extended fractional crystallization process [16,17]. The Sr-Nd isotopes and zircon Lu-Hf
isotopes indicate that these Early to Middle Mesozoic granites are components of a juvenile
continental crust, recording the crustal accretion process during the Phanerozoic period
in the Central Asian Orogenic Belt [18,19]. However, there has been ongoing controversy
regarding the tectonic setting in which the Early to Middle Mesozoic magmatic rocks in
the Lesser Xing’an—Zhangguangcai Range formed, primarily encompassing the follow-
ing four viewpoints: (1) The magmatic activity in this region occurred in an extensional
environment, resulting from the decompression melting caused by the post-collisional
delamination of the Xing’an-Mongolia Orogenic Belt and the North China Craton [4,20].
(2) The magmatic rocks formed in a post-subduction extensional environment related to
the westward subduction of the ancient Pacific Ocean [21,22]. (3) The magmatic rocks were
generated in an extensional tectonic setting, under the combined control of the Mongolia—
Okhotsk oceanic tectonic system and the Paleo-Pacific tectonic system [23,24]. (4) The
Lesser Xing’an-Zhangguangcai Range was situated within a subduction environment and
represented a continental margin magmatic arc formed during the westward subduction
of the Mudanjiang Ocean [11,12,25-27]. Together with the blueschist of Heilongjiang on
the eastern side, it constitutes an arc-trench system [28]. The Yangmugang area is located
in the southern segment of the Lesser Xing’an-Zhangguangcai Range, with an extensive
distribution of magmatic rocks within the region. It holds indicative significance for study-
ing the Mesozoic tectonic and magmatic activities in the northeastern region of China.
Accordingly, the present study conducted detailed field geological investigations, selecting
granitic rocks from the Yangmugang area for zircon U-Pb geochronology, a lithofacies
analysis, and whole-rock geochemical research in order to determine their formation age
and petrogenesis. At the same time, by comprehensively analyzing the existing geological
data of Early to Middle Mesozoic intrusive rocks in the Lesser Xing’an-Zhangguangcai
Range, a comprehensive exploration of the tectonic environment during the Early to Middle
Mesozoic period was conducted.

2. Geological Settings and Samples
2.1. Geological Background

The Lesser Xing’an—-Zhangguangcai Range is located in the northern part of the Xing-
meng Orogenic Belt, situated between the North China Craton and the Siberian Craton [1].
From the Paleozoic to the Early Mesozoic periods, this region formed a tectonic stack
due to the collision and amalgamation of multiple micro-continents, accretionary terranes,
and tectonic belts. These micro-continents are divided from west to east into the Erguna
block, the Xing’an block, the Songnen-Zhangguangcai Range block, the Jiamusi block, and
the Khanka block [3-5,8]. The western part of the Songnen—Zhangguangcai Range block,
where the study area is located, features younger sediments from the Late Mesozoic to the
Cenozoic periods in the Songliao Basin [29]. The eastern part is divided into the Lesser
Xing’an-Zhangguangcai Range tectonic belt by the north-south-trending Jiamusi-Yilan
Fault [2]. This region exhibits sporadic outcrops of Paleozoic volcanic—sedimentary strata
and metamorphic marine sedimentary strata, with the extensive development of Middle to
Late Mesozoic volcanic—sedimentary formations and Phanerozoic granites [21,25,29]. To
the east of the study area, the Jiamusi block is a micro-continent with an ancient crystalline
basement, connected to the Songnen—-Zhangguangcai Range block via the Heilongjiang
Complex. The magmatic activity in this block has been concentrated in four periods [11]:
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the Cambrian, Permian, Triassic, and Cretaceous periods. The amalgamation history of the
Songnen-Zhangguangcai Range block and the Jiamusi block—two crucial tectonic units at
the eastern end of the Xingmeng Orogenic Belt—is closely related to the evolution of the
Mudanjiang Ocean, with the Mudanjiang Suture Zone serving as the boundary between
the Songnen—-Zhangguangcai Range block and the Jiamusi block [25]. The Heilongjiang
Complex, a key piece of evidence for the evolution of the Mudanjiang Ocean, forms a north—
south-trending belt distributed in the Luobei-Jiayin, Yilan-Huanan, and Mudanjiang areas
of Heilongjiang Province [11,15,30]. It primarily consists of blueschists, serpentinites, am-
phibolites, greenschists, phengite schists, and marbles. Its petrological and geochemical
characteristics indicate that the protolith of the blueschists has an oceanic island basalt na-
ture and was formed during the Permian-Triassic period, with metamorphism occurring in
the Late Triassic-Jurassic period [11,27]. Therefore, the Heilongjiang Complex is considered
a high-pressure metamorphic belt formed by the subduction, collision, and amalgamation
between the Songnen—-Zhangguangcai Range block and the Jiamusi block [11,28].

The investigated area is located in the eastern segment of the Central Asian Orogenic
Belt (Figure 1a), to the east of the Songliao Basin and to the west of the Jiamusi-Yilan
Fault Zone, in the Zhangguangcai Range. The tectonic position of the area belongs to
the uplifted belt of the Lesser Xing’an Range-Songnen block (Figure 1b). The exposed
strata in the investigated area encompass a range from the Paleozoic to the Cenozoic
eras. The Paleozoic strata consist of the Middle Permian Tumenling Formation (P»t). The
Mesozoic strata comprise the Upper Jurassic Mao’ershan Formation (Jsms) and the Lower
Cretaceous Ningyuancun Formation (Kyn). The Cenozoic strata encompass the Paleogene
Baoquanling Formation (Eb), the Neogene Harbin Formation (Qp>h), and the Quaternary
Lower Man Tan Deposits (Qh?)) (Figure 1c). The Middle Permian Tumenling Formation
(P,t) sporadically outcrops in the northwestern part of the surveyed area, exhibiting an
irregular north-south-oriented distribution. The lithology primarily consists of lithic
sandstone, mudstone, and fine-medium-grained lithic feldspathic sandstone. The Upper
Jurassic Hatuoshan Formation (Jsms) is extensively distributed in the southern part of
the surveyed area, sporadically outcropping in the central and northern parts. It exhibits
an irregular northeast-oriented distribution pattern, representing a monoclinal geological
structure. The predominant rock types include gray-white flow-banded rock, flow-banded
volcanic ash with angular lithic fragments, and granite. The Lower Cretaceous Ninyuan
Village Formation (Kyn) is primarily distributed in the eastern part of the surveyed area,
exhibiting an irregular northward extension. It represents a monoclinic geological structure.
The predominant rock types consist of gray-purple and purple-red flow-banded volcanic
ash with angular lithic fragment conglomerates and andesitic welded tuff. The Gujianshan
Formation (Eb) of the Paleogene System sporadically occurs in the lower terrain of the
northwestern part of the surveyed area. It displays an irregular pattern with gentle dips.
The predominant rock types include gray-white and gray-green conglomeratic coarse
sandstone, conglomeratic medium sandstone, siltstone, silty mudstone, and mudstone.
The Quaternary Harbin Formation (Qp>h) is distributed in the northwestern part of the
surveyed area in an irregular pattern. The predominant rock types consist of grayish
subclay and gray-yellow loess-like subclay. The Quaternary Holocene Alluvial Deposits
(Qh?!) are widely distributed in the study area. The predominant rock types include yellow-
brown subclay, yellow conglomeratic medium-coarse sand, and a sand-gravel mixture. In
the study area, intrusive rocks are developed, primarily consisting of Jurassic granitoids,
with a minor amount of Late Paleozoic granites. The rock types include granodiorite,
monzonitic granite, granitic porphyry, and alkali feldspar granite. The study area exhibits
both brittle and ductile structural features, with brittle fractures predominantly trending
in the northwest and near east-west directions. These fractures display characteristics
of multiple phases of activity. The northwest-trending fractures intersect Early Jurassic
alkaline granite and Early Jurassic diorite.



Minerals 2024, 14, 941 4 0of 32

SN TN 60°N L6E 120°E 128°E 132
T T T
120k + N N\ N RXS XinlinXiguitu Suture
a —_ o B A [i7oew b e 2 HHS: HegengshanHeihe Suture]
subductmn l:llakesand y % EJ y ” SXCYS:Suolun-Xilamulunhe- | Zz
zone oceans » e [ E / Changehun-Yanji Suwre 4 &
- tethys suture orogenic L {180 1 2 é MY S:MudanjiangYilan Suture
2 bﬂlﬂﬂ " l:l‘m“ P % o © /N by 4 = . Fl:Nenjiang Balihan Fault
_ ~|paleo-pacific 7 ) F2:Songliao Basin central Faul
L itercbone [ eraton 170°E | & E3Jiamusi Yilen Fault |
| paleotethys y 9 F4:Dunhua Mishan Fault
" loceanic suture zone Yucijinshan Fault
palcoasian microc- 160°E
suture zone ontinent -
40°N )
150°
7 30N
...... - : 140°E | .
. &
angtze Plat ’(Q J/ 20°N =
i’}\ ‘, - x & ;?/gateOcean
i T%’ k L
S0°E 70°E 90°E H0°E 130°E H6E 120 124 128 132

127°30'E 127°35°E 127°40'E 127°45'E

45°40'N
45°40'N

45°35'N
45°35'N

=

+

+

7

. -
- | AR 3 z
=3 =3
<A

+ N\ + +
N dE oAb GZER OSK N

z z
n 0
o o
G §
n n
<+ [ <
127°30°E 127°35'E 127°40'E 127°45'E

Quaternary Harbin Baoquanling Ninyuancun Maoershan

System Formation Formation Formation Formation

Tumenling Early Jurassic PR Early Jurassic Early Jurassic Early Jurassic

Formation EMEE] oranodiorite &= monzonitic granite granite porphyry alkali feldspar granite

Late Carboniferous - - . . - - i
alkali feldspar granite [~ 7JFaut Sampling location [© ] ownorvillage

Figure 1. Schematic tectonic map showing the main subdivisions of Central and East Asia (a)
(modified from [31]); the tectonic divisions of NE China, showing the major blocks, sutures, and
faults (b) (modified from [12,32]); and a geological map of the study area (c).

2.2. Petrological Characteristics

Early Jurassic intrusive rocks in the Yangmugang area of the Lesser Xing’an-Zhangguangcai
Range are widely distributed in the study area. Early Jurassic granodiorite is primarily
exposed in the central part of the study area, with the rock body trending east-west and
comprising four intrusive bodies covering an approximate area of 50.45 Km?. These bodies
are unconformably overlain by Hatuoshan Formation flow-banded rocks and weathered
surfaces are observable at the contact zones. Early Jurassic monzonitic granite is mainly
exposed in the southwestern part of the study area, trending north-south and comprising
four intrusive bodies covering an approximate area of 68.30 Km?. Early Jurassic granitic
porphyry sporadically occurs in the study area, with the exposure of five intrusive bodies
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covering an approximate area of 28.75 Km?. Early Jurassic alkali feldspar granite is pri-
marily exposed in the northeastern part of the study area, covering an approximate area of
56.70 Km?.

The weathered surface of the granodiorite is grayish brown and the fresh surface is
grayish white, with a medium—fine-grained granite structure, and the joints are relatively
developed (Figure 2a,b). Microscopic observations showed that the main mineral composi-
tion includes alkali feldspar (30-32 vol%), plagioclase (4043 vol%), quartz (17-20 vol%),
biotite (3 vol%), and a small amount of accessory minerals, including hornblende (2 vol%)
(Figure 2f). The alkali feldspar displays a subhedral to tabular morphology with a graphic
texture. The crystals are mostly wrapped with fine particles such as plagioclase and quartz.
A few of them are sericitized and become turbid, the quartz is in an allotriomorphic granular
shape, and the biotite is in a flaky crystal shape.

Figure 2. Field and microscopic photos of Early Jurassic granitoids from the Yangmugang area in
Lesser Xing’an-Zhangguangcai Range. (a) macroscopic outcrop of monzogranite; (b) hand specimens
of granodiorite (sample Lt02); (c) hand specimens of monzogranite (sample Lt08); (d) monzogranite
granitic porphyry (sample Lt16); and (e) hand specimens of alkali feldspar granite (sample Lt21);
(f) granodiorite microscopic characteristics; (g) monzogranite microscopic characteristics; (h) granitic
porphyry microscopic characteristics; (i) alkali feldspar granite microscopic characteristics (sample
LT21). Q-quartz; Pl-plagioclase; Af-alkali feldspar; Bt-biotite; Hbl-hornblende.

The weathered surface of the monzogranite is grayish brown, and the fresh surface is
a light flesh red, with a medium—fine-grained granite structure (Figure 2c). Microscopic
observations showed that the main mineral composition is alkali feldspar (27-30 vol%),
plagioclase (36-39 vol%), quartz (25-29 vol%), and biotite (1%) (Figure 2g). The alkali
feldspar is in a semi-automorphic plate shape, with microcline and perthite varieties, and
it exhibits a graphic texture with quartz. The plagioclase is in a semi-automorphic plate
shape with a zoning texture, and polysynthetic twinning can be seen. The quartz is in
an anhedral term shape with varying sizes. The biotite is in a brown flaky shape, with a
particle size of 0.15-0.6 mm.

The granitic porphyry is gray-red with phenocrysts and a hypidiomorphic granular
texture; the matrix has a finely crystalline texture (Figure 2d) and is composed of alkali
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feldspar (29-32 vol%), plagioclase (3740 vol%), quartz (24-27 vol%), and biotite (1 vol%)
(Figure 2h). The alkali feldspar appears as xenomorphic granular shapes with a striped
texture and grain sizes of approximately 0.8-2.8 mm. The plagioclase feldspar displays a
subhedral tabular morphology with visible twinning. The quartz appears as an anhedral
term shape. In some areas, it shows graphic intergrowth with alkali feldspar, distributed
within interstitial spaces. The biotite is brown in color and exhibits flaky crystal forms.
There are small amounts of accessory minerals such as zircon.

The alkali feldspar granite is flesh-red (Figure 2e) with a medium-to-fine massive
granitic structure composed of alkali feldspar (54-58 vol%), plagioclase (14-16 vol%), quartz
(20-24 vol%), and biotite (1 vol%) along with accessory minerals, including apatite and
magnetite (1 vol%) (Figure 2i). The alkali feldspar exhibits a subhedral tabular morphology
with a striped texture, and a small portion of it has undergone sericitization. The plagioclase
feldspar displays a subhedral tabular morphology with zoning structures. The quartz
appears as xenomorphic granular shapes, often occurring in aggregates. The biotite is
brown in color and exhibits flaky crystal forms.

3. Samples and Analytical Methods

A total of 24 zircon U-Pb isotope-dating samples and rock geochemical samples were
collected in this study. The zircon U-Pb isotope-dating sample LT02 and 6 rock geochemical
samples (LT01-LT06) were collected from the Early Jurassic granodiorite. Dating samples
LTO8 and 9 rock geochemical samples (LT07-LT15) were collected from the Early Jurassic
monzonitic granite. Dating sample LT16 and 4 rock geochemical samples (LT16-LT19)
were collected from the Early Jurassic granodioritic porphyries. Dating sample LT21 and
5 rock geochemical samples (LT20-LT24) were collected from the Early Jurassic alkali
feldspar granite.

3.1. Zircon U-Pb Dating

The zircon samples were mechanically crushed to an 80-100 mesh and, after flotation
and electromagnetic separation and using a binocular microscope, representative single
zircon crystals with a complete crystal morphology, good transparency, and fewer fractures
and inclusions were selected for dating purposes. The preparation of zircon thin sections,
the cathodoluminescence image acquisition, and the isotope analysis were conducted at the
State Key Laboratory of Continental Dynamics at Northwest University. Data testing was
performed using the ComPex102 ArF excimer laser (wavelength of 193 nm) produced by
Coherent Lambda Physikand the Agilent 7500a ICP-MS instrument with a Shield Torch pro-
duced by Agilent, Niedersachsen, Germany. The working material was ArF, the diameter
of the laser beam spot was 30 pm, and the depth of the laser ablation sample was 20~40 um.
High-purity helium gas was used as the carrier gas for ablation and the instrument optimiza-
tion was conducted using the artificially synthesized silicate material SRM610, developed
by the National Institute of Standards and Technology (NIST) in the United States. The
Harvard University zircon standard 91,500 (206Pb /238U = 1065.4 4 0.6 Ma) was used for
the calibration of isotopic fractionation and mass discrimination effects during the abla-
tion [33], transportation, and ionization processes. ICP-MS DataCal was employed for
data processing [34]. The calculation of the age-weighted mean and the construction of
Concordia plots for dating data were accomplished using the Isoplot 4.0 software [35].

3.2. Whole-Rock Major and Trace Element Analysis

The rock geochemical sample testing and analyses were carried out at the Harbin
Mineral Resources Supervision and Testing Center of the Ministry of Natural Resources. Ma-
jor elements were analyzed using the glass bead X-ray fluorescence spectroscopy (XRF)
method. First, 0.60 g of powdered sample was weighed and placed in a small porcelain
crucible that had been preheated to a constant weight. Then, the crucible was placed in a
muffle furnace preheated to around 1000 °C and ignited for 60 min. After the crucible was
removed and allowed to cool to room temperature, it was weighed again and the loss on
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ignition (LOI) of the sample was calculated. Next, the measured sample powder was mixed
with 4 g of LipB4O7 flux and placed on a fusion machine, then heated to approximately
1060 °C to melt it into a homogeneous glass disk within a gold crucible. After the sample
cooled, X-ray fluorescence (XRF) (Zetium produced by Panalytical, Almelo, Netherlands
was used to test it, achieving an analytical accuracy and precision better than 5%. Trace
element and rare earth element analyses were conducted using ICP-MS. Firstly, 200-mesh
powdered samples were weighed and placed into a polytetrafluoroethylene digestion
vessel. A solution of HF and HNO; was added, and the high-pressure digestion vessel was
maintained at 190 °C for 72 h in a drying oven. After removal, the sample was diluted with
hydrochloric acid to a specified volume and placed into the instrument for analysis. The
precision and accuracy of the analysis were better than 5%, and the analysis error for certain
volatile elements and elements with extremely low concentrations was better than 10%.

4. Analysis Results
4.1. Zircon U-Pb Geochronology

The LA-ICP-MS zircon U-Pb isotope analysis test data of the granitoid samples from
the Yangmugang area of the Lesser Xing’an—Zhangguangcai Range from the Early Jurassic
period are shown in Table 1.

Sample LT02 was collected from the granodiorite within 10 km to the east of Yangmu-
gang. The coordinates of the sampling point were 45°34'05” N, 127°34/25" E. The zircon
grains were euhedral to subhedral elongated prismatic crystals, with an elongated axis
of 150-250 um and length /width ratios of 1.5:1-2:1. In the CL images, the zircon grains
exhibited distinct magmatic oscillatory zoning (Figure 3), and the Th/U values of 25 mea-
suring points ranged from 0.21 to 1.90 (>0.1), indicating a typical magmatic origin for the
zircons [36]. The age values for all the measurement points of sample LT02 were located on
or near the Concordia curve (Figure 4a), indicating a good concordance (individual zircon
concordance > 85%). The weighted average age of the 25 zircon grains was 182.9 + 1.4 Ma
(MSWD = 0.5), representing the crystallization age.

Figure 3. Typical zircon cathodoluminescence images of Late Jurassic granite from the Yangmugang
area in the Lesser Xing’an-Zhangguangcai Range. The white circles denote laser spots.

Sample LT08 was collected from the monzonitic granite located 15 km to the southeast
of Yangmugang. The coordinates of the sampling point were 45°29'03" N, 127°32'45" E. The
zircon grains were euhedral to subhedral elongated prismatic crystals, with an elongated
axis of 110-150 pm and length/width ratios of 1:1-1.5:1. In the CL images, the zircon
grains exhibited distinct magmatic oscillatory zoning (Figure 3), and the Th/U values
of 25 measuring points ranged from 0.45 to 0.95 (>0.1), indicating a typical magmatic
origin for the zircons [36]. Excluding the 3 zircon grains with poor concordance (LT21-01,
LT21-18, LT21-21), the remaining 22 zircon grains were situated on or near the Concordia
curve (Figure 4b). The weighted average age of 21 zircon grains was 180.8 + 0.9 Ma
(MSWD = 0.3), representing the crystallization age. Additionally, one zircon grain had an
age of 318.20 & 9.62 Ma, which was considered a detrital zircon age.
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Table 1. Zircon U-Pb isotopic date for Early Jurassic granotoids from Yangmugang area in the Lesser Xing’an-Zhangguangcai Range.
Content (ppm) Isotopic Ratios Isotopic Ages (Ma)
o 26/ 27pp 207 ppy 28 ppy/ BT 206pp/ 27pp 27pp conco e
No Pb u Th 28y lo 235 lo 206 pp, lo 232Th 1o 28y lo 238y 1o 85y lo 206 pp, 1o (%)
Lt02-01 17.14 498.32 758.29 0.0288 0.0003 0.2006 0.003 0.0503 0.0006 0.0109 0.0001 0.7837 0.01 183.03 3.68 185.63 4.97 207.84 54.21 98.58
Lt02-02 3.13 91.76 153.64 0.0287 0.0006 0.2169 0.0172 0.0544 0.0041 0.0155 0.0007 0.3631 0.0013 182.41 7.37 199.33 28.13 386.64 331.75 90.72
Lt02-03 14.13 381.23 633.28 0.0288 0.0002 0.2176 0.0039 0.0546 0.0008 0.0116 0.0002 0.6995 0.0072 183.03 2.46 199.91 6.37 394.87 64.40 90.78
Lt02-04 12.15 439.61 614.29 0.0287 0.0002 0.2103 0.0046 0.0532 0.0011 0.0137 0.0005 0.2659 0.0015 182.41 2.46 193.80 7.56 336.32 91.83 93.76
Lt02-05 9.89 354.78 633.84 0.0287 0.0003 0.2192 0.0054 0.0549 0.0012 0.0111 0.0002 0.7214 0.0051 182.41 3.68 201.24 8.81 407.15 95.87 89.68
Lt02-06 5.96 184.29 352.13 0.0288 0.0003 0.2186 0.0064 0.0553 0.0014 0.0129 0.0002 0.4227 0.0015 183.03 3.68 200.74 10.45 423.37 110.72 90.32
Lt02-07 14.05 367 678.56 0.0287 0.0003 0.2038 0.0031 0.0512 0.0007 0.0116 0.0001 0.3979 0.0053 182.41 3.68 188.34 512 248.81 61.68 96.75
Lt02-08 3.98 115.23 211.20 0.0295 0.0004 0.2052 0.0122 0.0506 0.0027 0.0146 0.0007 0.3532 0.0018 187.42 491 189.52 20.15 221.61 24191 98.88
Lt02-09 113.26 287.65 359.67 0.0294 0.0004 0.225 0.0131 0.0564 0.0012 0.0466 0.0003 0.5485 0.0018 186.79 491 206.06 21.28 467.15 92.35 89.68
Lt02-10 9.86 307.94 485.76 0.028 0.0003 0.2022 0.0052 0.0505 0.0011 0.0138 0.0003 0.3852 0.0026 178.02 3.69 186.99 8.61 217.03 98.83 94.96
Lt02-11 5.23 165.76 198.56 0.0287 0.0003 0.2187 0.0086 0.0553 0.002 0.0135 0.0006 0.3423 0.0014 182.41 3.68 200.83 14.04 423.37 158.18 89.90
Lt02-12 10.98 326.78 432.76 0.0285 0.0003 0.2072 0.0084 0.0525 0.0018 0.0131 0.0004 0.7336 0.0054 181.15 3.69 191.20 13.85 306.22 153.09 94.45
Lt02-13 9.87 341.23 521.03 0.0285 0.0003 0.2088 0.0046 0.0532 0.0011 0.0115 0.0002 0.4695 0.0062 181.15 3.69 192.55 7.57 336.32 91.83 93.71
Lt02-14 10.12 314.78 213.20 0.0284 0.0003 0.2013 0.0047 0.0511 0.001 0.0118 0.0002 0.5628 0.0058 180.53 3.69 186.23 7.79 244.31 88.36 96.84
Lt02-15 7.94 253.56 378.93 0.0284 0.0003 0.2186 0.0059 0.0556 0.0014 0.0131 0.0004 0.3286 0.0022 180.53 3.69 200.74 9.64 435.43 109.90 88.81
Lt02-16 14.32 424.38 389.76 0.0292 0.0003 0.2143 0.0035 0.0532 0.0008 0.0121 0.0002 0.3851 0.0015 185.54 3.68 197.15 5.74 336.32 66.78 93.74
Lt02-17 3.97 139.78 256.12 0.0284 0.0003 0.2148 0.0098 0.0545 0.0022 0.0145 0.0005 0.3683 0.0015 180.53 3.69 197.57 16.05 390.76 177.56 90.56
Lt02-18 9.24 305.46 287.96 0.0281 0.0004 0.2124 0.0037 0.0547 0.0009 0.0098 0.0001 0.6985 0.0064 178.65 4.92 195.56 6.07 398.97 7227 90.53
Lt02-19 9.76 325.67 413.69 0.0285 0.0003 0.2091 0.0037 0.0532 0.0009 0.0108 0.0001 0.5353 0.0022 181.26 3.71 192.80 6.09 336.32 75.13 93.57
Lt02-20 7.89 231.35 157.96 0.0293 0.0003 0.2083 0.0085 0.0519 0.0019 0.0164 0.0007 0.3119 0.0015 186.17 3.68 192.13 14.00 279.98 164.23 96.80
Lt02-21 7.32 204.79 175.68 0.0293 0.0003 0.2102 0.0068 0.0524 0.0015 0.0122 0.0002 0.6654 0.0018 186.17 3.68 193.72 11.18 301.88 127.91 95.94
Lt02-22 9.06 284.35 346.53 0.0296 0.0002 0.2193 0.0039 0.0543 0.0009 0.0121 0.0002 0.4038 0.0016 188.04 2.45 201.33 6.37 382.50 73.01 92.93
Lt02-23 16.23 471.32 216.73 0.0287 0.0003 0.2112 0.0057 0.0527 0.0013 0.0127 0.0004 0.7004 0.0313 182.41 3.68 194.56 9.37 314.88 109.97 93.34
Lt02-24 9.32 314.78 265.94 0.0285 0.0003 0.2109 0.0051 0.0533 0.0012 0.0133 0.0005 0.2789 0.0008 181.13 3.67 194.31 8.38 340.57 99.91 92.74
Lt02-25 9.76 301.68 168.79 0.0287 0.0003 0.2185 0.0067 0.0547 0.0014 0.0126 0.0003 0.5716 0.0052 182.41 3.68 200.66 10.94 398.97 112.42 90.00
Lt08-01 8.79 262.79 443.62 0.0283 0.0003 0.3221 0.0208 0.0821 0.0046 0.0109 0.0005 0.6687 0.0032 179.90 3.69 283.52 31.31 1247.02 215.02 96.38
Lt08-02 11.89 368.13 384.76 0.0286 0.0001 0.1964 0.0035 0.0511 0.0008 0.0093 0.0001 0.4807 0.0035 181.78 1.23 182.08 5.82 244.31 70.68 99.83
Lt08-03 17.65 506.23 263.75 0.0287 0.0002 0.1938 0.0041 0.0492 0.0008 0.0104 0.0002 0.3346 0.0023 182.41 2.46 179.87 6.83 156.32 74.60 98.61
Lt08-04 8.78 237.89 158.20 0.0284 0.0003 0.1934 0.0051 0.0492 0.0013 0.0092 0.0001 0.7514 0.0012 180.53 3.69 179.53 8.50 156.32 121.23 99.45
Lt08-05 13.57 348.79 173.28 0.0286 0.0002 0.1963 0.0036 0.0497 0.0011 0.0107 0.0001 0.6095 0.0026 181.78 2.46 181.99 5.99 179.94 101.11 99.88
Lt08-06 16.08 564.03 683.35 0.0285 0.0002 0.1922 0.0034 0.0487 0.0009 0.0105 0.0001 0.8695 0.0101 181.15 2.46 178.50 5.68 132.36 85.17 98.54
Lt08-07 8.79 286.78 324.76 0.0285 0.0001 0.1933 0.0049 0.0492 0.0011 0.0121 0.0003 0.5194 0.0093 181.15 1.23 179.44 8.17 156.32 102.58 99.06
Lt08-08 30.78 678.79 486.37 0.0281 0.0002 0.1907 0.0043 0.0493 0.0011 0.0098 0.0001 0.4025 0.0024 178.65 2.46 177.23 7.19 161.07 102.28 99.21
Lt08-09 12.59 413.79 345.67 0.0283 0.0001 0.1932 0.0029 0.0495 0.0008 0.0104 0.0001 0.5392 0.0027 179.90 1.23 179.36 4.84 170.53 73.96 99.70
Lt08-10 19.86 516.93 321.10 0.0284 0.0002 0.1966 0.0053 0.0505 0.0014 0.0109 0.0003 0.1883 0.0009 180.53 2.46 182.25 8.81 217.03 125.79 99.05
Lt08-11 15.78 405.76 679.34 0.0286 0.0004 0.1954 0.0104 0.0497 0.0012 0.0109 0.0003 0.0627 0.0002 181.78 491 181.23 17.31 179.94 110.30 99.70
Lt08-12 15.12 480.95 365.40 0.0284 0.0002 0.1928 0.0032 0.0494 0.0007 0.0081 0.0002 0.7261 0.0052 180.53 2.46 179.02 5.34 165.81 64.90 99.16
Lt08-13 39.89 545.13 162.80 0.0506 0.0008 0.0786 0.0801 0.1541 0.0092 0.0301 0.0021 0.8466 0.0051 318.20 9.62 76.83 147.79  2391.16  199.15 24.15
Lt08-14 13.14 345.69 347.51 0.0284 0.0002 0.1952 0.0064 0.0496 0.0014 0.0091 0.0001 0.9586 0.0062 180.53 2.46 181.06 10.66 175.24 129.05 99.71
Lt08-15 14.32 529.76 875.27 0.0278 0.0002 0.1972 0.0058 0.0512 0.0013 0.0194 0.0007 0.2232 0.0005 176.76 2.46 182.75 9.64 248.81 114.55 96.61
Lt08-16 523 194.06 203.65 0.0285 0.0002 0.1967 0.0079 0.0498 0.0018 0.0106 0.0002 0.6122 0.0011 181.15 2.46 182.33 13.14 184.62 164.98 99.35
Lt08-17 34.62 623.15 413.17 0.0283 0.0002 0.1958 0.0015 0.0486 0.0004 0.0107 0.0001 0.2442 0.0016 179.90 2.46 181.57 2.50 127.52 37.96 99.07
Lt08-18 27.06 567.12 403.71 0.0283 0.0001 0.4668 0.0047 0.1191 0.0011 0.0078 0.0002 1.8804 0.0547 179.90 1.23 288.98 6.38 1941.96 32.38 39.36
Lt08-19 20.98 525.78 466.52 0.0284 0.0002 0.1947 0.0052 0.0496 0.0012 0.0125 0.0002 0.6985 0.0087 180.53 2.46 180.63 8.66 175.24 110.62 99.94
Lt08-20 32.16 548.04 452.33 0.0285 0.0002 0.1962 0.0058 0.0497 0.0012 0.0114 0.0002 0.9625 0.0112 181.15 2.46 181.91 9.65 179.94 110.30 99.58
Lt08-21 7.92 320.65 378.14 0.0283 0.0005 0.3241 0.0603 0.0826 0.0197 0.0157 0.0008 0.5988 0.0038 179.90 6.14 285.05 90.63 1258.90 913.74 99.97
Lt08-22 46.78 532.04 502.39 0.0286 0.0002 0.1952 0.0023 0.0496 0.0006 0.0101 0.0001 0.9837 0.0098 181.78 2.46 181.06 3.83 175.24 55.31 99.60
Lt08-23 13.79 421.08 276.53 0.0285 0.0003 0.1949 0.0124 0.0498 0.0031 0.0112 0.0002 0.7986 0.0033 181.15 3.69 180.80 20.65 184.62 284.13 99.81
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Table 1. Cont.
Content (ppm) Isotopic Ratios Isotopic Ages (Ma)

Spot 206pp/ 207pp/ 207pp/ 208pp/ 232Th/ 206pp/ 207pp/ 207pp/ Conctz;‘dance

No Pb U Th 28y 1o 235 1o 206 pp, 1o 232Th 1o 28y 1o 238y 1o 85y 1o 206 pp, 1o %)
Lt08-24 17.86 671.06 298.76 0.0283 0.0002 0.1936 0.0021 0.0494 0.0006 0.0118 0.0001 0.2934 0.0008 179.90 2.46 179.70 3.50 165.81 55.63 99.89
Lt08-25 11.26 362.79 348.50 0.0286 0.0002 0.1922 0.0062 0.0486 0.0014 0.0105 0.0001 0.7512 0.0064 181.78 2.46 178.50 10.35 127.52 132.87 98.20
Lt16-01 3.23 101.85 118.05 0.0278 0.0003 0.2002 0.0114 0.0520 0.0029 0.0118 0.0005 0.4866 0.0043 176.76 3.69 185.30 18.90 284.38 249.99 95.17
Lt16-02 6.43 186.97 86.33 0.0282 0.0003 0.2043 0.0071 0.0526 0.0017 0.0131 0.0007 0.4091 0.0129 179.27 3.69 188.76 11.73 310.56 144.19 94.71
Lt16-03 5.67 133.21 72.32 0.0282 0.0004 0.1998 0.0224 0.0511 0.0042 0.0437 0.0017 0.3689 0.002 179.27 4.92 184.96 37.15 244.31 371.10 96.83
Lt16-04 2.34 52.12 84.74 0.0284 0.0004 0.2081 0.0255 0.0520 0.0058 0.0232 0.0023 0.3117 0.0039 180.53 491 191.96 42.01 284.38 499.97 93.67
Lt16-05 341 93.86 56.12 0.0287 0.0003 0.2021 0.0143 0.0511 0.0035 0.0126 0.0006 0.4872 0.0093 182.41 3.68 186.90 23.67 244.31 309.25 97.54
Lt16-06 3.14 114.23 67.28 0.0281 0.0003 0.1978 0.0096 0.0512 0.0023 0.0102 0.0004 0.4667 0.0028 178.65 3.69 183.26 15.95 248.81 202.66 97.42
Lt16-07 2.98 110.36 119.73 0.0274 0.0003 0.1936 0.0110 0.0510 0.0027 0.0105 0.0004 0.4043 0.0024 174.26 3.69 179.70 18.34 239.79 239.23 96.88
Lt16-08 3.02 106.97 86.40 0.0286 0.0003 0.1886 0.0101 0.0478 0.0024 0.0113 0.0003 0.5823 0.0037 181.78 3.69 175.43 16.91 88.32 233.29 96.51
Lt16-09 2.34 52.12 72.42 0.0284 0.0004 0.2081 0.0255 0.0520 0.0058 0.0232 0.0023 0.3117 0.0039 180.53 491 191.96 42.01 284.38 499.97 93.67
Lt16-10 4.12 117.43 59.61 0.0285 0.0003 0.1898 0.0092 0.0482 0.0021 0.0124 0.0003 0.5769 0.001 181.15 3.69 176.46 15.39 108.03 201.69 97.41
Ltl6-11 2.81 89.23 169.27 0.0283 0.0003 0.2006 0.0113 0.0512 0.0026 0.0132 0.0007 0.3998 0.0015 179.90 3.69 185.63 18.73 248.81 229.09 96.81
Ltl6-12 3.98 154.08 67.64 0.0174 0.0003 0.1951 0.0116 0.0816 0.0045 0.0056 0.0002 1.3953 0.0119 111.20 3.73 180.97 19.32 1235.05  212.00 37.26
Lt16-13 4.36 120.76 63.62 0.0287 0.0003 0.1917 0.0104 0.0482 0.0024 0.0142 0.0007 0.3707 0.0036 182.41 3.68 178.08 17.37 108.03 230.51 97.62
Ltl6-14 7.25 456.75 97.86 0.0275 0.0003 0.1986 0.0043 0.0525 0.0007 0.0144 0.0002 0.3992 0.0017 174.88 3.69 183.94 7.14 306.22 59.53 94.82
Ltl6-15 4.05 134.79 64.10 0.0274 0.0002 0.1932 0.0082 0.0508 0.0020 0.0097 0.0003 0.4419 0.0014 174.26 2.46 179.36 13.68 230.73 178.19 97.07
Ltl6-16 5.21 167.87 108.06 0.0279 0.0003 0.2113 0.0070 0.0546 0.0016 0.0112 0.0002 0.5971 0.0005 177.39 3.70 194.64 11.50 394.87 128.80 90.28
Ltl6-17 413 112.03 83.18 0.0284 0.0003 0.2012 0.0113 0.0515 0.0027 0.0136 0.0003 0.6304 0.0027 180.53 3.69 186.14 18.72 262.24 235.94 96.89
Lt16-18 3.31 99.56 156.78 0.0268 0.0003 0.1968 0.0118 0.0530 0.0031 0.0087 0.0003 0.5419 0.0045 170.49 3.69 182.41 19.62 327.78 260.16 93.01
Lt16-19 3.05 101.61 154.67 0.0278 0.0003 0.184 0.0111 0.0478 0.0027 0.0091 0.0004 0.4235 0.0004 176.76 3.69 171.50 18.66 88.32 262.45 97.02
Lt16-20 3.35 110.14 197.52 0.0247 0.0003 0.2503 0.0093 0.0732 0.0024 0.0072 0.0002 0.7047 0.0045 157.29 3.70 226.82 14.80 1018.58 130.14 55.80
Ltl6-21 2.84 85.58 76.83 0.0286 0.0003 0.2073 0.0138 0.0526 0.0034 0.0115 0.0004 0.6288 0.0014 181.78 3.69 191.28 22.75 310.56 288.39 94.77
Lt16-22 4.26 116.75 59.30 0.0277 0.0003 0.1901 0.0105 0.0496 0.0027 0.0074 0.0002 0.6737 0.0015 176.14 3.69 176.71 17.56 175.24 248.89 99.68
Lt16-23 4.35 127.63 45.94 0.0238 0.0002 0.3121 0.0070 0.0948 0.0022 0.0076 0.0002 0.7812 0.002 151.63 2.47 275.81 10.62 1523.26 85.73 18.10
Ltl6-24 3.03 110.02 45.74 0.0272 0.0003 0.2021 0.0100 0.0530 0.0025 0.0076 0.0003 0.5595 0.0011 173.00 3.69 186.90 16.56 327.78 209.81 91.97
Lt16-25 2.05 52.14 73.67 0.0274 0.0005 0.2019 0.0240 0.0532 0.0064 0.0079 0.0009 0.4422 0.0015 174.26 6.15 186.73 39.74 336.32 534.27 92.84
Lt21-01 2.98 83.78 79.45 0.0279 0.0007 0.2008 0.0159 0.0521 0.0037 0.0104 0.0004 0.9261 0.0022 177.39 8.60 185.80 26.35 288.77 318.08 95.26
Lt21-02 3.12 104.21 86.43 0.0286 0.0006 0.2115 0.0120 0.0535 0.0030 0.0112 0.0004 0.4937 0.0063 181.78 7.37 194.81 19.71 349.04 248.47 92.83
Lt21-03 3.04 85.86 71.32 0.0281 0.0006 0.1993 0.0156 0.0512 0.0038 0.0092 0.0003 0.7481 0.0013 178.65 7.37 184.53 25.89 248.81 334.82 96.71
Lt21-04 3.56 249.76 178.57 0.0285 0.0004 0.2088 0.0091 0.0531 0.0021 0.0173 0.0006 0.3916 0.0009 181.15 491 192.55 14.98 332.05 175.77 93.71
Lt21-05 6.82 232.78 165.13 0.0285 0.0006 0.2161 0.0064 0.0548 0.0014 0.0098 0.0002 0.4832 0.0036 181.15 7.37 198.66 10.47 403.07 112.13 90.33
Lt21-06 8.89 290.56 186.20 0.0281 0.0004 0.2108 0.0050 0.0542 0.0012 0.0086 0.0001 0.7028 0.0046 178.65 4.92 194.22 8.22 378.36 97.60 91.28
Lt21-07 3.86 143.12 92.49 0.0276 0.0004 0.1964 0.0096 0.0514 0.0025 0.0085 0.0003 0.6155 0.0083 175.51 4.92 182.08 15.97 257.78 219.07 96.26
Lt21-08 2.13 77.23 56.70 0.0272 0.0006 0.2117 0.0132 0.0562 0.0033 0.0086 0.0003 0.7927 0.0017 173.00 7.38 194.98 21.68 459.28 255.22 87.29
Lt21-09 3.05 85.76 46.33 0.0274 0.0005 0.1985 0.0134 0.0527 0.0036 0.0084 0.0002 0.7716 0.0032 174.26 6.15 183.86 22.25 314.88 304.54 94.49
Lt21-10 3.07 92.96 59.61 0.0272 0.0006 0.1947 0.0124 0.0520 0.0033 0.0087 0.0003 0.7753 0.0013 173.00 7.38 180.63 20.66 284.38 284.47 95.59
Lt21-11 6.92 232.78 169.32 0.0281 0.0007 0.2094 0.0065 0.0538 0.0015 0.0098 0.0002 0.4677 0.0034 178.65 8.60 193.05 10.70 361.67 123.27 91.94
Lt21-12 9.76 454.63 274.56 0.0285 0.0003 0.2156 0.0064 0.0546 0.0013 0.0153 0.0005 0.5416 0.0050 181.15 3.69 198.24 10.48 394.87 104.65 90.57
Lt21-13 3.96 147.69 66.53 0.0275 0.0004 0.1902 0.0081 0.0501 0.0021 0.0086 0.0002 0.6532 0.0007 174.88 4.92 176.80 13.54 198.59 190.83 98.90
Lt21-14 3.97 119.05 86.96 0.0286 0.0004 0.2091 0.0098 0.0528 0.0023 0.0143 0.0004 0.5704 0.0025 181.78 491 192.80 16.13 319.19 194.05 93.94
Lt21-15 2.98 89.16 64.10 0.0278 0.0006 0.2084 0.0154 0.0543 0.0037 0.0129 0.0004 0.6981 0.0016 176.76 7.38 192.21 25.36 382.50 300.16 91.26
Lt21-16 4.02 119.24 90.10 0.0271 0.0005 0.1928 0.0100 0.0515 0.0026 0.0112 0.0003 0.5174 0.0029 172.37 6.15 179.02 16.68 262.24 227.20 96.14
Lt21-17 2.13 66.79 48.31 0.0274 0.0006 0.2147 0.0152 0.0568 0.0038 0.0087 0.0004 0.7117 0.0014 174.26 7.38 197.49 24.90 482.78 289.60 86.67
Lt21-18 3.22 85.13 45.23 0.0273 0.0005 0.2081 0.0144 0.0551 0.0036 0.0094 0.0004 0.6653 0.0051 173.63 6.15 191.96 23.72 415.28 286.16 89.44
Lt21-19 294 111.24 90.11 0.0272 0.0004 0.2067 0.0106 0.0548 0.0027 0.0096 0.0002 0.7742 0.0042 173.00 492 190.78 17.48 403.07 216.25 89.72
Lt21-20 6.59 228.76 202.17 0.0279 0.0003 0.2096 0.0058 0.0542 0.0013 0.0091 0.0001 0.8583 0.0038 177.39 3.69 193.22 9.54 378.36 105.73 91.08
Lt21-21 1.97 73.86 52.26 0.0274 0.0006 0.2092 0.0153 0.0551 0.0040 0.0097 0.0004 0.6371 0.0021 174.26 7.38 192.88 25.18 415.28 317.95 89.31
Lt21-22 3.34 98.76 79.87 0.0276 0.0005 0.2044 0.0167 0.0537 0.0042 0.0112 0.0004 0.6293 0.0023 175.51 6.15 188.84 27.59 357.47 346.05 92.40
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Table 1. Cont.
Content (ppm) Isotopic Ratios Isotopic Ages (Ma)
SpOt 206 b/ 207 b/ 207 b/ 208 b/ 232! h/ 206 b/ 207 b/ 207 b/ I
Pl P P P T P P P 9

No Pb U Th 28y 1o 235 1o 206 pp, 1o 232Th 1o 28y 1o 238y 1o 85y 1o 206 pp, 1o %)
Lt21-23 8.87 273.56 152.83 0.0281 0.0003 0.2193 0.0055 0.0564 0.0011 0.0163 0.0002 0.4736 0.0040 178.65 3.69 201.33 8.98 467.15 84.66 87.30
Lt21-24 5.07 160.78 97.54 0.0279 0.0004 0.2165 0.0090 0.0561 0.0021 0.0135 0.0006 0.5213 0.0043 177.39 4.92 198.99 14.72 455.33 162.81 87.82
Lt21-25 6.20 157.96 87.93 0.0275 0.0004 0.1991 0.0102 0.0522 0.0021 0.0241 0.0006 0.4734 0.0016 174.88 4.92 184.36 16.93 293.15 180.05 94.58
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Figure 4. Zircon U-Pb Concordia diagram and weighted mean histogram of Late Jurassic granitoids
from the Yangmugang area in the Lesser Xing’an—Zhangguangcai Range.

Sample LT16 was collected from the granodioritic porphyries located 5.6 km to
the south of Yangmugang. The coordinates of the sampling point were 45°28'41" N,
127°40'40" E. The zircon grains exhibited transparent or semi-transparent euhedral to sub-
hedral elongated prismatic crystals, with an elongated axis of 130-250 pm and length /width
ratios of 1.3:1-2.5:1. In the CL images, the zircon grains exhibited distinct magmatic oscil-
latory zoning (Figure 3), and the Th/U values of 25 measuring points ranged from 0.46
to 1.91 (>0.1), indicating a typical magmatic origin for the zircons [36]. The age values
for all the measurement points of sample LT16 were located on or near the Concordia
curve (Figure 4c) and the weighted average age of 22 zircon grains was 177.8 £ 1.6 Ma
(MSWD = 0.9), representing the crystallization age. Additionally, three zircon grains had
ages of 111 + 4 Ma, 152 £ 2 Ma, and 157 £ 4 Ma, which are the later magmatic hydrothermal
event modification ages.

Sample LT21 was collected from the alkali feldspar granite located 11 km to the
northwest of Yangmugang. The coordinates of the sampling point were 45°37'50"” N,
127°37'15" E. The zircon grains were euhedral to subhedral elongated prismatic crystals,
with an elongated axis of 150-200 pm and length/width ratios of 1.5:1-2.0:1. In the CL
images, the zircon grains exhibited distinct magmatic oscillatory zoning (Figure 3), and the
Th/U values of 25 measuring points ranged from 0.29 to 1.68 (>0.1), indicating a typical
magmatic origin for the zircons [36]. The age values for all the measurement points of
sample LT21 were located on or near the Concordia curve (Figure 4d). The weighted
average age of the 25 zircon grains was 177.2 & 2.2 Ma (MSWD = 0.3), representing the
crystallization age.

4.2. Whole-Rock Major and Trace Elements

The major, trace, and rare earth element analysis results for the granodiorite, mon-
zonitic granite, granite porphyry, and alkali feldspar granite samples are presented in
Table 2.
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Table 2. Major (wt.%) and trace (ppm) elements for Early Jurassic granotoids from Yangmugang area

in the Lesser Xing’an-Zhangguangcai Range.

Granodiorite Monzonitic Granite
Sample
Lto1 Lt02 Lt03 Lt04 Lt05 Lt06 Lt07 Lt08 Lt09 Lt10 Lt11 Lt12
SiO, 68.42 69.31 68.86 69.82 68.98 68.24 72.06 71.14 71.67 72.68 72.54 72.31
TiO, 0.43 0.4 0.34 0.32 0.31 0.39 0.27 0.22 0.26 0.28 0.29 0.2
AL, O3 14.99 14.73 15.16 15.09 15.04 15.59 13.71 14.66 14.69 13.78 13.37 13.45
TFe, 03 5.21 5.12 53 45 5.5 5.33 5.07 411 453 4.87 5.66 6.03
MnO 0.1 0.08 0.13 0.11 0.11 0.1 0.05 0.08 0.11 0.09 0.1 0.04
MgO 0.46 0.48 0.49 0.51 0.45 0.39 0.31 0.43 0.36 0.40 0.32 0.41
CaO 1.41 1.38 1.35 1.22 1.31 1.48 1.49 1.49 1.48 1.34 1.28 0.99
Na,O 443 4.39 4.34 4.42 454 457 4.04 3.86 4.08 3.58 4.01 3.96
KO 4.17 419 4.09 3.97 3.86 3.75 4.07 438 3.72 3.94 3.56 3.69
P,05 0.16 0.14 0.18 0.15 0.17 0.16 0.09 0.17 0.14 0.16 0.15 0.13
LOI 0.44 0.65 0.5 0.9 0.2 0.35 0.33 0.05 0.65 0.54 0.49 0.32
Total 99.52 99.96 99.96 99.89 99.99 99.75 100.86 100.32 100.80 100.89 100.97 100.89
NaO + K,O 8.6 8.58 8.43 8.39 8.4 8.32 8.11 8.24 7.8 7.52 7.57 7.65
100 Mg/ (Mg+Fe) 0.17 0.14 0.10 0.17 0.12 0.12 0.19 0.2 0.16 0.16 0.13 0.12
o 291 2.80 2.75 2.62 2.72 2.74 2.26 2.41 2.12 191 1.94 2.00
A/CNK 1.04 1.03 1.08 1.09 1.07 1.09 1 1.06 1.09 1.09 1.05 1.09
A/NK 1.27 1.25 1.31 1.3 1.29 1.35 1.24 1.32 1.37 1.36 1.28 1.28
B 5.45 4.87 5.58 4.49 5.11 4.98 4.12 4.61 5.79 441 4.61 471
Li 17.6 16.7 25 23.6 20.7 21.7 27.5 30.9 20.1 34.2 28.3 28.2
\% 39.09 35.89 48.21 42.04 41.31 42.05 16.81 48.2 56.65 56.8 58.19 47.33
Cr 20.45 15.66 19.84 16.99 18.24 17.5 18.8 215 215 20 15.86 19.53
Co 8.49 591 6.47 10.44 7.83 7.61 8.98 6.97 7.62 16.1 12.5 10.43
Ni 2.83 3.74 3.21 2.35 3.03 3.1 1.77 491 3.71 3.53 1.86 3.16
Sn 2.69 3.12 2.59 4.61 3.25 3.44 2.49 4.1 2.68 3.55 2.19 3
U 2.43 1.9 3.06 2.01 2.35 3.32 4.02 2.95 39 3.56 3.64 3.61
Rb 106 93 111 80 94 108 110 115 104 125 140 153
Ba 709 611 783 585 678 733 509 549 481 562 568 619
Th 15.15 10.41 17.97 13.81 14.73 16.7 14.31 15.74 13.65 15.81 16.51 16.94
U 2.43 1.89 3.32 2.01 2.35 3.06 451 4.64 4.59 4.89 4.95 5.02
Nb 12.46 10.76 14.27 11.52 11.86 13.29 10.88 13.8 12.56 14.25 14.49 14.71
Ta 1.42 1.17 1.74 1.26 1.35 1.47 0.97 1.41 1.07 1.43 1.5 1.57
Sr 352 296 310 287 301 316 264 239 258 248 218 262
Zr 156.01 131.98 143.10 122.45 136.89 150.1 160.42 143.12 150.95 147.17 134.95 159.11
Hf 6.12 4.78 5.53 4.24 5.34 557 7.61 6.54 7.05 6.57 6.42 717
Y 20.1 144 16.23 13.11 15.96 17.3 155 13.35 14.2 13.22 12.33 15.17
Ga 11.54 13.69 10.71 15.98 12.98 13.46 9.87 10.99 11.33 22.7 18.58 14.69
Cs 3.52 422 3.28 5.22 4.06 424 3.65 9.54 4.38 5.1 7.29 5.99
La 28.19 25.73 26.33 24.88 26.28 27.82 32.24 30.41 31.68 30.61 29.1 31.92
Ce 64.24 57.17 60.86 53.19 58.18 61.02 63.16 55.76 59.51 58.76 53.3 60.06
Pr 7.36 5.69 6.45 5.64 5.93 5.89 8.14 6.32 7.75 6.73 6.16 791
Nd 30.13 23.91 26.98 21.29 25.57 27.56 31.75 28.01 29.93 28.2 26.21 3043
Sm 4.89 4.19 4.75 4.34 4.71 4.76 4.61 4.06 441 4.33 4.07 4.59
Eu 1.39 1.17 1.28 1.16 1.24 1.34 1.2 1.07 1.09 1.07 1.02 1.16
Gd 4.62 3.51 3.81 291 3.8 4.18 4.56 4.08 4.67 4.81 4.63 425
Tb 0.79 0.61 0.66 0.47 0.65 0.76 0.64 0.58 0.52 0.49 0.45 0.58
Dy 4.04 3.03 343 2.77 32 3.89 3.69 3.42 3.57 3.13 3.14 3.83
Ho 0.78 0.56 0.67 0.53 0.58 0.75 0.66 0.56 0.61 0.51 0.53 0.62
Er 2.45 1.89 1.97 1.85 1.94 2.04 2.48 2.29 2.4 2.02 2.21 242
Tm 0.42 0.34 0.38 0.3 0.35 0.41 0.46 0.42 0.44 0.39 0.41 0.45
Yb 2.76 222 2.43 2.19 2.34 2.53 291 2.77 2.81 2.59 2.73 2.83
Lu 0.39 0.29 0.33 0.28 0.32 0.35 0.42 0.39 0.4 0.37 0.34 0.41
SEu 0.88 0.91 0.89 0.94 0.87 0.9 0.79 0.8 0.73 0.71 0.72 0.79
5Ce 1.05 1.09 1.09 1.04 1.08 1.09 0.92 0.92 0.89 0.95 0.91 0.89
(La/Yb)N 6.89 7.81 7.31 7.66 7.57 7.41 7.47 7.4 7.6 7.97 7.19 7.6
Y REE 152.45 130.31 140.33 121.80 135.09 143.30 156.92 140.14 149.79 144.01 134.30 151.46
Sample Monzonitic granite Granite porphyry Alkalic feldspar granite
Lt13 Lt14 Lt15 Ltl6 Lt17 Lt18 Lt19 Lt20 Lt21 Lt22 Lt23 Lt24
SiO, 73.15 71.76 71.68 73.62 74.28 73.12 72.65 73.42 72.56 73.96 72.94 73.49
TiO, 0.21 0.25 0.3 0.14 0.11 0.16 0.1 0.09 0.07 0.07 0.11 0.1
AL O3 13.39 13.92 14.45 13.16 12.24 13.36 13.48 13.78 13.56 12.94 13.95 13.27
TFe;O3 478 5.06 4.67 5.03 49 493 4.76 4.46 4.81 473 4.48 4.57
MnO 0.06 0.04 0.07 0.03 0.01 0.04 0.01 0.05 0.06 0.01 0.04 0.02
MgO 0.37 0.31 0.35 0.32 0.34 0.31 0.41 0.2 0.21 0.23 0.24 0.19
CaO 1.24 1.21 1.37 0.74 0.85 0.83 0.84 0.61 0.69 0.72 0.56 0.7
Na,O 3.65 3.87 3.72 3.81 3.76 39 4.19 4.17 4.27 3.81 4.19 3.98
K,O 4.16 4.06 4.49 4.1 3.94 447 4.07 4.09 3.66 3.86 391 3.87
P,05 0.10 0.14 0.12 0.03 0.04 0.04 0.04 0.09 0.06 0.04 0.06 0.04
LOI 0.03 0.44 0.34 0.19 0.7 0.73 0.42 0.44 0.28 0.5 0.62 0.3
Total 100.84 100.35 100.96 100.68 100.21 100.94 100.33 100.72 99.69 100.12 100.25 100
Na,O + K,0 7.81 7.93 8.21 791 7.70 8.37 8.26 8.26 7.93 7.67 8.10 7.85
100 Mg/ (Mg+Fe) 0.19 0.16 0.19 0.14 0.14 0.13 0.17 0.17 0.18 0.18 0.19 0.18
o 2.02 2.19 2.35 2.04 1.9 2.33 2.3 2.24 2.13 1.9 2.19 2.02
A/CNK 1.05 1.07 1.07 1.09 1.02 1.05 1.05 1.11 1.11 1.10 1.15 1.1
A/NK 1.27 1.29 1.31 1.23 1.17 1.19 1.19 1.22 1.23 1.24 1.25 1.23
B 4.86 4.72 4.73 5.84 7.64 6.23 4.17 5.32 3.52 4.08 6.09 475
Li 28.4 28.3 28.2 3.7 59 3.7 8.9 57 7.3 104 6.4 7.5
\% 54.96 53.49 49 5.52 6.15 10 6.47 25.65 17.11 15.3 14.52 18.15
Cr 19.72 18.37 19.41 12.64 14.11 14.90 11.92 7.54 5.5 3.46 422 5.18
Co 10.8 11.24 10.58 111 7.49 12.15 12.3 9.63 11.9 15.5 14 12.76
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Table 2. Cont.
Granodiorite Monzonitic Granite
Sample
Lt01 Lt02 Lt03 Lt0o4 Lt05 Lt06 Lt07 Lt08 Lt09 Lt10 Lt11 Lt12
Ni 3.50 2.84 3.16 2.16 1.9 1.68 2.17 1.89 1.68 3.32 2.78 242
Sn 3.13 2.77 2.99 2.36 217 2.16 1.69 2.75 2.37 1.83 2.23 2.3
18] 3.51 3.59 3.6 3.26 2.5 1.83 4.84 1.78 1.87 2.01 297 2.16
Rb 111 106 113 136 116 118 113 202 164 152 210 154
Ba 535 505 641 542 505 426 406 740 650 543 749 570
Th 15.00 1391 17.64 19.2 16.56 16.46 15.62 19.44 19.09 17.59 19.94 18.97
U 4.61 4.60 6.56 3.84 3.49 3.26 2.83 3.87 3.78 3.16 3.97 3.67
Nb 13.62 13.57 16.31 16.21 16.09 15 12.98 12.21 11.89 8.27 13.1 9.98
Ta 14 1.2 197 1.16 0.98 0.87 0.83 1.02 0.98 0.76 1.14 0.83
Sr 262.75 267.22 336.36 245.11 256.7 267.01 252.19 230 186.18 198.05 213.02 214.25
Zr 160.1 162.07 170.96 175.20 159.18 181.29 180.33 170.34 147.27 157.09 161.75 168.01
Hf 7.39 7.67 7.8 9.86 9.42 10.36 10.21 13.45 10.15 12.41 12.86 13.24
Y 16.1 17.5 19.11 14.9 12.9 16.7 20.8 14.50 9.2 9.45 10.36 12.71
Ga 159 16.39 15.06 10.57 19.51 9.2 17.44 14 23.6 16.5 19.3 18.35
Cs 6.58 6.62 6.14 3.57 3.14 3.84 3.10 0.8 193 2.62 1.12 1.62
La 32.13 33.56 35.59 30.41 24.88 32.19 28.8 36.41 27.8 30.49 31.22 32.23
Ce 60.64 65.38 65.61 60.34 59.61 63.49 61.71 54.43 39.31 40.46 41.69 45.97
Pr 8.01 8.37 8.54 7.06 6.59 8.73 7.67 5.72 4.55 471 5.03 5.32
Nd 30.96 32.52 34.77 25.22 24.01 28.23 28.19 23.89 16.44 21.21 21.33 22.72
Sm 4.61 5.41 6.37 4.37 4.09 5.01 4.71 348 2.75 2.87 3.33 3.38
Eu 1.19 1.26 1.32 1.07 0.99 1.20 1.18 0.76 0.64 0.65 0.67 0.72
Gd 4.65 4.32 4.85 4.09 3.33 4.23 4.11 3.27 2.79 2.87 294 3.17
Tb 0.61 0.71 0.75 0.56 0.46 0.78 0.68 0.51 0.36 0.39 0.40 043
Dy 3.88 3.97 455 2.84 2.24 3.83 3.65 2.69 194 2.01 222 224
Ho 0.63 0.71 0.75 0.55 0.44 0.72 0.76 0.55 0.31 0.38 0.39 0.45
Er 2.47 2.54 2.73 1.80 1.52 2.33 2.04 1.85 1.55 1.58 1.62 1.68
Tm 0.46 0.51 0.58 0.34 0.26 0.42 0.4 0.34 0.2 0.24 0.27 0.31
Yb 2.88 3.49 3.54 2.19 1.77 2.71 2.19 2.08 1.46 1.57 1.55 1.68
Lu 0.42 0.47 0.51 0.33 0.26 0.38 0.39 0.28 0.17 0.20 0.24 0.25
SEu 0.78 0.77 0.7 0.76 0.8 0.78 0.8 0.68 0.7 0.69 0.64 0.66
5Ce 0.89 0.92 0.88 0.96 1.10 0.90 0.98 0.82 0.77 0.73 0.73 0.77
(La/Yb)n 7.52 6.48 6.78 9.36 9.48 8.01 8.87 11.80 12.84 13.09 13.58 12.93
Y REE 153.54 163.22 170.46 141.17 130.45 154.25 146.48 136.26 100.27 109.63 112.90 120.55

4.2.1. Major Elements

The granodiorite samples had compositions of SiO; = 67.98%—69.82%, Al,O3 = 14.16%—
15.04%, K70 = 3.06%-3.79%, NasO = 4.04%—4.37%, CaO = 0.95%-1.98%, MgO = 0.99%—
1.54%, (NapO + K,0) = 7.10%—-8.00%, A/CNK = 1.00-1.11, and o = 2.62-2.91. The rock
samples were plotted into the granodiorite fields on a TAS diagram (Figure 5a), and it was
determined that they belong to the high-K calc-alkaline series of weakly peraluminous
rocks (Figure 5b,c).
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Figure 5. TAS diagram (a) (modified from [37]), SiO,-K,O diagram (b) (modified from [38]), and
A/CNK-A/NK diagram (c) (modified from [39]) of Late Jurassic granitoids from the Yangmugang area
in the Lesser Xing’an—Zhangguangcai Range (data collection was modified from [22-24,26,40-45]).

The monzonitic granite samples had compositions of SiO; = 71.14%-73.15%, Al,O3 =
13.37%-14.93%, Ky0 = 3.56%—4.61%, NayO = 3.56%-4.41%, CaO = 1.14%-1.84%, MgO =
0.84%-1.76%, (NapO + K,O) = 7.55%-8.43%, A/CNK = 1.00-1.09, and o = 1.98-2.41. The
rock samples were plotted into the granite fields on a TAS diagram (Figure 5a), and it was
determined that they belong to the high-K calc-alkaline series of weakly peraluminous
rocks (Figure 5b,c).



Minerals 2024, 14, 941

14 of 32

The granite porphyry samples had compositions of SiO; = 74.65%-76.62%, Al,O3 =
12.16%-13.85%, K,O = 4.46%—4.97%, NayO = 3.86%—4.19%, CaO = 0.54%—-0.84%, MgO =
0.21%-0.51%, (NaxO + K;0) = 8.37%-9.06%, A/CNK = 1.04-1.09, and o = 1.89-2.30. The
rock samples were plotted into the granite fields on a TAS diagram (Figure 5a), and it was
determined that they belong to the high-K calc-alkaline series of weakly peraluminous—
peraluminous rocks (Figure 5b,c).

The alkali feldspar granite samples had compositions of SiO, = 73.94%-75.70%,
AlO3 =13.07%-13.88%, K;O = 3.91%—4.67%, NayO = 3.65%—4.19%, CaO = 1.11%-1.52%,
MgO = 0.51%-0.66%, (NapO + K,0O) = 7.56%-8.56%, A/CNK = 1.06-1.15, and o = 1.90-2.23.
The rock samples were plotted into the granite fields on a TAS diagram (Figure 5a), and it
was determined that they belong to the high-K calc-alkaline series of weakly peraluminous—
peraluminous rocks (Figure 5b,c).

In terms of the major elemental composition, the granitoids in the Yangmu Gang area
all belong to the high-potassium calc-alkaline series of rocks (Figure 5b). The granodiorite
and monzonitic granite are weakly peraluminous rocks, while the granite porphyry and
alkali feldspar granite fall into the weakly peraluminous—peraluminous rock category
(Figure 5c). Additionally, the granite porphyry and alkali feldspar granite exhibited a
higher silica content relative to the granodiorite and monzonitic granite, with lower levels
of aluminum, calcium, and iron and lower K,O/Nay;O and TFeO/MgO ratios.

4.2.2. Trace Elements

In the chondrite-normalized rare earth element distribution diagram (Figure 6a), the
granodiorite samples exhibited a right-skewed pattern characterized by light rare earth
enrichment and heavy rare earth depletion ((La/Sm)y = 3.11-4.18, (La/Yb)N = 6.89-8.02,
(Gd/Yb)n = 1.06-1.35), with a subtle negative Eu anomaly (JEu = 0.88-0.94). In the
primitive mantle-normalized trace element spider diagram (Figure 6b), these samples
displayed the geochemical characteristics of enrichment in elements such as Rb, Th, U, K,
Zr, and Hf, while they were relatively depleted in elements such as Ba, Sr, Nb, P, and Ti.

In the chondrite-normalized rare earth element distribution diagram (Figure 6a), the
monzonitic granite samples exhibited a right-skewed pattern characterized by light rare
earth enrichment and heavy rare earth depletion ((La/Sm)y = 4.15-5.20, (La/Yb)N = 8.39-
10.18, (Gd/Yb)n = 1.0-1.34), with a subtle negative Eu anomaly (0Eu = 0.81-0.95). In
the primitive mantle-normalized trace element spider diagram (Figure 6b), these samples
displayed the geochemical characteristics of enrichment in elements such as Rb, Th, U, K,
Zr, and Hf, while they were relatively depleted in elements such as Ba, Sr, Nb, P, and Ti.

In the chondrite-normalized rare earth element distribution diagram (Figure 6¢), the
granite porphyry samples exhibited a right-skewed pattern characterized by light rare earth
enrichment and heavy rare earth depletion ((La/Sm)y = 4.04-5.38, (La/Yb)n = 8.01-9.48,
(Gd/Yb)n = 1.22-1.91), with a moderate negative Eu anomaly (0Eu = 0.70-0.80). In the
primitive mantle-normalized trace element spider diagram (Figure 6d), these samples
displayed the geochemical characteristics of enrichment in elements such as Rb, Th, U, K,
Zr, and Hf, while they were relatively depleted in elements such as Ba, Sr, Nb, P, and Ti.

In the chondrite-normalized rare earth element distribution diagram (Figure 6¢), the
alkali feldspar granite samples exhibited a right-skewed pattern characterized by light rare
earth enrichment and heavy rare earth depletion ((La/Sm)n = 5.83-7.39, (La/Yb)N = 9.66—
10.60, (Gd/Yb)y = 1.02-1.25), with a moderate negative Eu anomaly (6Eu = 0.67-0.70). In
the primitive mantle-normalized trace element spider diagram (Figure 6d), these samples
displayed the geochemical characteristics of enrichment in elements such as Rb, Th, U, K,
Zr, and Hf, while they were relatively depleted in elements such as Ba, Sr, Nb, P, and Ti.

In terms of the rare earth elemental composition, the granodiorite and monzonitic
granite exhibited a weak negative Eu anomaly, while the granite porphyry and alkali
feldspar granite showed a moderate negative Eu anomaly. Regarding the trace elemental
composition, the granite porphyry and alkali feldspar granite showed greater depletion in
their Sr, Nb, P, and Ti contents.
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Figure 6. Chondrite-normalized REE distribution patterns (a,c) and primitive mantle-normalized
multi-element spider diagrams (b,d) of Late Jurassic granitoids from the Yangmugang area in the
Lesser Xing’an—Zhangguangcai Range (normalizing values modified from [46]).

5. Discussion
5.1. Spatial and Temporal Distribution of Early to Middle Mesozoic Granitoids from the LXZR

This study conducted U-Pb isotopic dating of granitoids in the Yangmugang area of
the Lesser Xing’an-Zhangguangcai Range. The dating data points were situated near the
Concordia curve in the U-Pb diagram (Figure 4). The zircon Th/U values were 0.21-1.91,
all of which were greater than 0.1, indicating typical magmatic-origin zircons [36]. The
dating results revealed that the weighted average ages of granodiorite, monzonitic granite,
granite porphyry, and alkali feldspar granite in the Yangmugang area are 182.9 &+ 1.4 Ma,
180.8 £ 0.9 Ma, 177.8 £ 1.6 Ma and 177.2 &+ 2.2 Ma. The formation ages for all of them
correspond to the Early Jurassic period.

Based on the zircon U-Pb geochronological data obtained from the Early Jurassic
granitoids in the Yangmugang area and in combination with previous studies on Early
to Middle Mesozoic zircon U-Pb dating results in the Lesser Xing’an-Zhangguangcai
Range (Table 3), this study divided the Early to Middle Mesozoic magmatic activity in
the Lesser Xing’an—Zhangguangcai Range into three distinct episodes (Figure 7a): (1) In
the Late Triassic period (220-205 Ma), magmatic rocks were predominantly distributed
at the southernmost tip of the Zhangguangcai Range, between 129° E and 131° E. The
peak period of magmatic activity was around 216 Ma. The intrusive rock assemblage
mainly comprises monzonitic granite, granodiorite, monzogranite, and alkali feldspar
granite, with minor amounts of gabbro and monzonitic granite [30,47]. The volcanic rocks
consist mainly of andesite—rhyolite assemblages, with the representative stratigraphic unit
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being the Hongguang Formation in the Zhangguangcai Range [12,14]. (2) In the Early
Jurassic phase I (198-182 Ma), the magmatic rocks were primarily distributed between
128° E and 130° E. The peak period of magmatic activity was around 186 Ma. These rocks
exhibit a northeast-southwest-trending belt-like distribution [42]. The composition of
the intermediate-acidic intrusive rock assemblage is dominated by granodiorite, diorite,
and alkali feldspar granite [29]. They are characterized as high-K calc-alkaline rocks with
weakly peraluminous to peraluminous characteristics. Basic intrusive rocks are found in
areas such as Tielixi (187 Ma), Shuguang (186 Ma), Liuzhonggou (186 Ma), and Xincun
(185 Ma) [14,22,23], and they exhibit a medium- to high-K calc-alkaline affinity with weakly
peraluminous characteristics. The volcanic rocks constitute a sequence of basalt-basaltic
andesite-rhyolite assemblages, with the representative rock being Hatoushan Formation
rhyolite (184 Ma). These are high-K calc-alkaline rocks [14,20,48-79]. (3) In the Early Jurassic
phase II (182-172 Ma), magmatic rocks were primarily distributed between 126° E and
128° E. The peak period of magmatic activity was around 178 Ma. The intermediate-acidic
intrusive rock assemblage is dominated by granodiorite, monzogranite, and alkali feldspar
granite [26,27]. A smaller number of volcanic rocks are distributed, with the representative
rock being Erlanghe Formation rhyolite (179.7 Ma), which belongs to the calc-alkaline
series of rocks [23,24]. By summarizing the spatiotemporal distribution patterns of Early
to Middle Mesozoic magmatic rocks in the Lesser Xing’an—Zhangguangcai Range, this
study revealed a trend of progressively younger magmatic activity from east to west in
the area during the Early to Middle Mesozoic (Figure 7b—f). The Early Jurassic granitoids
sampled from the Yangmugang area in this study constitute a significant component of the
Late Jurassic tectonics and magmatic activity in the Lesser Xing’an-Zhangguangcai Range.
Accurately determining the formation age of these granitic rocks holds crucial significance
for understanding the Early to Middle Mesozoic tectonic-magmatic evolution processes in
the Lesser Xing’an—Zhangguangcai Range.

Table 3. Geochronological data for the Early Mesozoic Era intrusive rocks in the Lesser Xing’an-

Zhangguangcai Range.

Order Sample Latitude Longitude Location Lithology Age (Ma) Method Reference
1 Lt02 45°34/05"” 127°34/25" Yangmugang Granodiorite 1829+ 14 LA-ICP-MS  This paper
2 Lt08 45°29'03" 127°32/45" Yangmugang Monzonitic granite 180.8 0.9 LA-ICP-MS  This paper
3 Ltl6 45°28'41" 127°40/40” Yangmugang Granite porphyry 1778 £ 1.6 LA-ICP-MS  This paper
4 Le21 45°37'50" 127°37'15" Yangmugang Alkaghrilffilt‘islaar 1772422  LA-ICP-MS  This paper
5 9718-1 43°50/54" 126°58/50" Tiangiaogang Alk?;rl afﬂf:par 190.0 £ 2.0 TIMS 2]

6 9757-4 46°03/45" 128°59/55" Maojiatun Alkaglrl afre&f:par 212.0 + 2.0 TIMS 2]
7 9767-2 46°31/05" 128°49'51" Milin Syenogranite 197.0 £ 2.0 TIMS 2]
8 H15-08 46°55'05" 128°11'06" Taoshanzhen Diorite 181.0 £ 1.0 LA-ICP-MS [14]
9 H15-11 46°55'29" 128°20/42" Shenshuzhen Granodiorite 178.0 £ 2.0 LA-ICP-MS [14]
10 H15-14 46°57'51" 128°42/17" Shenshuzhen Monzogranite 191.0 £ 1.0 LA-ICP-MS [14]
11 H15-16 47°02'49"” 129°06'19” Langxiangzhen Monzogranite 195.0 + 2.0 LA-ICP-MS [14]
12 H15-34 47°23'09” 129°29'33" Tiexijie Syenogranite 210.0 £ 1.0 LA-ICP-MS [14]
13 H15-35 47°23'30" 129°37'30” Tiexijie Monzogranite 220.0 £ 1.0 LA-ICP-MS [14]
14 H15-37 47°24'31" 129°47'34" Wujiazi Granodiorite 251.0 £ 1.0 LA-ICP-MS [14]
15 H15-38 47°23'58" 129°54/25" Wujiazi Syenogranite 242.0 £ 2.0 LA-ICP-MS [14]
16 H15-39 47°23'00" 129°58'57" Dalazi Diorite 246.0 £ 1.0 LA-ICP-MS [14]
17 H15-40 47°23'00” 129°58'57" Dalazi Monzogranite 241.0+1.0 LA-ICP-MS [14]
18 H15-61-5 45°23'27" 127°13'42" Yuquan Monzodiorite 179.0 £ 3.0 LA-ICP-MS [15]
19 H15-63-1 45°17'03" 127°29'59" Mao'ershan Monzogranite 181.0 + 1.0 LA-ICP-MS [15]
20 H15-66-1 45°23/19” 127°41'12" Jidiantun Monzogranite 180.0 & 1.0 LA-ICP-MS [15]
21 H15-68-1 45°19'27" 127°50/31” Yiman village Granodiorite 1740 £ 1.0 LA-ICP-MS [15]
22 H15-69-1 45°07'58" 128°25'21" Shangzhi Granodiorite 189.0 £ 1.0 LA-ICP-MS [15]
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23 H15-70-1 45°07'58" 128°2522" Shangzhi Syenogranite 200.0 £ 1.0 LA-ICP-MS [15]
24 H15-71-1 45°04/35" 128°30/00" Shangzhi Monzogranite 198.0 £ 2.0 LA-ICP-MS [15]
25 H15-72-1 44°51'35" 128°41'39” Shangzhi Monzogranite 193.0 £ 1.0 LA-ICP-MS [15]
26 X-4 Xinhuatun Granodiorite 184.0 £ 4.0 SHRIMP [18]
27 HTW1-1  48°32/24" 129°12/51" Xincun H"éfa‘i’frﬁde' 185.0+£1.0  LA-ICP-MS [22]
28 HTWe6-1 48°29'35" 129°2521" Shuguang Olivine-gabbro 186.0 + 2.0 LA-ICP-MS [22]
29 HYC10-1  47°42'37" 128°23/23" Xinhuo Hogrgalfrgde' 1820420  LA-ICP-MS [22]
30 HWC1-1 45°08'29" 127°14'02" Pingfang Gabbro—diorite 183.0 £ 1.0 LA-ICP-MS [22]
31 HYL1-1 46°20'54" 128°01'09” Liuzhonggou Hornblendite 186.0 £ 2.0 LA-ICP-MS [22]
32 06TM-2 43°02'31" 129°40/28" Tumen Gabbro 187.0 £ 1.0 SHRIMP [23]
33 HSW2-6 48°42'51" 127°15'43" Xinfu forest farm Monzogranite 176.0 + 1.0 LA-ICP-MS [23]
34 HSW23 49°43'07" 127°20/23" Fengshuigou Monzogranite 175.0 £ 1.0 LA-ICP-MS [23]
35 HSWG-2 48°41'55" 127°25'15" Xinfu forest farm  Sycamore granite 185.0 + 2.0 LA-ICP-MS [23]
36 HSWe6-4 48°41'55" 127°25'15” Xinfu forest farm  Sycamore granite 183.0 2.0 LA-ICP-MS [23]
37 9766-1 46°55'42" 128°53/15” Langxiang Granodiorite 200.0 £ 2.0 LA-ICP-MS [25]
38 9773-1 46°43'00” 128°47'14" Tuanjie Monzogranite 201.0 £3.0 LA-ICP-MS [25]
39 9777-1 46°56'17" 128°17'51” Shichang Granodiorite 175.0 £ 2.0 LA-ICP-MS [25]
40 P40-1 47°35'28" 129°14/23" Taiqing Monzonite 210.0 £2.0 LA-ICP-MS [25]
41 97SW001 45°12'14" 127°48'13" Wuyjimi Syenogranite 180.0 £ 3.0 SHRIMP [25]
42 97SW005 45°05'05" 128°07'32" Yimianpo Granodiorite 183.0 £ 4.0 SHRIMP [25]
43 97SW008 44°55'49" 128°54/38" Yimianpo Felsic dyke 147.0 £ 10 SHRIMP [25]
44 97SW009 44°55'49" 128°54/38" Hufeng Monzogranite 1790+ 7.0 SHRIMP [25]
45 985W101 45°47'26" 128°30'13” Yanshou Syenogranite 199.0 £ 5.0 SHRIMP [25]
46 98SW103 45°47'51" 128°3021” Yanshou Granodiorite 191.0 £ 4.0 SHRIMP [25]
47 98SW104 45°47'51" 128°30/21” Yanshou Felsic dyke 147.0 £ 6.0 SHRIMP [25]
48 97SW009 44°55'49" 128°54'38" Hufeng Monzogranite 179.0 £ 7.0 SHRIMP [25]
49 985SW101 45°47'26" 128°30'13” Yanshou Syenogranite 199.0 £5.0 SHRIMP [25]
50 98SW103 45°47'51" 128°3021” Yanshou Granodiorite 191.0 £ 4.0 SHRIMP [25]
51 98SW104 45°47'51" 128°30/21” Yanshou Felsic dyke 147.0 £ 6.0 SHRIMP [25]
52 985W122 43°34/31" 127°34/22" Baishishan Granodiorite 190.0 £ 2.0 SHRIMP [25]
53 98SW124 43°58'10" 126°43'44" Jiangmifeng Granodiorite 173.0 £ 4.0 SHRIMP [25]
54 98SW125 43°53/'56" 126°55'01" Tiangang Monzogranite 175.0 £ 3.0 SHRIMP [25]
55 985W126 43°53'56" 126°55'01” Tiangang Dioritic enclave 175.0 + 4.0 SHRIMP [25]
56 00SW225 47°41'50” 128°58'00” Honggqi Granodiorite 198.0 £ 4.0 SHRIMP [25]
57 00SW231 47°24'15" 129°24'36" Dafeng Monzogranite 201.0 +4.0 SHRIMP [25]
58 DY0380-1 47°27'22" 129°14'40” Xiaoxilin Granodiorite 200.0 £ 3.0 LA-ICP-MS [25]
59 DY0385-1  47°38/48" 129°02/55" Chaoxiantun Alk?glrl afﬂfes?ar 1760+£20  LA-ICP-MS [25]
60 DY0535-1 44°30'15" 129°15'19" Shihecun Syenogranite 1920+ 1.0 LA-ICP-MS [25]
61 DY0540-1 44°31'33" 128°48'19” Fahecun Syenogranite 196.0 + 1.0 LA-ICP-MS [25]
62 DY0545-1 44°23/25" 129°03/38" Jiujiecun Syenogranite 185.0 £ 2.0 LA-ICP-MS [25]
63 DY0556-1 45°23'03" 127°41'45" Jijiadian Syenogranite 190.0 £ 1.0 LA-ICP-MS [25]
64 DY103-2  44°26'01" 126°46/30" Liangjiashan Alkaglrl :ﬁfgpar 191.04+20  LA-ICP-MS [25]
65 DY104-2 44°20'18" 126°53/13" Shulan Granodiorite 190.0 £+ 2.0 LA-ICP-MS [25]
66 DY105-2 44°14/'27" 126°54/28" Xiangshui Monzogranite 172.0 £ 3.0 LA-ICP-MS [25]
67 DY118-1 43°05'06" 126°45'03" Baishishan Granodiorite 182.0 £ 2.0 LA-ICP-MS [25]
68 DY144-1 43°51'16" 126°31'31” Beishan Syenogranite 166.0 + 2.0 LA-ICP-MS [25]
69 FW02-184 43°34/22" 127°34/30” Baishishan Granodiorite 181.0 2.0 LA-ICP-MS [25]
70 FW02-188 43°38'49" 127°44'52" Baishishan Granodiorite 187.0 £ 4.0 LA-ICP-MS [25]
71 9780-2 48°16/28" 129°47/03" Qingshui Alkf‘glrl :ﬁf;par 2220+£50  LA-ICP-MS [25]
72 H15-10-01 46°55'05" 128°11/06" Tieli Syenogranite 190.0 £ 2.0 LA-ICP-MS [26]
73 H15-55-01 46°12'06" 128°39'11” Tieli Syenogranite 196.0 £ 1.0 LA-ICP-MS [26]
74 H15-56-01 46°16'02" 128°32/08" Tieli Syenogranite 196.0 £ 1.0 LA-ICP-MS [26]
75 H15-57-01 46°25'23" 128°31'32" Tieli Tonalite 186.0 £ 1.0 LA-ICP-MS [26]
76 H15-58-01 46°26'30" 128°32/15” Tieli Granodiorite 181.0 £ 1.0 LA-ICP-MS [26]
77 H15-59-01 46°33/42" 128°40'37" Tieli Monzogranite 1820+ 1.0 LA-ICP-MS [26]
78 H15-09-1 46°55'05" 128°11'06" Taoshanzhen Monzogranite 188.0 + 1.0 LA-ICP-MS [27]
79 LM-0101 47°22°08" 128°31/54" Luming Monzogranite 181.0 £ 2.0 LA-ICP-MS [27]
80 LMN Luming Monzogranite 176.0 £ 2.0 LA-ICP-MS [27]
81 CLN Cuilin Quartz monzonite 178.0 £ 1.0 LA-ICP-MS [27]
82 HJHN1 48°31'33" 128°57'09" Huojihe Monzonitic granite 186.0 = 1.7 LA-ICP-MS [27]
83 DBZG-1 43°05' 126°30/ Huadian Porphyritic 1876 +15  LA-ICP-MS [29]

dolerite
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84 MG-7 43°50/54" 126°58/50" Tiangiaogang Alkagllf :ﬂf:par 182.0 £ 3.0 SHRIMP [40]
85 97181 43°5015"  127°10/05" Tiaogiaogang Alkaglrl :ﬂf:l"ar 188.0 + 1.0 TIMS [40]
86 9728-1 Sandaohe Sycamore granite 216.0 £ 3.0 LA-ICP-MS [40]
87 RT-09 Errenban Monzonitic granite 1764 £ 1.1 LA-ICP-MS [42]
88 RT-11 Errenban Monzonitic granite 1783 £ 1.3 LA-ICP-MS [42]
89 RT-14 Lonngtoushan Monzonitic granite 1777+ 1.1 LA-ICP-MS [42]
90 RT-04 Shenxiandong Monzonitic granite 180.0 £ 1.8 LA-ICP-MS [42]
91 RT-13 Maoershan Monzonitic granite 1799 £1.2 LA-ICP-MS [42]
92 CC-la 43°28'12" 125°05'12" Kaoshan Syenogranites 1932+ 1.0 LA-ICP-MS [43]
93 CC-2a 43°23'32" 125°00'32" Kaoshan Syenogranites 190.3 + 1.0 LA-ICP-MS [44]
94 RT-07 Jiudingshan Monzonitic granite 1721 +£1.3 LA-ICP-MS [45]
95 RT-02 Jiudingshan ~ Monzonificgranite 5, 4 g, A qcpoMs [45]

Monzonitic granite
96 RT-03 Jiudingshan Monzonitic granite 1724 +1.2 LA-ICP-MS [45]
97 RT-12 Jiudingshan Monzonitic granite 1722 £1.7 LA-ICP-MS [45]
98 7005 43°59'10" 12725 31" Falazhen POtass;:r‘ﬁfteeldSPar 1908423  LA-ICP-MS [45]
99 015 44°04/26" 127°06/26" Laoyelin Pomssg“;;‘ﬁfteeldsmr 1852424  LA-ICP-MS [45]
100 009 44°11'39" 127°22/28" Shangyincun POtaSS;‘giildSpar 1789 +27  LA-ICP-MS [45]
101 014 44°15/21" 127°24/29" Maoshan P °tassé‘r‘$ift‘zld5par 1823+30  LA-ICP-MS [45]
102 013 44°15/21" 127°24/29" Maoshan P"tassé‘rl;‘r‘ﬂfteeldsl’ar 1837 +£24  LA-ICP-MS [45]
103 RT-05 44°15'21" 127''24'29" Maoshan Monzonitic granite 1789+ 1.3 LA-ICP-MS [45]
104 1160-1 44°47'15" 129°03/28" Hengdaohezi Syenite granite 1985+ 1.6 LA-ICP-MS [47]
105 14H\1{C12_ 47°23'11” 129°58'06" Hegang Syenogranite 251.0 £ 2.0 LA-ICP-MS [63]
106 16XH6-1 44°54/33" 129°20'52" Hengdaohezi Monzogranite 251.0 2.0 LA-ICP-MS [63]
w7 MHYCT s 13000407 Hegang Monzogranite 2490420  LAICP-MS [63]
08 YR geoyerr 1300018 Hegang Monzogranite 2450420  LAICP-MS [63]
109 15XH6-1 45°49'12" 129°28'10" Shuguanglinchang Monzogranite 215.0 2.0 LA-ICP-MS [63]
110 15XH11-1  45°42'40” 129°25'18” Shuguanglinchang Hornblende gabbro ~ 215.0 & 3.0 LA-ICP-MS [63]
111 15XH4-1 45°41'59" 129°16'41" Shuguanglinchang Syenogranite 214.0 2.0 LA-ICP-MS [63]
112 18XH16-1  44°54'20” 129°31/24" Hengdaohezi Monzogranite 213.0 £ 1.0 LA-ICP-MS [63]
113 15XH7-1 45°49'15" 129°28'08" Shuguanglinchang Gabbro 211.0 £2.0 LA-ICP-MS [63]
114 15XH7-5 45°49'15" 129°28'08" Shuguanglinchang Gabbro 210.0 £2.0 LA-ICP-MS [63]
115 15XH5-1 45°48'08” 129°20'09” Shuguanglinchang ~ Monzogranite 204.0 £3.0 LA-ICP-MS [63]
116 18H25-1 47°24'16" 129°24'37" Hegang Monzogranite 202.0 £2.0 LA-ICP-MS [63]
117 15XH17-1 44°48'48" 129°06'21" Hengdaohezi Syenogranite 200.0 £ 2.0 LA-ICP-MS [63]
118 18XH3-1 45° 01/33" 128°11/12" Weihe Quartz monzonite 196.0 £ 2.0 LA-ICP-MS [63]
119 14HYCS8-1 46°57'53" 129°16'50” Chenming Granodiorite 1940+ 1.0 LA-ICP-MS [63]
120 18XH11-1 44°56/07" 128°32/52" Weihe Monzogranite 1920+ 1.0 LA-ICP-MS [63]
121 18H1-1 46°55'06" 128°11'02” Tieli Monzogranite 190.0 £ 2.0 LA-ICP-MS [63]
122 18XH12-1 44°51/24" 128°41'50” Weihe Quartz monzonite 189.0 £ 1.0 LA-ICP-MS [63]
123 18XHI0-1  44°50'26" 128°32/06" Weihe Quartz monzonite ~ 187.0+1.0  LA-ICP-MS [63]
124 18XH2-1 45°23/19” 127°4111" Shangzhi Monzogranite 181.0 £ 1.0 LA-ICP-MS [63]
125 18XH1-1 45°12/44" 127°49'34" Shangzhi Syenogranite 177.0 £ 2.0 LA-ICP-MS [63]
126 14YB50-2 42°40'45" 130°27/22" Yanbian Diorite 198.0 + 3.0 LA-ICP-MS [80]
127 14YB42 42°35'07" 130°27'21” Yanbian Quartz diorite 197.0 £5.0 LA-ICP-MS [80]
128 14YB33-6 42°41'54" 130°1727" Yanbian Tonalite 197.0 £ 4.0 LA-ICP-MS [80]
129 14YB41-1 42°33'28" 130°25'53" Yanbian Granodiorite 189.0 + 3.0 LA-ICP-MS [80]
130 14YB59 42°34'10” 130°31'47" Yanbian Syenogranite 199.0 £ 4.0 LA-ICP-MS [80]
131 14YB62 42°31'10" 130°33'05" Yanbian Granodiorite 197.0 £ 3.0 LA-ICP-MS [81]
132 16GW114  44°40'29” 129°34/23" Fengshou village Granodiorite 215.0 £ 1.0 LA-ICP-MS [82]
133 16GW121 44°39/28" 129°22/53" Xinmin village Monzogranite 2170+ 1.0 LA-ICP-MS [82]
134 16GW126  44°38/27" 129°22/40" Haﬂf‘annfl‘l’re“ Granodiorite 2190+ 10  LA-ICP-MS [82]
135 16GW110 44°40'29" 129°34/23" Fengshou village Diorite 221.0£ 1.0 LA-ICP-MS [82]
136 16GW124  44°38'27" 129°22/40" Haﬂfl;:r‘:re“ Diorite 2210+10  LA-ICP-MS [82]
137 LM1 Luming Monzogranite 183.0 2.0 LA-ICP-MS [83]
138 M1 Luming Monzogranite 187.0 £2.0 LA-ICP-MS [84]
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139 LQ 42°43'07" 124°15/50" Jiaohe Granodiorite 1600+1.0  LA-ICP-MS [85]
140 GZ 43°19/53" 127°25'49" Jiache Monzogranite 18504+ 1.0  LA-ICP-MS [86]
141 ZQ 43°46/21" 126°39/07" Jiaohe Monzogranite 1790+1.0  LA-ICP-MS [86]
142 YT 43°42/35" 126°39/02" Jiache Monzogranite 1790+1.0  LA-ICP-MS [86]
143 DHS 43°31'59" 126°17/26" Jiaohe Andesite 1770430  LA-ICP-MS [86]
144 DB-91 Xunke County Alkali feldspar 1745407  LA-ICP-MS [87]

granite
145 DB-91 Xunke County Alkali feldspar 1730406  LA-ICP-MS [87]
granite
146 1087-4 44°57'26" 128°23'52" Shangweihe B“’gtiig;a“z 1970+10  LA-ICP-MS 88]
- angweihe uartz diorite . i - -
147 1089-2 44°57'01" 128°24/33" Shangweih Q diori 1900+1.0  LA-ICP-MS [88]
148 1090-3 44°5721" 128°25/24" Shangweihe Granodiorite 191.0+1.0  LA-ICP-MS [88]
149 1115-1 44°50/15" 128°41/40" Shidaohezi Granodiorite 1950410  LA-ICP-MS [88]
150 1126-1 45°01/31" 128°11/06" Jiujiangpao Granodiorite 193.0+1.0  LA-ICP-MS [88]
151 1094-1 44°56/03" 128°32/51" Yabuli Monzogranite 201.0+£20  LA-ICP-MS [88]
152 1106-1 44°55'11” 128°44'12" Shangyuchi Monzogranite 195.0 + 2.0 LA-ICP-MS [88]
- angyuchi onzogranite . . - -
153 1106-1 44°55/'11" 128°44/12" Shangyuchi Monzograni 18304+ 1.0  LA-ICP-MS [88]
154 1111-1 44°56/01” 128°54'31" Shangkaidaotun Monzogranite 196.0 + 1.0 LA-ICP-MS [88]
155 1118-1 44°4622" 128°35'54" Baoshancun Monzogranite 202.0 +£ 1.0 LA-ICP-MS [88]
156 10921  44°5716"  128°29'42"  Shangguoshuchang Bloztrzzﬁzmte 2020410  LA-ICP-MS [88]
157 1094-2 44°56/03" 128°32'53" Shangliuhe Bloztrziiy;mte 1970+10  LA-ICP-MS 88]
158 1090-4 44°57'32" 128°25'48" Shangweihe Syenite granite 191.04+1.0  LA-ICP-MS [88]
159 BMG 47°32 128°32 Luming Biotite 1875+28  LA-ICP-MS [89]
monzogranite
160 MG 47°32' 128°32 Luming Monzogranite 186.5 + 3.6 LA-ICP-MS [89]
161 PG 47°32' 128°32 Luming Monzogranite 178.6 2.2 LA-ICP-MS [89]
162 GP 47°32/ 128°32/ Luming Granite porphyry 1774 + 3.0 LA-ICP-MS [89]
163 SG 47°32 128°32 Luming Syenogranite 175.6 £ 3.0 LA-ICP-MS [89]
164 STH-1 44°52/22" 128°40/26" Shihe Monzogranite 201.0+20  LA-ICP-MS [90]
165 STH-2 44°51/43" 128°42/30" Shihe Tonalite 1980+30  LA-ICP-MS [90]
166 STH-2E 44°51'43" 128°42/30" Shihe Mafic enclaves 1960430  LA-ICP-MS [90]
167 1074TW Dongxintun Quartz diorite 176.2 £ 1.8 LA-ICP-MS [91]
168 %3611' Dongxintun Granodiorite 1824 +1.1 LA-ICP-MS [91]
169 ,?,%/3612- Dongxintun Monzonitic granite 172.7 £ 1.6 LA-ICP-MS [91]
170 DBO7TW Dongxintun D12k S;jﬂequartz 1682404  LA-ICP-MS [91]
171 3082TW Dongxintun Syenite granite 166.0 £2.2 LA-ICP-MS [91]
172 s1 45°41/39" 127°29/33" Taipinggiao Monzonitic granite 1770 £1.0  LA-ICP-MS [92]
173 S5 45°38/55" 127°40'26" Yujiatun Syenogranite 1850 +1.0  LA-ICP-MS [93]
174 S8 46°0720" 127°33/04" Zhaojiadian Syenogranite 1770+1.0  LA-ICP-MS [93]
175 S12 46°14/44" 127°27'42" Guoyongfatun Monzonitic granite 176.0 £ 2.0 LA-ICP-MS [93]
176 513 46°18'09” 127°28/54" Zhendongcun Two-mica granite 232.0 £2.0 LA-ICP-MS [93]
177 515 46°29'50"" 127°41'59" Xi'ertun Granodiorite 1740410  LA-ICP-MS [93]
178 s16 46°55'09" 128°11/01" Tieli Monzonitic granite 1860 £2.0  LA-ICP-MS [93]
179 S17 45°39/41" 127°10/32" Jijiatun Granite 173.0+£30  LA-ICP-MS [93]
180 S21 45°25'59" 128°27'54" Fushantun Granite 185.0 2.0 LA-ICP-MS [93]
181 S24 46°11'59" 128°35'18" Chuankoucun Granite 1950+£30  LA-ICP-MS [93]
182 PMO11-62  43°46/07" 127°11°01" Laoyeling Granodiorite 1900404  LA-ICP-MS [94]
183 PMO11-36  43°47'26" 127°1054" Songjiacun Monzogranite 1924+09  LA-ICP-MS [94]
184 PM007-51  43°42'13" 127°06'10" Dadingzi Monzogranite 1870423  LA-ICP-MS [94]
185 D6321 43°48/35" 127°18/01" Dadianzi Alkaglrl :ﬁ}f:par 1921+17  LA-ICP-MS [94]
186 P314 47°20/54" 129°36/22" F engrfgar;fore“ Monzogranite 211.0+1.0  LA-ICP-MS [95]
187 P244 47°24/53" 129°40/57" Fengrgii’nfore“ Granite porphyry ~ 2100+2.0  LA-ICP-MS [95]
188 P10-2 47°22/51" 129°59/27" Sihao forest farm Granodiorite 2440420  LA-ICP-MS [95]
189 P3LT43 47°29'01" 129°59/10" 530 forest farm Granodiorite 182.0+20  LA-ICP-MS [96]
190 P1LT92 47°05'11" 128°50/41" Nanchaolin Monzogranite 1750430  LA-ICP-MS [97]
191 CP9LT10,  47°13'01” 128°50'31” Hangyuelin Monzogranite 195.0 + 2.0 LA-ICP-MS [97]
192 FAP-N1 44°27° 127°20' Fu/anpu Monzogranite 1725+08  LA-ICP-MS [98]
193 FAP-N2 44°24° 127°15' Fu'anpu Granodiorite 1728 +1.1  LA-ICP-MS [98]
194 YZ02-7 42°55/56/" 128°42/29" Mengshan Granodiorite 181.0+£20  LA-ICP-MS [99]
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195 YZ02-5 42°54'49" 128°43/20” Mengshan Monzogranite 174.0 + 3.0 LA-ICP-MS [99]
196 YZ02-10 42°49'58" 128°53'40” Mengshan Granodiorite 184.0 +2.0 LA-ICP-MS [99]
197 YZ02-2 42°51'15" 128°30/32" Dakai Monzogranite 249.0 £ 4.0 LA-ICP-MS [99]
198 FWO00-37 42°52'01" 128°02/30” Huangniling Monzogranite 168.0 £ 3.0 TIMS [99]
199 FW00-40 42°55'12" 127°38'11” Huangniling Granodiorite 171.0 £ 5.0 TIMS [99]
200 YZ02-33 42°27""53" 129°1520” Gaoling Granodiorite 170.0 £ 3.0 LA-ICP-MS [99]
201 YZ02-45 42°37'16" 129°12/01" Gaoling Monzogranite 192.0 £ 2.0 LA-ICP-MS [99]
202 YZ02-12-3 42°28'46" 128°56'12" Bailiping Tonalite 285.0 £9.0 LA-ICP-MS [99]
203 YZ02-22-2 42°12'14" 128°49'21" Bailiping Monzogranite 245.0 £ 6.0 LA-ICP-MS [99]
204 YZ02-25-2 42°10'57" 128°44'58" Bailiping Monzogranite 245.0 £ 3.0 LA-ICP-MS [99]
205 YZ02-27-2 42°03'10” 128°49/32" Bailiping Monzogranite 248.0 £2.0 LA-ICP-MS [99]
206 YZ02-28 42°04'19” 128°54'16" Bailiping Diorite 178.0 £2.0 LA-ICP-MS [99]
207 YZ02-16-1 42°21'58" 128°39/38" Bailiping Syenogranite 187.0 £ 3.0 LA-ICP-MS [99]
208 YZ02-18-3 42°20'20" 128°50'15" Bailiping Granodiorite 119.0 £ 2.0 LA-ICP-MS [99]
209 YZ02-21-1 42°13'34" 128°47'55" Bailiping Quartz diorite 116.0 £ 1.0 LA-ICP-MS [99]
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Figure 7. Figure 7. Frequency distribution diagram of zircon U-Pb ages of Early to Middle Mesozoic
intrusive rocks in the Lesser Xing’an-Zhangguangcai Range (a—f).

5.2. Granite Genesis Types

The Early Jurassic granitoids in the Yangmugang area belong to the weakly peraluminous—
peraluminous high-K calc-alkaline series of rocks. They exhibit characteristics (Figure 5)
such as high silicon and aluminum contents; an elevated alkali content; low magnesium,
phosphorus, and titanium contents; and a high TFeO/MgO ratio (with an average value of
12.66) [6,8,11]. The rock contains visible biotite and common hornblende, with accessory
minerals that include magnetite and apatite. It is notably different from S-type granites,
which are strongly aluminum-rich (containing minerals such as garnet and muscovite) and
characterized by an A/CNK > 1.1 [49]. Furthermore, in the Rb-Th diagram (Figure 8a) and
Rb-Y diagram (Figure 8b), a positive correlation between the Th and Y contents with the
Rb content was observed, indicating the characteristics of type I granites [50-52]. In the
(Zr + Nb + Ce + Y)-(TFeO/MgO) diagram (Figure 8c) and the (Zr + Nb + Ce + Y)-(NayO +
K,0)/Ca0O diagram (Figure 8d), the granodiorite and monzonitic granite samples fell into
the I-type granite zone and the granite porphyry and alkali feldspar granite samples fell
into the transitional zone between highly fractionated, high-silica granitic rocks and A-type
granites. In the 1000Ga/Al-(NayO + K;0)/CaO diagram (Figure 8e) and the 1000Ga/Al-
w(Zr) diagram (Figure 8f), the rock samples fell into the transitional zone between I-type
granites and A-type granites. The Zr/Hf values effectively reflect the degree of magmatic
differentiation. The Zr/Hf values can categorize granites into highly fractionated granites
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(<25), moderately fractionated granites (25-55), and typical granites (>55) [53]. In this study,
the average Zr/Hf ratios for the Early Jurassic granodiorite, monzonitic granite, granite
porphyry, and alkali feldspar granite samples were 26.72, 22.46, 20.46, and 17.84. These
samples also exhibited high differentiation indices, with Ip values of 85.64, 89.26, 93.14,
and 97.26. This indicates that the Early Jurassic granodiorite is moderately fractionated
granite, while the monzonitic granite, granite porphyry, and alkali feldspar granite have
undergone significant differentiation processes.
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Figure 8. Rb-Th diagram (a), Rb-Y diagram (b) (a,b modified from [50-52]), (Zr + Nb + Ce + Y)-
TFeO/MgO diagram (c), (Zr + Nb + Ce + Y)-(NayO + K,0)/CaO diagram (d), 1000 Ga/Al-(NayO +
K;0)/Ca0 diagram (e) (c—e modified from [51]), and 1000 Ga/Al-(Zr) diagram (f) (modified from [16])
of Late Jurassic granitoids from the Yangmugang area in the Lesser Xing’an—Zhangguangcai Range.
FG: fractionated granite; OGT: unfractionated M-, I-, and S-type granite.

In addition, the research area’s Early Jurassic granitoids exhibited the following
characteristics: (1) Compared to A-type granite, highly differentiated I-type granite has a
lower total rare earth element content (ZREE < 150 x 107°). The average XREE content of
the granite samples in this study was 135.99 x 10° (<150 x 10~°), which is consistent with
the characteristics of highly differentiated I-type granite. (2) Highly differentiated I-type
granite has lower contents of Zr, Nb, Ce, and Y. The average value of Nb + Zr + Y + Ce in
the granite samples in this study was 267.13 x 10~°, which was lower than the minimum
value for A-type granite (350 x 10~¢) [51]. (3) The average 1000 Ga/Al ratios for the Early
Jurassic granodiorite, monzonitic granite, granite porphyry, and alkali feldspar granite
samples were 1.67, 1.86, 2.22, and 2.12, which were close to the average 1000 Ga/Al ratio of
highly differentiated I-type granites (2.10) and lower than the average 1000 Ga/ Al ratio
of A-type granites (3.75) [16]. (4) In this study, the average zircon saturation temperature
(Tz,) for the Early Jurassic granodiorite, monzonitic granite, granite porphyry, and alkali
feldspar granite samples were 770 °C, 783 °C, 794 °C, and 793 °C, a bit lower than the
zircon saturation temperature of A-type granites (800 °C) [17]. In summary, the Early
Jurassic granodiorite in the study area was classified as moderately differentiated I-type
granite, while the monzonitic granite, granite porphyry, and alkali feldspar granite were
categorized as highly differentiated I-type granites.
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5.3. Magmatic Source Characteristics

There is still controversy surrounding the origin of I-type granites, and several differ-
ent viewpoints exist: (1) the partial melting of mantle material and fractional crystallization
processes [54]; (2) the mixing of mantle-derived basaltic magma and crustal-derived granitic
magma [16,17,55]; and (3) the partial melting of lower crustal mafic rocks [56]. Magma
formed by the partial melting of mantle material is typically mafic-neutral and is charac-
terized by a lower SiO; content and high Mg# values (Mg# > 65) [57]. The Early Jurassic
granitoids in the study area had a high SiO, content and low Mg* values (Mg* = 10-20),
which do not match the geochemical characteristics of granitoids formed by the partial
melting of mantle-derived magmas (Mg" > 65). Instead, they exhibit geochemical similari-
ties to granitoids formed by the partial melting of the lower crust (Mg* < 40). Furthermore,
the Early Jurassic granitoids studied in this research are widely distributed in the Lesser
Xing’an-Zhangguangcai Range, forming a massive NS-trending magmatic belt. Such a
large-scale acidic magmatic belt is less likely to have formed through the crystallization and
differentiation of mantle-derived magmas. Furthermore, in the Early Jurassic granitoids
of the Yangmugang area, no iron-magnesium-rich inclusions were found, indicating that
the magma source for the Early Jurassic granitoids in the Yangmugang area is less likely to
have resulted from crust-mantle mixing.

The Early Jurassic granitoids in the study area are characterized by high silica, high
potassium, high alkalinity, low iron, low magnesium, low calcium, and low titanium
contents. They are enriched in large-ion lithophile elements and depleted in high-field-
strength elements, which is consistent with a rock genesis model involving the partial
melting of the lower crust [43]. The distribution pattern of trace elements and rare earth
elements (Figure 6) was similar to the distribution pattern of the lower continental crust
and large continental blocks. This suggests characteristics of a crustal origin. The Early
Jurassic granitoid samples in the study area had Nb/Ta values of 8.20-17.24 (with an
average of 11.08) and Rb/Sr values of 0.28-0.99 (with an average of 0.51). These values
are relatively close to the average chemical composition of crustal rocks (Nb/Ta = 11.4,
Rb/Sr = 0.35) [55,58]. The values of Ti/Y and Ti/Zr were 28.85-183.33 (with an average of
103.35) and 3.33-20 (with an average of 10.07). These values fell within the range typical of
crustal-source magmas (Ti/Y < 200 and Ti/Zr < 30) [46,58]. Furthermore, the Early Jurassic
granitoid samples in the study area were positioned within the crustal source range in
the 8Eu-(La/Yb)yn diagram (Figure 9a), within the continental upper crustal region in the
Nb/Y-Th/Y diagram (Figure 9b) and within the upper crustal region in the Ta/Yb-Th/Yb
diagram (Figure 9c). They exhibited a trend indicative of fractional crystallization evolution,
further indicating that the source magma for the Early Jurassic granitoids in the study area
originated from the partial melting of crustal materials. The depletion of Ba, Sr, and Eu
suggests that a process of plagioclase accumulation may have occurred during the partial
melting of crustal materials [59,60], and the low (La/Yb)y values (6.48-10.43), along with
high Yb (1.77-3.14) and Y (9.20-19.10) values, indicate the absence of garnet in the magma
source region. Furthermore, based on mineral thermobarometry experiments [61,62], the
pressure at which plagioclase disappears is 1.2 GPa, while garnet formation occurs at
pressures between 0.8 and 1.0 GPa. Therefore, it can be inferred that the Early Jurassic
granitoids in the study area formed at pressures of less than 0.8 GPa, corresponding to an
estimated burial depth of less than 30 km based on simulation calculations.

Based on previous Early Jurassic granitoids in the Yangmugang area of the Lesser
Xing’an Range by predecessors [16,44,63], the (¥7Sr/%Sr); values of the granite within
the area are 0.704133-0.704740, the eng(t) values are +0.2 4+ 5.91, the Tpyp values are
0.75-0.98 Ga, and the positive eng(t) values and relatively younger model ages (Tpyp)
suggest that the source rocks originated from the melting of mafic lower crustal materials
of a Mesoproterozoic to Neoproterozoic age. This is consistent with the geochemical
characteristics and epy¢(t) values of several granite bodies in the Early Jurassic section of the
Lesser Xing’an Range [26,44,64]. Furthermore, previous research suggests that the eng(t)
values and Tpyp variations in the granite of the eastern margin of the Xingmeng Orogenic
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Belt show little change, implying that rocks of different ages and types in this area may
have originated from a similar source region [65,66]. In summary, this study concludes that
the Early Jurassic granitoid magmas in the Yangmugang area originated from the partial
melting of lower crustal materials.
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Figure 9. 5Eu-(La/Yb)y diagram (a) (modified from [67]), Nb/Y-Th/Y diagram (b) (modified
from [68]), and Ta/Yb-Th/Yb diagram (c) (modified from [69]) of Late Jurassic granitoids from the
Yangmugang area in the Lesser Xing’an-Zhangguangcai Range.

5.4. Granite’s Evolutionary Characteristics

In the study area, during the Early Jurassic period, the SiO; content and total alkali
content (NapO + K,O) gradually increased in granodiorite, monzonitic granite, granodi-
orite porphyry, and alkali feldspar granite. Conversely, the contents of Fe,O3, FeO, and
MgO decreased with an increase in the silica content, indicating the evolution of magma
towards the acidic direction. The low Ba values in the rock indicate intense fractional
crystallization of the magma, while the high Ip values (85.64-97.26) and low Zr/Hf values
(15.18-28.77) indicate a high degree of magmatic differentiation and evolution. As the
magmatic differentiation process proceeds from granodiorite to alkali feldspar granite, the
granite in this period is primarily characterized by compositional evolution, featuring high
silica, high alkali, low iron, low magnesium, and low calcium contents. The granite samples
exhibited increasing Ip values, A/CNK values, and Rb/Sr values, while the Is values and
Zr/Hf values gradually decreased [70]. This reflects that, for granodiorite-monzonitic
granite—granodiorite porphyry-alkali feldspar granite, the degree of magma differentiation
and evolution becomes progressively higher, indicating a more thorough evolution.

In the Harker diagram (Figure 10), there is a strong linear relationship between the
5i0; content and the content of other oxides, indicating that the granodiorite, monzonitic
granite, granodiorite porphyry, and alkali feldspar granite samples originated from the
same or a similar source region. From granodiorite to alkali feldspar granite, as the SiO,
content increased, the contents of Al,O3, TiO,, TFeO, MgO, CaO, MnO, and P,0Os5 gradu-
ally decreased. While the K,O content increased gradually, the Na,O content remained
relatively constant. It is evident that the fractional crystallization of dark-colored minerals
plays a significant role in the magma evolution process. This further increases the total
alkali content in the rock, indicating an overall trend of evolution from weakly peralumi-
nous to peraluminous characteristics in the rock. Furthermore, the granodiorite to alkali
feldspar granite samples, as depicted in the granite petrogenesis discrimination diagrams
proposed in Figure 8c—e, show that, with increasing magma differentiation and evolution,
the rocks exhibited a trend of evolving from weakly peraluminous middle-differentiated
I-type granite towards peraluminous high-differentiated I-type.

The Early Jurassic granitoid samples in the study area exhibited a right-skewed distri-
bution in the rare earth element partition diagrams, which was characterized by enrichment
in light rare earth elements and depletion in heavy rare earth elements (Figure 6a). The
evolution of Eu shows a transition from weakly negative anomalies to stronger nega-
tive anomalies (Figure 6a). The identification diagrams Ba-Rb (Figure 11a) and Ba-Sr
(Figure 11b) show that the loss of Sr, Ba, and Eu and the enrichment of Rb in the rock mass
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were mainly caused by the crystallization differentiation of potassium feldspar and anortho-
clase (Figure 11a,b) [16,17]. The depletion of P and Ti was likely a result of the fractional
crystallization of accessory minerals such as apatite and Fe-Ti minerals (Figure 11c). The
depletion of Ba, Sr, and Nd further supports the evident mineral fractional crystallization
during the magma evolution process.
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Figure 11. Ba-Rb diagram (a) (modified from [71]), Sr-Ba diagram (b), and La- (La/Yb)y diagram
(c) (b,c modified from [16]) of Late Jurassic granitoids from the Yangmugang area in the Lesser
Xing’an—Zhangguangcai Range.
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5.5. Implications for the Evolution of the Mudanjiang Ocean

The late Early Jurassic granitoid samples in the study area were characterized by
high silica, high potassium, high alkalinity, low iron, low magnesium, low calcium, and
low titanium contents, making them high-K calc-alkaline rocks. Their A /CNK value was
generally less than 1.1, indicating weakly peraluminous to peraluminous rocks. Their
trace element composition showed enrichment in large-ion lithophile elements and light
rare earth elements, as well as depletion in high-field-strength elements, classifying them
as high-K calc-alkaline type I granites. Previous studies have indicated that high-K calc-
alkaline granites can form in tectonic settings such as active continental margins and
post-orogenic environments [68,72,73]. The granitoid samples in the study area, as depicted
in the (Yb + Ta)-Rb diagram (Figure 12a), fell within the volcanic arc granite field; in the
(Y + Nb)-Rb diagram (Figure 12b), they fell within the post-collisional granite field; and
in the R;—R; diagram (Figure 12c), they fell within the late orogenic granite field. In the
5i0,-1gCa0/ (K70 + NayO) diagram (Figure 12d), they fell into the overlapping boundary
line of the compressional types and extensional types. In the Yb-Sr diagram (Figure 12e),
the magma fell into the low-Sr high-Yb-type granite area, with a few falling into the low-Sr
low-Yb-type granite area. According to the classification, we can conclude that the parent
magma came from the shallow low-pressure extension background (<0.8 or 1.0 GPa) [78]. In
the 5i0,-Al,O3 diagram (Figure 12f), the parent magma fell into the post-orogenic granite
area. To sum up, the late Early Jurassic granites in the research area were formed in the late
orogenic tectonic environment.
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Figure 12. (Yb + Ta)-(Rb) diagram (a), (Y + Nb)-(Rb) diagram (b) (modified from [50]), R1—R;
diagram (c) (modified from [74]), SiO;-1gCaO/(K,O + Na,O) diagram (d), Yb -Sr diagram (e), and
5i0,-Al, O3 diagram (f) of Late Jurassic granitoids from the Yangmugang area in the Lesser Xing’an—
Zhangguangcai Range.

Based on the research findings of previous scholars, it is widely recognized that the late
Early Jurassic Lesser Xing’an-Zhangguangcai Range is situated in an extensional tectonic
environment [4,8,9]. However, there is still considerable debate about the specific tectonic
regime that influenced it. Previous research results have indicated that the closure of the
ancient Asian Ocean and the ultimate collision between the Xingmeng Orogenic Belt and
the North China Craton occurred during the Middle-Late Triassic period [75-77], forming
a magmatic belt that extends east to west along the Changchun—Yanji suture zone [68].
The granitoid formation age in the study area was 182.9-177.2 Ma, and the magmatic belt
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in the Lesser Xing’an—Zhangguangcai Range, including the study area, is oriented in a
north-south direction. Therefore, during the late Early Jurassic, the influence of the tectonic
system related to the ancient Asian Ocean on the Lesser Xing’an-Zhangguangcai Range,
including the study area, appears to have been limited.

Furthermore, to the west of the Songnen-Zhangguangcai Range block, there are Early
Jurassic granitoids belonging to the medium- to high-K calc-alkaline series, exhibiting
geochemical characteristics of type I granites [2,10-12,62-65]. These granitoids are believed
to have formed in an active continental margin volcanic island arc environment and are
associated with the southward subduction of the Mongol-Okhotsk Ocean [48,65]. The late
Early Jurassic granitoids exposed in the Songnen—-Zhangguangcai Range block, including
the study area, belong to the high-K calc-alkaline series and were formed in a late orogenic
extensional tectonic environment [28-30]. The Early Jurassic granitoids to the west of
the Songnen block exhibit a distinctly different tectonic environment compared to the
Early Jurassic granitoids in the Songnen block and its eastern regions [2,21,22,25,26]. This
indicates that, during the late Early Jurassic, the influence of the Mongol-Okhotsk Ocean on
the Lesser Xing’an—Zhangguangcai Range, including the study area, was limited [27,29,30].
Therefore, considering the regional tectonic background, this study suggests that the late
Early Jurassic granitoids in the Lesser Xing’an-Zhangguangcai Range, including the study
area, were formed in a late orogenic extensional tectonic environment. This formation
was likely related to the collision and closure of the Mudanjiang Ocean and the westward
subduction of the ancient Pacific Plate. This conclusion can be further supported by the
following aspects (Figure 13):
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Figure 13. Early Jurassic Toarian tectonic evolution diagram of the Yangmugang area in the Lesser
Xing’an—Zhangguangcai Range.

The eastern margin of the Songnen-Zhangguangcai Range block and the western
margin of the Jiamusi block are characterized by a north-south-trending Permian granite
belt. This belt consists of high-potassium calc-alkaline rocks that exhibit enrichment in
light rare earth elements (LREEs) and large-ion lithophile elements (LILEs) while showing
depletion in heavy rare earth elements (HREEs) and high-field-strength elements (HF-
SEs). These geochemical characteristics are similar to those of subduction-zone magmatic
rocks [11,22,78]. Additionally, the Middle Permian ultramafic rocks in the Dajindingzi,
Zhushan, and Xinnangou areas along the Mudanjiang suture zone display active continental
margin attributes and geochemical characteristics of ocean island basalts (OIBs), mid-ocean
ridge basalts (MORBs), and arc basalts [29]. The Heilongjiang blueschists (288-258 Ma)
also show geochemical attributes of OIBs, MORBs, and arc basalts [11], indicating that
they formed in an oceanic island environment [15,79]. This evidence suggests that the
Mudanjiang Ocean experienced bidirectional subduction during the Early Permian period.

During the Triassic period, the Yilan region developed metamorphic basalts with OIB
characteristics (251-243 Ma), while the Mudanjiang region developed plagioclase amphibo-
lites with N-MORB characteristics (284.0 Ma) and blueschists with E-MORB characteristics
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(224-213 Ma) [15], indicating that the Mudanjiang Ocean had not closed by the Late Triassic
period [14,40,47]. Additionally, a small amount of I-type granite related to oceanic crust
subduction (250-246 Ma) was found in the Fuxing Forest Farm at the western margin of
the Jiamusi block [80]. In the eastern margin of the Songnen—-Zhangguangcai Range block,
the Pingdingshan monzogranite (249.8 Ma) and the Lianzhushan monzogranite (243.7 Ma),
which exhibited arc magmatic rock characteristics, are related to the subduction of the Mu-
danjiang Ocean [81]. Furthermore, in the Gaogangshan area of the Lesser Xing’an Range,
granitic porphyry (247.6 Ma) associated with porphyry copper—-molybdenum deposits
developed [78]. This highly differentiated I-type granite showed chemical characteristics of
syn-collisional granites and is related to the rollback of the westward-subducting plate of
the Mudanjiang Ocean between the Songnen-Zhangguangcai Range block and the Jiamusi
block. During the Triassic period, the Mudanjiang Ocean basin shrank and bidirectional
subduction continued.

Previous studies have determined the *’Ar-3% Ar ages of metamorphic muscovite from
single minerals in the accretionary complex of the Mudanjiang Ocean, with the metamor-
phic ages concentrated between 185 and 165 Ma [15,26,53]. This metamorphic peak is
believed to postdate the initial collision between the Songnen-Zhangguangcai Range block
and the Jiamusi block and is considered the closure time of the Mudanjiang Ocean [11].
Dong [13] obtained a rutile cooling age of 177 Ma from amphibolite in the accretionary
complex of the Yilan region, while Zhao et al. [82] obtained an age of 177 Ma for felsic my-
lonite in the Huanan region. This deformation event, characterized by the transition from
high-P-T metamorphic mineral assemblages to low-P-T metamorphic mineral assemblages,
is interpreted as the exhumation process of deep metamorphic assemblages to shallower
levels following the collision and closure of the Songnen—-Zhangguangcai Range block and
the Jiamusi block [28,40,48,83-85]. These geological events indicate that the region under-
went significant tectono-thermal events during the Early to Middle Jurassic period, leading
to the closure of the Mudanjiang Ocean and the rapid uplift of the accretionary complex.

In the Early Jurassic period, the Lesser Xing’an-Zhangguangcai Range developed
typical bimodal igneous rocks, exhibiting compositional zoning parallel to the Northeast
Asian continental margin [86]. Concurrently, a calc-alkaline igneous assemblage developed
in eastern Jilin and Heilongjiang, displaying a northeast-southwest-trending belt. From
west to east, the SiO; and K;O contents gradually increase, while the eng(t) values gradually
decrease [29,85], indicating the initiation of the subduction of the Paleo-Pacific tectonic
system during the Early Jurassic period [87-89]. By the late Early Jurassic period, an
ultramafic—mafic intrusive rock belt (186-182 Ma) was discovered in the Yichun-Tieli—
Shangzhi area [14,15,22,88,90-92]. This mafic rock belt is believed to be related to large-scale
mantle-derived magma underplating in an extensional setting [88,93,94], forming a typical
bimodal igneous assemblage with contemporaneous I-type and A-type granites in the
region [27,95,96]. This process is possibly associated with the subduction rollback of the
Paleo-Pacific. Additionally, the EW-directed thrust structures along the eastern margin of
the Songnen—-Zhangguangcai Range block [5,43,97] and the nearly NS distribution of the
Mudanjiang accretionary complex after tectonic exhumation [17,86,98,99] suggest that the
closure of the Mudanjiang Ocean and the uplift of the accretionary complex may be related
to the subduction of the Paleo-Pacific beneath the eastern margin of the Eurasian continent.

In summary, considering the regional tectonic evolution and the late Early Jurassic
(182.9-177.2 Ma) granitoids in the study area within a post-orogenic extensional setting,
it was concluded that the granitoids in the study area are products of the extensional
environment following the collision of the Songnen-Zhangguangcai Range block and the
Jiamusi block along the Mudanjiang suture zone. This further constrains the complete
closure of the Mudanjiang Ocean to the late Early Jurassic period.

6. Conclusions

1. The intrusion ages of the granodiorite, monzonitic granite, granodiorite porphyry,
and alkali feldspar granite in the Yangmugang area of the Lesser Xing’an—Zhangguangcai
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Range were 182.9 £ 1.4 Ma, 180.8 + 0.9 Ma, 177.8 £ 1.6 Ma, and 177.2 & 2.2 Ma. These
ages collectively represent products of the late Early Jurassic magmatic evolution event.

2. The late Early Jurassic granitoids in the study area are characterized by high silicon
and aluminum contents, a high alkalinity, and low magnesium, phosphorus, and titanium
contents, as well as a high TFeO/MgO ratio. The granodiorite belongs to the moderately
differentiated I-type granitoids, while the monzonitic granite, granodiorite porphyry, and
alkali feldspar granite belong to the highly differentiated I-type granites. The magma
source for these granitoids was derived from the melting of lower crustal material from the
Mesoproterozoic to the Neoproterozoic eras.

3. In the study area, there is a progression from granodiorite to alkali feldspar gran-
itoids. This sequence represents an increasing degree of magmatic differentiation and
exhibits a trend towards evolving from weakly peraluminous middle-differentiated I-type
granitoids towards peraluminous high-differentiated I-type.

4. The late Early Jurassic granitoids in the study area formed in an extensional tectonic
environment following the collision and closure between the Songnen block and the Jiamusi
block, which is correlated with the closure of the Mudanjiang Ocean. This also suggests
that the amalgamation of the Songnen block and the Jiamusi block had already taken place
during the late Early Jurassic period (177.2 Ma).
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