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Abstract  Plenty of gold deposits related to Late Mesozoic craton destruction are widely distributed in eastern North China
Craton. However, significant differences in research degrees, ore-forming characteristics, and proven reserves exist among
different regions in the North China Craton. The Liaodong Peninsula has similar regional geological characteristics to those of
the Jiaodong Peninsula, with both experiencing craton destruction during Late Mesozoic, but the two areas have substantial
differences in terms of gold mineralization and the proven gold resources. Based on regional geology, Mesozoic magmatic-
tectonic evolution and ore geology, combined with integrated geophysical exploration and big data Al resource prediction, in this
paper, we propose that the ore-forming materials of Late Mesozoic gold deposits in Liaodong were mainly originated from
mantle-derived melts and/or fluids induced by craton destruction. The gold deposits were primarily controlled by NE-NNE-
trending faults, mainly classified as fracture-controlled altered rock-type and sulfide-bearing quartz vein-type. Moreover, our
study predicts that the Yalu River fault zone and its related secondary faults, as well as the periphery and deeper parts of known
goldfields, are the important regions for future gold resource exploration. The Yalu River metallogenic belt has an enormous

potential for gold resources, and the Liaodong Peninsula has a potential to add thousands of tons of gold resources.
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1. Introduction

Globally, super-large gold deposits are predominantly dis-
tributed in old cratons, and are associated with orogeny and
metamorphism during cratonization, commonly referred to
as orogenic gold deposits (Goldfarb et al., 2001). The gold
precipitates at shallow crustal depths from gold-enriched
H,0-CO, fluid derived from dehydration, desulfurization,
and decarbonation during greenschist- to amphibolite-facies
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prograde metamorphism at mid-crustal depths, migrating to
shallower crustal levels and precipitating (Gebre-Mariam et
al., 1995; Phillips and Powell, 2010; Tomkins, 2010; Yu et
al., 2024). The North China Craton contains widely dis-
tributed large to super-large Mesozoic gold deposits, and its
proved reserves account for more than 50% of the national
total. The host rocks for these deposits are Precambrian
metamorphic rocks and Mesozoic magmatic intrusions.
Groves et al. (1998) considered the Jiaodong gold deposits as
orogenic gold deposits. However, recent studies indicate that
the Jiaodong area experienced multiple tectonic events, in-
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cluding late Paleozoic subduction of the Paleo-Tethys Ocean,
early Mesozoic continental collision, and Late Mesozoic
craton destruction (Zhang et al., 1988; Zheng et al., 2018;
Zheng et al., 2019). The gold deposits in the Jiaodong and
other regions of the eastern North China Craton mainly
formed in the Early Cretaceous, coeval to the emplacement
of lamprophyre and diabase dykes in the same areas under an
extensional environment associated with Cretaceous litho-
spheric thinning and asthenospheric upwelling (Sun and Shi,
1995; Yang et al., 2003; Mao et al., 2005, 2008). The gold
mineralization was related to tectonism, magmatism, and
fluid activities induced by craton destruction deduced by the
subduction of the ancient Pacific Plate. They are distinct
from orogenic gold deposits in terms of ore-forming fluids,
sources of materials, depository geology, and ore-forming
background (Zhu et al., 2015, 2020; Wu et al., 2019; Mao et
al., 2021; Yang et al., 2021 and references therein). Thus,
some scholars argue that the gold deposits in North China are
not orogenic in origin but “the Jiaodong-type gold deposits”
(Deng et al., 2015, 2023) or “Decratonic gold deposits” (Zhu
et al., 2015). Recently, Mao et al. (2021) investigated the
characteristics and tectonic background of polymetallic mi-
neralization along the eastern edge of the Eurasian continent,
and proposed that the Cretaceous gold deposits in Jiaodong
and Liaodong are part of large-scale mineralization in the
post-subduction extensional environment of the late Pacific
Plate, with ore-forming elements derived from deep litho-
spheric dynamic processes.

Gold deposits in different parts of the eastern North China
Craton vary significantly in research depths, mineralization
types, geological characteristics, and proven reserves. The
Jiaodong area has proven gold reserves of over 5400 tons
(Deng et al., 2020a; Yu et al., 2024), accounting for more
than one-third of the national total. The Liaodong area, lo-
cated to the east of the Tan-Lu fault, has similar Precambrian
basement rocks and widespread Mesozoic magmatic rocks to
the Jiaodong area, and also experienced the similar craton
destruction processes. However, the discovered gold re-
sources in Liaodong are significantly less than those in
Jiaodong. To deeply study the genesis of gold deposits in
Liaodong and to find strategic replacement base of gold re-
sources, the Chinese government has recently set up special
projects for multidisciplinary comprehensive research in
geology, geochemistry, and geophysics of the gold deposits
in Liaodong (Mao et al., 2005; Yang et al., 2021; Di et al.,
2021; Wang G et al., 2021). These studies further indicate the
potential of huge gold resources in the Liaodong area, with
proven gold reserves approaching a thousand tons. This pa-
per proposes new directions for future research and gold
prospecting in Liaodong, based on comparative analysis of
the deep lithospheric structure, Mesozoic tectonic evolution,
Mesozoic magmatism and geodynamics, and large-scale
gold mineralization in the Jiaodong and Liaodong regions.
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2. Late Mesozoic geology of the Liaodong area

The Liaodong area, located in the northeastern part of the
North China Craton, lies between the Tan-Lu fault zone and
the Yalu River fault zone, bordering the Central Asian
Orogenic Belt (also known as the Xing-Meng Orogenic Belt)
in the north (Figure 1). To the south of the Bohai Sea, the
Jiao-Bei Uplift in the southeastern margin of the North China
Craton develops with large-scale Early Cretaceous decra-
tonic/Jiaodong-type gold deposits (Zhu et al., 2015; Deng et
al., 2015, 2023). During the basement evolutionary stage, the
main body of Liaodong belonged to the ancient Proterozoic
Jiao-Liao-Ji Orogenic Belt. The Longgang Block is located
to the northwest of the Haicheng-Benxi South-Tonghua in its
northwest Liaodong and the Langlin Block is located to east
of the Yalu River Fault Zone in its east part (Zhang S et al.,
2017). The exposed rocks in Liaodong include Archean to
Paleoproterozoic metamorphic basement rocks, covered by
Mesoproterozoic to Paleozoic marine sedimentary rocks,
locally with Jurassic to Cretaceous continental volcanic-se-
dimentary rocks and a series of Mesozoic intrusions.
During the peak destruction period of the North China
Craton (Zhu R X et al., 2011, 2012; Wu et al., 2019; Yang et
al., 2021; Zhu G et al., 2021), widespread and intensive
magmatism and crustal extension with the development of a
series of extensional structures occurred in the Liaodong area
(Zhu G et al., 2021 and references therein). In recent years, a
large amount of high-precision isotopic data have shown that
the Mesozoic magmatic rocks in Liaodong can be divided
into three periods: Triassic (231-200 Ma), Jurassic
(183-152 Ma), and Early Cretaceous (131-120 Ma), of
which the Early Cretaceous granites and volcanics are the
most widespread (Wu et al., 2005a; Yang and Wu, 2009; Sun
et al., 2021). Triassic magmatic rocks mainly include alka-
line rocks and calc-alkaline gabbro-diorite-granite (Yang et
al.,2012; Zhu Y S et al., 2017), and Jurassic magmatic rocks
are primarily intermediate-felsic diorite-granodiorite-gran-
ite, with rare mafic rocks (Wu et al., 2005b; Sun et al., 2021),
whereas the Early Cretaceous magmatic rocks are complex
in rock types, including alkaline rocks, A-type granites, I-
type granites, and widely associated intermediate-mafic
rocks (Yang et al., 2021). In terms of their emplacement age
and rock types, the Mesozoic magmatic rocks in the Liao-
dong area are generally similar to those in the Jiaodong area.
The most intensive magmatism occurred in the Early Cre-
taceous during the peak destruction period of the North
China Craton (Figure 1b) under a strong extensional setting.
Early Cretaceous extensional structures are widespread,
including a series of metamorphic core complexes, detach-
ment faults, high-angle normal faults, layer-parallel exten-
sional sliding fracture zones, and extensional basins in the
Liaodong Peninsula (Figure 1b). Exposed in the southern
part of Liaodong are the Liaonan and Wanfu metamorphic
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Figure 1  Simply geological map showing the distributions of gold deposits in the eastern North China Craton (a) and the distribution of Early Cretaceous

extensional structures, magmatic rocks, and gold deposits in the Liaodong peninsula (b).

core complexes (Lin et al., 2008; Liu et al., 2013), the cores
of which are Archean metamorphic rocks and Mesozoic in-
trusions that were originally located at mid-crustal levels.
Overlying these metamorphic core complexes are Meso-
proterozoic to Paleozoic marine covers, and the detachment
fault zones control the development of Early Cretaceous
superimposed basins. The Liaonan and Wanfu metamorphic
core complexes had experienced rapid uplift and exhumation
during 120-110 Ma (Yang et al., 2007; Lin et al., 2011). The
Dayingzi and Gushan low-angle detachment fault zones
developed to the west of the Wanfu metamorphic core
complex, with an overlying extensional basin on the upper
plate (Liu et al., 2011). Early Cretaceous NE-SW trending
high-angle normal faults are widespread in the central and
northern parts of the Liaodong area, and they were newly

formed, generally smaller on scale, and reactivated earlier
left-lateral strike-slip faults, including the giant Tan-Lu and
Yalu River fault zones (Zhu G et al., 2012, 2018; Zhang et
al., 2018, 2019). Early Cretaceous layer-parallel extensional
sliding fracture zones, mainly developing at the contact zone
between the Proterozoic Dashiqiao Formation marbles of
Liaohe Group and the overlying Xianxian Group schists, are
low-angle and are characterized by the development of
breccia zones commonly with dikes and mineralization. This
type of extensional structure mainly developed in the
Qingchengzi goldfield in central Liaodong with pre-
dominantly NE-trending (Zeng et al., 2019).

A series of Early Cretaceous extensional basins developing
in the Liaodong area are all small-scale volcanic-sedimen-
tary basins (Liu et al., 2011; Yan et al., 2021), and can be
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divided into three types: superimposed basins developing in
the upper plate of the detachment fault zones of the Liaonan
and Wanfu metamorphic core complex (i.e., eastern
Guiyunhua Basin, western Pulandian-Wafangdian Basin);
extensional basins in the upper plate of the Dayingzi and
Gushan low-angle detachment fault zones (i.e., Huan-
ghuaxun-Dayingzi Basin and Gushan Basin); and fault-
bounded basins controlled by high-angle normal faults (such
as the Dandong Basin and Tongyuanbao Basin; Zhang et al.,
2019). “Ar/Ar dating of a series of extensional ductile
detachment shear zones in Liaodong, along with zircon U-Pb
dating of volcanic rocks within the extensional basins, con-
strain the Early Cretaceous extensional activity at
135-106 Ma (Yang et al., 2007; Lin et al., 2008, 2011; Liu et
al., 2011, 2013; Zhang et al., 2019, 2020; Yan et al., 2021).
During Early Cretaceous time, the Yalu River fault zone
transformed into a large-scale normal fault with the eastern
block subsiding, and controlled the development of a series
of rift basins (Zhang et al., 2019); the western block was an
uplifted block, exposing the upper crust and accompanying a
series of NE-SW trending high-angle normal faults (Zhang S
et al., 2020).

3. Geophysical exploration and deep-shallow
lithospheric structures

3.1 Deep lithospheric structure in the Liaodong Pe-
ninsula

Based on investigations on regional geology and gold de-
posits in the Liaodong peninsula, mobile seismic array de-
tection was deployed across the Wulong and Qingchengzi
goldfields with SE-trending, and shallow integrated geo-
physical exploration of these goldfields was conducted to
reveal the deep structure of the regional lithosphere and the
shallow structure and hidden plutonic bodies in the two ore
fields (Figure 2a). Integrating data from the northeastern
margin of the North China Craton and adjacent regions’
broadband mobile arrays (NCISP6 and NCISP10) and fixed
stations (Meng et al., 2021; Ma et al., 2022), Zhang et al.
(2014) and Meng et al. (2021) used teleseismic S-wave re-
ceiver function migration imaging to obtain the depth var-
iation of Liaodong lithosphere (Figure 2b). As shown in
Figure 2b, the AA’ profile crossing the Wulong and Qing-
chengzi goldfields shows that the lithospheric thickness in-
creases from about 65 km in the east to around 100 km in the
southern part of the Da Hinggan Mountains. This indicates
that the lithosphere in the Liaodong area has been strongly
destructed and thinned with spatial heterogeneity, and it
becomes significantly thinner along the Tan-Lu and the Yalu
River fault zones, and there are also obvious thermal
anomalies under the lithosphere, indicating that deep faults
play an important role in the process of craton destruction

March (2024) Vol.67 No.3

and lithospheric thinning, which provides a channel for deep
molten fluid to penetrate upward. The significant thinning of
lithosphere thickness and the strong metasomatism of molten
fluid may be one of the important factors of the Late Me-
sozoic gold mineralization in Liaodong (Figure 2b). Figure
2c reveals the top surface of the Archean basement about
5km beneath the Longgang Block, possibly extending
eastward into the Jiao-Liao-Ji Orogenic Belt and gradually
deepening, which was disrupted by the boundary fault be-
tween the Longgang Block and the Jiao-Liao-Ji Orogenic
Belt (BLJ). Previous research indicates that the lithosphere
beneath the Jiaodong area had been significantly thinned
(Chen, 2010; Zhu et al., 2011). All of these observations
indicate that both the Liaodong and Jiaodong areas share a
common structure and dynamic background of lithospheric
destruction and thinning.

3.2 Shallow geophysical exploration and geological
structures in the goldfields

To reveal the shallow crustal structures and ore-controlling
structures of the Wulong and Qingchengzi goldfields in
Liaodong, ground-based geo-electric, airborne transient
electromagnetic, airborne magnetic, and short-period seis-
mic array investigations were conducted. The geophysical
explorations have revealed magnetic, electrical, and velocity
anomalies in the Wulong and Qingchengzi goldfields (Di et
al., 2020; Xie et al., 2021; Zheng et al., 2022). Previous
ground magnetic data show strong magnetism in the mag-
netite quartzite of the Liaohe Group and weak magnetism in
its marble, schist, and granulite. The Mesozoic granites in the
area are weakly magnetic, the gabbro is moderately mag-
netic, and the non-mineralized quartz veins are weakly
magnetic or non-magnetic, while mineralized quartz veins
containing pyrrhotite are slightly more magnetic (D1 et al.,
2020). The interpretations of magnetic anomalies in the
goldfields are summarized as follows.

(i) Wulong goldfield. After processing the aeromagnetic
anomalies, it was found that the magnetic field in the de-
tection area all show NE-trending, characterized by high
values in the northwest and low values in the southeast
(Figure 3a). To the northwest of the central part of the ob-
served area, marked by the NE section of the Jixinling fault,
is a large high magnetic anomaly area, while the southeast
part shows a negative anomaly. The NE-oriented magnetic
anomaly strips basically align with the positions of the
Hongshi, Yangjia, and Jixinling faults, all characterized by
stable, continuous magnetic anomalies.

Aeromagnetic data well constrain the boundaries and
lithologies of geological bodies. Area B in Figure 3a re-
presents the non-magnetic or weakly magnetic Liaohe Group
strata, likely comprising marble, schist, and granulite, while
Area A represents the high-magnetic anomaly area of the
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Figure 2 Lithospheric structures in Liaodong. (a) Location of the AA’ profile;

(b) Lithospheric thickness on the AA’ profile (modified from Zhang et al.,

2014; Meng et al., 2021); (c) Crustal structure in the area marked by the white square in Figure 2b (modified from Dong et al., 2022). XMOB, Xing-Meng
Orogenic Belt; NCC, North China Craton; XB, Xing’an Block; SLB, Songliao Basin; TLFZ, Tan-Lu Fault Zone; YLJF, Yalu River Fault Zone; NSGL, North-
South Gravity Gradient Zone; SS, Suolun Suture Zone; YYF, Yilan-Yitong Fault; DMF, Dunhua-Mishan Fault; LGB, Longgang Block; JLIB, Jiao-Liao-Ji
Orogenic Belt; BLJ, Boundary between the Longgang block and Jiao-Liao-Ji orogenic belt.

Liaohe Group containing magnetite particles (Figure 3a).
The semicircular low magnetic anomaly in the southeastern
part of the detection area corresponds to the exposure loca-
tions of Sanguliu intrusion (Figure 3a, Area C). The Wulong
intrusion exhibits weak magnetism, but a high magnetic
anomaly appears in the northwest of the detection area,
speculated to be related to the deep Liaohe Group meta-
morphic rocks and later mafic intrusions. The central part of
the detection area shows a moderate magnetic anomaly,
presumably related to the exposed gneissic biotite monzo-
granite and two-mica monzogranite of the Wulong intrusion.

To understand the distribution of electrical properties at
different depths, resistivity cross-sections at the surface, 100
meters, and 300 meters depth were drawn based on airborne
transient electromagnetic data (Figure 3b). Within 300 me-
ters depth, the electrical distribution in the detection area is
basically consistent with resistivity showing a clear high in
the north and low in the south, and low-resistivity zones

distributed at equal intervals from NE to SW. Aeromagnetic
data reflect the boundaries and lithologies of intrusions
consistent with aeromagnetic detection results (Figure 3a).
Areas A and B are both Liaohe Group strata, overall showing
low resistivity characteristics, Area C shows high resistivity,
corresponding to the exposure locations of the Sanguliu in-
trusion, whereas the other area is the Wulong intrusion,
mainly exhibiting high-resistivity characteristics. Due to
tectonic effects, the electrical distribution of the Wulong
intrusion is uneven, with some areas showing medium re-
sistivity characteristics.

(ii) Qingchengzi goldfield. Four intrusions (B, D, C, E)
are exposed in the Qingchengzi goldfield (Figure 4a). The
Middle to Late Triassic monzogranite intrusion (D) exhibits
high magnetism, while the Proterozoic monzogranite intru-
sions (B, C, E) show medium to low magnetism. A high
magnetic zone (Area A) near the Yaojia molybdenum deposit
is proposed to be a mineralized Middle Jurassic granite in-
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Figure 3 Aeromagnetic and aeroelectric results of the Wulong goldfield. (a) Aeromagnetic anomaly interpretation plan. 1, Quaternary; 2, Proterozoic
Liaohe Group Gaixian Formation; 3, Proterozoic Liaohe Group Dashiqiao Formation, third member; 4, Proterozoic Liaohe Group Langzishan Formation; 5,
Proterozoic Liaohe Group Yujiapuzi Formation; 6, Triassic granite dikes; 7, Triassic granodiorite dikes; 8, Jurassic granitedikes; 9, Granitic porphyry dikes;
10, Altered granitic porphyry; 11, Intrusion boundary; 12, Faults; 13, Liaohe Group formations (Gaixian and Dashigiao formations); 14, Liaohe Group

formations (Langzishan and Yujiapuzi formations); 15, Sanguliu intrusion. (b) 3D inversion resistivity slices of airborne transient electromagnetic data at
different depths.
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Figure 4 Planar map of aeromagnetic anomaly and magnetotelluric resistivity map in the Qingchengzi goldfield. (a) Planar map of aeromagnetic anomaly.
1, Quaternary; 2, Jurassic-Cretaceous Xiaoling Formation; 3, Second segment of the Proterozoic Gaixian Formation, Liaohe Group; 4, first segment of the
Proterozoic Gaixian Formation, Liaohe Group; 5, third segment of the Proterozoic Dashigiao Formation, Liaohe Group; 6, second segment of the Proterozoic
Dashiqiao Formation, Liaohe Group; 7, first segment of the Proterozoic Dashiqiao Formation, Liaohe Group; 8, Proterozoic Gaojiayu Formation, Liaohe
Group; 9, Early Cretaceous monzogranite; 10, Late Jurassic monzogranite; 11, Late Triassic monzogranite; 12, Proterozoic monzogranite; 13, Neoproterozoic
strata; 14, Metamorphic sandstone; 15, Marble; 16, Pegmatite vein; 17, Intrusion boundary; 18, Faults; 19, Yaojiagou intrusion; 20, Xinling intrusion; 21,
Dadingzi intrusion; 22, Shuangdinggou intrusion; 23, Nanshan intrusion; 24, Detection line number. (b) 3D magnetotelluric inversion resistivity slice map.

trusion. extension of these two fault groups at depths in their re-

Aeromagnetic data confirm the development of two groups spective directions. The F101 fault in the central-southern
of faults in the area, i.e., NE- (F101 and F102) and NW- part of the goldfield has a length of 14 km within the de-
trending (F201 and F202) faults (Figure 4a), revealing the tection area. Its northern side shows a stronger magnetic
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field, while the southern side shows a weaker one, with
molybdenum deposits located at its intersection and con-
trolled by the F201 fault. The F102 fault occurs approxi-
mately 28 km in length in the area, with a weak positive
magnetic field on the southern side and a weak negative
magnetic field on the northern side, indicating lithological
differences on either side of the fault.

The 3D magnetotelluric sounding method obtained un-
derground electrical data to a depth of 5 km (Figure 4b),
showing high resistivity near the surface in the L1 A, L2 A,
and L3 A line profiles (Figure 4a and 4b), which is presumed
to be exposed or hidden granite. Low resistivity areas are
presumed to be the Proterozoic Gaixian Formation strata of
the Liaohe Group. Several famous polymetallic deposits in
the area are close to faults and are mostly located in the weak
positive/negative magnetic field gradient zones (Figure 4b).
The area near Xiaotongjiapuzi (Figure 4b, Line L3) is lo-
cated in a high to low resistivity transition zone and extends
deeply. Short-period seismic array noise imaging reveals a
hidden intrusion possibly existing down to 5 km beneath
Xiaotongjiapuzi (Xie et al., 2021), speculated to be the gold
mineralization zone (Di et al., 2020).

4. Genesis of gold deposits in the Liaodong
Peninsula

4.1 Mineralization age of Liaodong gold deposits

In the Liaodong Peninsula, gold deposits primarily consist of
quartz vein type and altered rock type. Recent advances have
been made in determining the mineralization ages of these
deposits. In the Wulong gold deposit, various dating methods
yielded consistent mineralization ages, including molybde-
nite Re-Os isochron age of 12542 Ma for gold-bearing
quartz veins, hydrothermal monazite SIMS U-Pb age of
12743 Ma (Yu et al., 2020), hydrothermal rutile SIMS U-Pb
age of 122+1 Ma (Feng et al., 2020), and sericite YAt/ Ar
age of 123+1 Ma (Liu et al., 2019). These ages are consistent
with those of the spatially associated intermediate-mafic
dikes in the goldfield, indicating coeval Early Cretaceous
mineralization and magmatism. Controversy has long sur-
rounded the mineralization age of the Qingchengzi goldfield.
Based on the cross-cutting relationships between orebodies
and dikes and their zircon U-Pb ages, Sun et al. (2019, 2020,
2022) proposed that the gold deposits in the area were
formed mainly in the Early Cretaceous (~126 Ma). Con-
troversy has also surrounded the timing of the mineralization
of the Maoling goldfield in western Liaodong, ranging from
Paleoproterozoic (2316140 Ma, Yu et al, 2005;
2287495 Ma, Liu et al., 2018), through the early Jurassic
(~189+5 Ma, Zhang P et al.,, 2017), to early Cretaceous
(~129 Ma, Liu et al., 2018) (Liu et al., 2018). Significant
breakthroughs have been made in recent exploration in the
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Dadonggou gold deposit, which also has an Early Cretaceous
mineralization age. The Xinfang gold deposit in the south of
the Yalu River fault zone has a pyrite Re-Os isochron age of
121+1 Ma (Zhang et al., 2022) and a sulfide Rb-Sr isochron
age of 123+2 Ma (Zhang et al., 2023). The ages of pre-and
post-mineralization dikes in the Xindian gold deposit are
127 Ma and 121 Ma, respectively, constraining an Early
Cretaceous mineralization age (Yu et al., 2018, 2020, 2022).
Hydrothermal monazite from gold-bearing quartz veins of
the Gulouzi gold deposit in the central part has an U-Pb age
of 12147 Ma (unpublished data by the author). The Sha-
wogou gold deposit in the north formed between
126-129 Ma (unpublished data by the author). All of these
data show that the main mineralization of gold deposits in the
Liaodong area occurred in the Early Cretaceous, which is
consistent with that of the Jiaodong gold deposits.

4.2 Ore-controlling structures of Liaodong gold de-
posits

The ore-controlling structures in the Liaodong area are pre-
dominantly high-angle normal faults with NE-trending and
low-angle, layer-parallel extensional sliding fracture zones
with nearly EW-trending (Xiao et al., 2018; Zeng et al.,
2019). Quartz vein-type gold deposits are primarily con-
trolled by high-angle normal faults, while altered rock-type
gold deposits are controlled by both high-angle normal faults
and low-angle, layer-parallel extensional sliding fracture
zones. The well-explored Wulong gold deposit, a quartz
vein-type gold deposit, is primarily controlled by high-angle
NE-trending normal faults and their associated structures
(Xiao et al., 2018), which include newly-formed normal
faults during the Early Cretaceous extension period as well
as reactivated early left-lateral strike-slip faults and their
derivative faults (Zhang S et al., 2020). The host rock for
orebodies is the Late Jurassic Wulong monzogranite intru-
sion. The Sidaogou gold deposit in the south of the Yalu
River fault zone and the Maoling gold deposit in central
Liaodong are altered rock-type gold deposits, developing
within the Paleoproterozoic Liaohe Group. The ore-hosting
structure in the Sidaogou gold deposit is the interlayer
fracture zone of the Liaohe Group, with the orebodies or-
iented NE and NW, while the Maoling gold deposit is si-
tuated in the fracture zone of high-angle normal faults. In the
Qingchengzi goldfield, altered rock-type gold deposits, in-
cluding the Baiyun, Xiaotongjiapuzi, Taoyuan, and Linjia
Sandaogou deposits, are controlled by low-angle, layer-
parallel extensional sliding fracture zones with EW-trending
(Zeng et al., 2019), mainly developing within the Dashiqiao
Formation marble and Gaixian Formation schist of the
Liaohe Group. They are characterized by multi-phase ac-
tivities, initially as reverse thrust-overlapping interlayer
sliding zones (Zhang S H et al., 2020) and later transforming
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into extensional interlayer sliding zones (Zeng et al., 2019).
Extensive alteration of the wall rocks occurred in each type
of gold deposit, with a clear pattern of hydrothermal altera-
tion zoning. From the vein center to the wall rocks, it can be
sequentially divided into pyrite sericitization (silicification) -
sericitization (chloritization) - unaltered rock.

Gold deposits in the Liaodong area occur as clusters within
specific zones and belts. Based on their clustered distribu-
tion, they are divided into the Qingchengzi polymetallic
field, the Maoling goldfield, and the Yalu River gold me-
tallogenic belt (Figure 1). The Yalu River metallogenic belt
extends NE along the eastern side of the Liaodong Peninsula,
bordering North Korea, and contains quartz vein-type gold
deposits represented by the Wulong gold deposit and altered
rock-type gold deposits represented by the Sidaogou and
Dadonggou gold deposits. Quartz vein-type gold deposits
were controlled by steeply NE-dipping faults, while altered
rock-type gold deposits were controlled by interlayer faults
of the Liaohe Group (Figure 5). Thus, gold mineralization in
Liaodong was mainly controlled by NE-NNE trending faults,
very similar to the ore-controlling structural patterns of the
Jiaodong gold deposits (Figure 1). Gold mineralization in
both Liaodong and Jiaodong occurred within a short period
under similar tectonic setting, with the types of gold deposits
primarily being altered rock-type in fracture zones and sul-
fide-bearing quartz vein-type.

4.3 Comparison of gold mineralization between Liao-
dong and Jiaodong

The Jiaodong Peninsula is one of China’s most significant
gold-producing areas, with over 5400 tons of gold resources
identified within an area that constitutes only 0.17% of
China’s landmass, making it the world-wide third-largest
gold mining district. The Liaodong and Jiaodong regions are
fundamentally similar in terms of deep lithospheric structure,
Mesozoic tectonic evolution, basement rocks, and magmatic
rocks, especially characterized by the wide development of
Early Cretaceous granites closely related to gold miner-
alization. The gold deposits in both regions have the same
mineralization ages and characteristics (Miao et al., 1997,
Yang et al., 2005; Jiang et al., 2010; Zhu et al., 2015;
Goldfarb and Groves, 2015; Fan et al., 2021; Deng et al.,
2022). Available studies using sulfide Rb-Sr isotopic dating
methods (Yang and Zhou, 2001) and SHRIMP/LA-ICPMS
U-PDb dating of hydrothermal zircon and monazite in quartz-
sulfide veins have precisely confined the mineralization age
of the Jiaodong gold deposits within the range of 120+5 Ma
(Hu et al., 2013; Ma et al., 2017; Deng et al., 2020b), which
is consistent with the gold mineralization age in the Liao-
dong region.

Early Cretaceous gold deposits in Liaodong have similar
fluid inclusion characteristics to those in the Jiaodong Pe-
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ninsula, mainly comprising H,0-NaCl two-phase and CO,-
bearing inclusions. The mineralization temperature mainly
ranges between 200—350°C, and fluid salinity is mostly be-
tween 2 wt.% and 15 wt.% NaCl equiv. The ore-forming
fluids belong to the H,0-NaCl-CO, hydrothermal system
(Figure 6a) (Fan et al., 2016; Deng et al., 2022). Some high-
salinity fluid inclusions have been identified from the
Liaodong gold deposits (Figure 6a), reflecting characteristics
of magmatic hydrothermal fluids. The dominant mechanism
for gold precipitation involves either immiscibility or mixing
between high-salinity magmatic hydrothermal fluids and
low-salinity meteoric water. Hydrogen and oxygen isotopic
compositions of gold deposits from both Liaodong and
Jiaodong are broadly similar, mainly overlapping with initial
magmatic water (Figure 6b), further indicating that the ore-
forming fluids were mainly derived from magmatic water,
with some involvement of meteoric water. Sulfur isotope
5*S values in the Jiaodong gold deposits are relatively
concentrated, mostly between +6%o and +10%o0 (Mao et al.,
2008; Li et al., 2018; Feng et al., 2018; Deng et al., 2020b),
whereas in the Liaodong gold deposits, 5”*S values are more
dispersed, ranging from —9.0%o to +17%o, due to the strong
water-rock interaction between the ore-forming fluids and
the surrounding rocks (Liaohe Group metamorphic rocks),
but still encompassing the 5's range of the Jiaodong gold
deposits. In summary, the ore-forming fluids of gold deposits
in both the Liaodong and Jiaodong areas are predominantly
of magmatic origin, with some incorporation of meteoric
water and exhibiting varying degrees of exchange with the
crustal rocks. These characteristics further suggest that gold
mineralization in the Liaodong and Jiaodong areas occurred
under similar Early Cretaceous tectonic and magmatic set-
tings, characterized by instantaneous explosive mineraliza-
tion. They have similar mineralization characteristics and
temperature-pressure-composition of the ore-forming fluids.

4.4 Metallogenic model of the Liaodong gold deposits

Gold mineralization in the Liaodong region mainly occurred
in the Early Cretaceous, and was controlled by fault struc-
tures and characterized by intense silicification and ser-
icitization. The C-H-O isotopic compositions of fluid
inclusions and sulfide in-situ S isotopic compositions in-
dicate that the ore-forming fluids for both quartz vein-type
and altered rock-type gold deposits in Liaodong were mainly
originated from dehydration of contemporaneous magmas,
mixed with meteoric water leaching ore materials from the
surrounding rocks (Xu et al., 2020; Wang C Y et al., 2021).
Pyrite Sr-Nd-Pb isotopes and in-situ S-Fe isotopes reveal that
the metal elements such as gold were mainly derived from
Early Cretaceous magmatism. The Liaodong gold deposits
were formed by mixing of magmatic water and meteoric
water that leached ore elements from surrounding rocks,
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intensive water-rock interaction, and precipitation in favor-
able structural locations (Xu et al., 2020). Therefore, in-
tensive Early Cretaceous magmatism and extensional
tectonics associated with the destruction of the North China
Craton were the primary controlling factors for gold miner-
alization in the Liaodong region and even the eastern part of
the craton. Multidisciplinary comprehensive studies have

shown that the destruction of the North China Craton and its
associated intense tectonic-magmatic-mineralization activ-
ities resulted from the subduction of the Paleo-Pacific Plate
(Zhu R X et al., 2017; Wu et al., 2019). The spatiotemporal
distribution of magmatism and tectonic features in the east-
ern part of the North China Craton reveals that the subduc-
tion process of the Paleo-Pacific Plate toward the East Asian
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continent during Late Mesozoic time (Zhu and Xu, 2019) is
characterized by low-angle subduction in the Jurassic fol-
lowed by rollback and retreat of the subduction zone in the
Early Cretaceous. It was the rollback of the Early Cretaceous
subducting plate that led to the destruction of the North
China Craton and the associated extensional tectonism-
magmatism-gold mineralization geodynamic processes.

Combining regional geological data, we propose the fol-
lowing mineralization model for gold deposits in the Liao-
dong region and the eastern part of the North China Craton.
Since the Late Jurassic-Early Cretaceous, continuous retreat
of the subduction zone of the Paleo-Pacific Plate has caused
intensive extension in the eastern part of the craton, forming
extensional basins and widespread metamorphic core com-
plexes. The rollback of the Pacific Plate induced an unstable
mantle flow system, increasing the melt-fluid content in the
upper mantle and significantly reducing the lithospheric
viscosity, with intensive melt-fluid metasomatism in the
ancient lithospheric mantle beneath the eastern North China
Craton. At the same time, these processes caused the for-
mation of extensive mantle-derived magmas and fluids in the
eastern part of the craton. The crustal materials were partially
melted by heating from the upwelling asthenosphere and the
mantle-derived magmas at crustal levels, forming felsic
magmas. These magmas and deep fluids, carrying part of
ore-forming materials, rose along deep faults to different
crustal depths, forming complex volcanic and intrusive
rocks. Magmatic fluids, formed by dehydration of magmas
after crystallization differentiation at shallow crust levels and
mixed with meteoric water leaching ore materials from the
widely percolated surrounding rocks, formed gold-rich ore-
forming fluids. When the ore-forming fluids continued to
rise into the shallow fault structural system, rapid boiling/
mixing, due to changes in temperature, pressure, and other
conditions, caused the precipitation of ore elements such as
gold (Figure 7). In our scenario, the Early Cretaceous gold
deposits in Liaodong were unlikely to be orogenic but clo-
sely related to the destruction of the craton, constituting
“Decratonic Gold Deposits” or “Jiaodong-type Gold De-
posits. ”

5. Prospecting potential prediction and break-
through directions

5.1 Resource potential prediction in typical goldfield of
Liaodong

Based on the geodynamical background of gold miner-
alization and the metallogenic model of deposits in the
Liaodong region, a three-dimensional model of the ore-
forming geological body in Liaodong has been constructed
using geological big data (including geology, geophysics,
geochemistry, remote sensing, and supplementary explora-
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tion data from typical deposits), artificial intelligence
methods (including Random Forest, PU-Learning and other
machine learning algorithms), and 2D/3D/4D GIS technol-
ogy. On this basis, geological big data mining, extraction of
three-dimensional exploration variables (including structural
and lithological prospecting information as well as density,
magnetization, and resistivity ore-related anomaly informa-
tion), and integrated fusion research were carried out for the
Wulong and Qingchengzi goldfields using self-developed
Geo-series software (Geosift, Geostatck, GeoPro, GeoSIM,
and GeoCube3.0). A new method for delineating favorable
prospecting targets and estimating resource potential has
been proposed.

(i) Wulong goldfield. Based on the 1:10,000 geological
and mineral map, the 1:1000 middle section map, and the
borehole database of the Wulong goldfield, models of faults,
intrusions, dikes, and ore bodies in the core area of the
Wulong goldfield were established using the SKU-GO-
CAD18.0 software. The Geo-sift software was used to obtain
a 1:50,000 gravity-magnetic three-dimensional model of the
ore-forming geological body. On this basis, Model Vision
software developed by Encom, Australia, was used for a two-
and-a-half-degree interpretation of gravity and magnetism,
dividing deep geological structures into multiple continuous
geological units. Then, UBC-GIF software was used to ob-
tain three-dimensional ore-forming geological body model-
ing and uncertainty analysis under forward modeling
constraints of the Loop3D dataset (depth 5.0 km) of geo-
electric profiles. Based on the above three-dimensional
models and exploration variable extraction, density, mag-
netization, resistivity, and their combined variables were
interpolated using DSI in the SKUA-GOCADI18.0 software,
constructing three-dimensional density inversion models,
magnetization inversion models, and resistivity inversion
models. Finally, the favorable prospecting target areas in the
Wulong goldfields were delineated using the enhanced evi-
dence weight method module of the self-developed quanti-
tative resource prediction and evaluation software
GeoCube3.0 (Wang G et al., 2021). Based on this, the gold
enrichment-volume (C-V) multi-fractal method was used to
divide the Wulong goldfield into three levels (Figure 8a, 8b,
8c). Among them, the first-level target area (Figure 8d) was
further divided into Grade A (A-1, A-2, and A-3), Grade B
(B-1, B-21, B-3, B-4, B-5, and B-6), and Grade C target
areas. Based on the gold content estimation of industrial
reserve estimation block units (Wang G et al., 2021), it is
estimated that the gold reserves exceed 1000 tons at depths
less than 2500 m, with the cumulative resource reserves of
the Wulong goldfield exceeding 500 tons.

(i) Qingchengzi goldfield. Based on the geological and
mineral big data of the Qingchengzi goldfield, a preliminary
model of faults, intrusions, and ore bodies in the core area of
the Qingchengzi goldfield was established using the SKU-
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GOCADI18.0 software. A multi-parameter 3D spatial in-
formation fusion study was conducted, including strata, in-
trusions, fault buffer zones, dikes, density, magnetization,
and resistivity. A three-dimensional model of ore-forming
geological body was constructed according to the genetic
model of gold deposit and prospecting model. Using the
above-mentioned Geo-series geoscience software, an in-
tegrated study of exploration variables in the goldfield was
carried out. Using 3D RF and 3D PU-Learning methods and
their software modules, five prospecting target areas were
identified: Baiyun NW section, Huangdianzi NE and SW
sections, Xiaotongjiapuzi deep section, and Linjia Sandao-
gou-Taoyuan deep section (Figure 9). Based on explicit
modeling of the Qingchengzi gold deposit (aided by mine
tunnel engineering datasets), the number of three-dimen-
sional block units covering industrial ore bodies was ob-
tained, and the gold content of block units was estimated
according to the industrial reserves (Wang G et al., 2021).
The number of three-dimensional block units outside the

known gold orebodies (first-tier target areas) was counted.
The first-tier target areas have similar exploration variables
and combinations and higher values of Bayesian posterior
probability compared to known orebodies. The reserves in
the target areas was calculated based on the product of the
number of block units and the gold content values. The gold
resource at a depth of 500-2500 m in the Qingchengzi
goldfield was estimated to reach 1619 tons using Geo-
Cube3.0 and SKUA-GOCAD software.

5.2 Prospecting indicators

The geological characteristics and genesis of the known gold
deposits in the Liaodong region have provided clear pro-
specting indicators. One indicator is the development of the
middle Early Cretaceous (120-125 Ma) mantle-derived
mafic intrusions, specifically diorite, diabase and lampro-
phyre that occur as dikes and locally as stocks. The extent of
these mafic intrusions is often proportional to the degree of



668 Zhu R, et al.

1000
ic 0
~ -1000

=
4515

0 2000 4000 6000
Lostislisninditundusisbini it
Horizontal Length (m)

Sci China Earth Sci

Y m)iarg, 4510

March (2024) Vol.67 No.3

[[] Gold ore body
[ First-tier target areas

- Second-tier target areas

A 554 2
-~~~ 550 N \/\(E
4505 W S

Figure 9 Three-dimensional model of prospecting targets in the Qingchengzi goldfield.

gold mineralization, making them the most favorable sites
for locating altered rock-type or quartz vein-type gold de-
posits. The second indicator is the crust-mantle mixed-source
intermediate-acidic intrusions in the Early Cretaceous
(125-130 Ma), mainly granodiorite. These intermediate-
acidic intrusions are also favorable areas for gold enrich-
ment. The third indicator is the regional development of Late
Jurassic crustal granites, often accompanying gold miner-
alization belts, forming an important petrological back-
ground for gold mineralization. The fourth indicator is the
Early Cretaceous extensional structures developing during
the mineralization period, including normal faults, exten-
sional detachment zones, interlayer sliding zones, and faults
along the boundaries of intrusions. Brittle-ductile exten-
sional structures are the most favorable sites for gold mi-
neralization.

It is worth noting that the spatial overlap of the three
phases of intrusion with Early Cretaceous extensional
structures is the most favorable gold mineralization area in
the Liaodong region. The intensity of these three phases of
magmatism and extensional activities is directly proportional
to the degree of gold mineralization. The mantle-derived
magmatism and extensional activity in the Early Cretaceous
are necessary conditions for gold mineralization in Liao-
dong, while the Early Cretaceous and Late Jurassic mag-
matism is sufficient conditions. Gold mineralization was
closely associated with Early Cretaceous mantle-derived
magmatism and extensional activity, while Early Cretaceous
and Late Jurassic crustal-derived magmatism often devel-
oped around or deep within gold deposits.

The Liaohe Group, composed of the Langzishan, Lieryu,
Gaojiayu, Dashiqiao, and Gaixian Formations, sequentially
composed of dolomites, volcanic rocks, carbonate rocks, and
mudstones from bottom to top (Luo et al., 2004; Li et al.,
2005). The Gaixian Formation of the Liaohe Group, with its
massive mudstone and sandstone deposits, has the lowest

degree of metamorphism and the highest gold content (Cui et
al., 2022); it is also the most altered formation, making the
Gaixian Formation the most favorable stratigraphic level for
locating altered rock-type gold deposits in Liaodong.

5.3 Breakthrough directions in prospecting

Although it is still uncertain whether the Liaodong gold
deposits have multi-layer enrichment characteristics at dif-
ferent depths similar to those of the Jiaodong gold deposits,
the Liaodong and Jiaodong areas have similar geological
evolutionary history, geological characteristics of gold de-
posits, mineralization processes and geological settings.
Recent multidisciplinary comprehensive exploration data
also indicate the immense potential of gold resources in
Liaodong, which should be one of China’s most important
strategic gold resource replacement bases. Suggestions for
recent key research and breakthrough directions in pro-
specting are as follows:

(i) Deep/surround parts of known gold deposits. Apart
from the Wulong gold deposit, most gold deposits in the
Liaodong area have been explored and mined to depths of
less than 500 m. However, each gold orefield in Liaodong
widely contains Early Cretaceous intermediate-acidic dikes
and contemporaneous ore-controlling faults closely asso-
ciated with gold mineralization. The shallow parts of the
deposits developed with the intensive alteration of the wall
rocks (such as silicification, sericitization, chloritization,
etc.), characterized by strong alteration with less noticeable
variation. Geophysical exploration also indicates that the
known auriferous veins extend significantly into deeper and
peripheral parts. Deep drilling in the Qingchengzi goldfield
has revealed the orebody (vein 130) at a depth of 1692 m,
which is the deepest one known in Liaodong. Drilling in the
Waulong gold deposit has found gold-bearing quartz veins at
a depth of 1500 m, with a thickness of 3.7 m and a grade of
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5.74 g/t. Regional geological studies also show that veins in
the known goldfields extend significantly into the periphery
and side parts, showing continuous development along
structures, accompanied by alteration of the surrounding
rocks and gold mineralization. For instance, in the Wulong
goldfield, hundreds of gold-bearing quartz veins have been
identified, which show similar ore-controlling structures,
alteration of the surrounding rocks, and mineralization to the
well-known goldfield, but exploration of these gold-bearing
quartz veins is currently still at an initial stage. In the
Qingchengzi goldfield, the known mineralized alteration
zone of the Baiyun gold deposit extends westward from
Lijiapu to Fengjiapuzi. At the Fengjiapuzi artisanal mining
site, gold-bearing quartz veins were found with a grade of
8.97 g/t, and the width of alteration zone reaches 50—60 m.
Controlled-source electromagnetic exploration has revealed
a low-resistance anomaly zone extending over 4000 m in
strike and extending down to 400—1500 m in dip, coinciding
with the surface-observed alteration zone. These findings
indicate that both the deep and peripheral parts of known
goldfields in Liaodong hold significant prospecting poten-
tial.

(ii) Altered rock-type gold deposits along large faults.
The Liaodong region has a regional structural framework
similar to that of the Jiaodong region, with a series of large
NNE-trending faults and adjacent secondary NS-trending
faults. In the Jiaodong region, several large and super-large
altered rock-type gold deposits have developed along NNE-
trending main faults, such as the Sanshandao, Jiaojia, and
Zhao-Ping faults. However, super-large gold deposits have
not yet been found along similar NNE-trending large faults
in the Liaodong region. In terms of characteristics of fault
structure, the NNE-trending faults in the Liaodong region are
very similar to the ore-controlling faults in the Jiaodong re-
gion. They often exhibit progressive activity from early
ductile to late brittle phases, developing fracture zones and
closely associated gold mineralization with alterations such
as silicification and sericitization (with some showing ob-
vious gold mineralization) and are characterized by obvious
low resistivity anomalies and positive magnetic anomalies.
For example, a newly discovered fractured altered rock-type
gold orebody in the NNE-trending Jixingou fault zone in the
Wulong goldfield will be verified by drilling and needs
further in-depth exploration. In the Qingchengzi goldfield,
the Jianshanzi fault controls the distribution of major gold
deposits. Existing drilling data indicate that a gold miner-
alization zone developed within the fault reaches over 100 m
in thickness and extends down-dip for 1100-1600 m, with
local gold grades reaching 2.72 g/t and an average gold grade
of 0.19 g/t.

The NNE-trending Yalu River fault zone, extending over
700 km along the China-North Korea border, is a significant
ore-controlling structure in the Liaodong region, controlling

Sci China Earth Sci

March (2024) Vol.67 No.3 669

the development of various types of gold deposits. The al-
tered rock-type gold deposits discovered along this large
fault zone include the Shawogou, Qiuguobi, Xinfang per-
ipheral gold deposits. The Dadonggou gold deposit in
Gaizhou also formed within the sericite-quartz schist layer of
the Gaixian Formation of the Liaohe Group (Li et al., 2019),
which is an superlarge gold deposit. The host rocks of these
gold deposits are the Gaixian Formation of the Liaohe
Group. In addition, altered rock-type and quartz vein-type
superimposed gold deposits have been discovered along the
Yalu River fault zone, represented by the Xiahekou, Dagul-
ing, and Xinfang gold deposits, of which the Xinfang gold
deposit has already become a large gold deposit. The host
rocks of the Xiahekou, Daguling and Xinfang gold deposits
are the Gaojiayu, Gaojiayu and Dashiqiao Formations of the
Liaohe Group, and the Archean Anshan Group. Along the
Yalu River fault zone and its adjacent secondary faults, a
series of quartz vein-type gold deposits or mineralization
points have also been discovered, including the Miaotaizi,
Nanlingwai, Gongdonggou, and Laobianqgiang gold deposits,
whose host rocks are all Late Mesozoic granites, also
showing significant prospecting potential. These preliminary
studies have indicated that the fractured alteration zones and
quartz vein-type gold deposits within the Yalu River fault
zone in the Liaodong region will be an important break-
through for future prospecting, with a potential to add a
thousand ton of exploitable gold reserves.

6. Conclusions

Gold deposits in the Liaodong region were mainly formed in
the Early Cretaceous, controlled by fault structures and
characterized by intensive silicification and sericitization.
The gold mineralization was closely related to Early Cre-
taceous magmatism associated with lithospheric thinning
and the craton destruction in the eastern North China Craton.
Gold deposits in both the Liaodong and Jiaodong regions
have very similar regional geological evolution, miner-
alization ages, mineralization process, etc., and thus can be
termed as “the Decratonic Gold Deposits” or “the Jiaodong-
type Gold Deposits”, which were closely related to craton
destruction. Studies of Mesozoic magmatic-tectonic evolu-
tion and metallogenesis, deep-shallow integrated geophysi-
cal exploration, and big data Al resource prediction indicate
that the Liaodong region holds an immense potential for gold
resources, making it another significant “thousand-ton class”
strategic base of gold resources in China. Based on recent
research and exploration results, in this paper we propose
that the Yalu River fault zone and its surrounding areas are
key regions for future gold exploration, with the periphery
and deep parts of known goldfield being important pro-
specting targets.
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