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Abstract: The Jiaodong Peninsula is closely related to Mesozoic granites in terms of spatial and
temporal aspects. However, the specific association between the genesis of gold mineralization and
these granites remains unclear. It is also ambiguous why Laoshan-type granites, which are similar
to Mesozoic granites, are not gold mineralized. In this study, we analyzed the Laoshan granites
and compiled Mesozoic magmatic rock data (Linglong, Guojialing, and Weideshan suites) of the
Jiaodong Peninsula. We performed whole-rock major and trace elements, LA–ICP–MS zircon U–Pb
geochronology and geochemistry analyses. Our zircon U–Pb data denote that the Laoshan granite
was emplaced during the 118 ± 1 Ma. The Laoshan granite is characterized by high SiO2 content
(76.03–80.28 wt.%), high TFe2O3/MgO (11.1–27.1) and Ga/Al (3.0–3.5) ratios, high zircon saturation
temperature (809–850 ◦C), and negative Eu (Eu/Eu* = 0.05–0.08) anomalies, showing A-type granite
characteristics. Furthermore, the Laoshan granite is identified as an A1-type granite with low Ba
(33.1–42.0 ppm) and Sr (14.1–21.0 ppm) contents. It was formed in an extensional tectonic environment
induced by the subducting slab roll-back of the Paleo-Pacific Plate, mainly from the partial melting of
lower crustal materials, mixed with a small amount of mantle components. Zircon trace elements
indicate that the Laoshan suite had relatively high oxygen fugacity and temperature (∆FMQ = + 2.43
to + 4.22, T-Ti in zircon (mean) = 796 ◦C) compared to the pre-mineralization and contemporaneous
mineralization magma. We propose that oxidized adakitic magma (Weideshan suite) may contribute
to the enrichment and mineralization of gold. Although Laoshan-type granite also has a high oxygen
fugacity, its location is distant from the ore-controlling faults, which ultimately hinders the formation
of gold mineralization. From the Jurassic to the Cretaceous, the tectonic and geochemical properties
of magmatic rocks in the Jiaodong Peninsula have changed, and gold deposits are formed in such a
transitional process (compression to extension, reduction to oxidation).

Keywords: A1-type granite; high oxygen fugacity; adakitic rocks; Laoshan suite; Jiaodong Peninsula

1. Introduction

The Jiaodong Peninsula is the world’s third-largest gold province, surpassed only by
the Witwatersrand Basin in South Africa and the Muruntau in Uzbekistan [1]. Located in
the eastern part of the North China Craton (NCC) (Figure 1), the Jiaodong Peninsula hosts
a nearly complete record of the complex NCC geological evolution from the Archean to
the Cenozoic. Currently, the proven gold reserves in the Jiaodong Peninsula (only 0.3% of
Chinese territory) are nearly 6000 t [2], accounting for more than 40% of China’s total gold
reserves [1,3,4]. Geochronological data from multiple methods (quartz/sericite 40Ar/39Ar,
pyrite Rb–Sr, and hydrothermal monazite U–Pb) show that the Jiaodong gold deposits were
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formed in the late Early Cretaceous (120 ± 5 Ma) [1,3,5–7], with explosive and transient
characteristics [8–11]. According to geochronology and geochemical characteristics, the
granites in Jiaodong can be divided into Linglong-, Guojialing-, Weideshan-, and Laoshan-
type [4]. Previous studies have shown that 80% of gold deposits occur in granite (mainly
Linglong and Guojialing) [7]. Although gold mineralization is temporally overlain with
Weideshan- and Laoshan-type granites, gold mineralization does not exist in Laoshan-type
granites, which are far from gold deposits. It is not yet clear whether the differences in
magmatic physicochemical conditions or genetic types have caused the Laoshan-type
granite to be unrelated to gold mineralization.
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To better understand the constraints of Mesozoic magmatic rocks on the formation of
gold mineralization in the Jiaodong Peninsula, we present a comprehensive analysis that
includes petrographic observations, whole-rock major and trace elements geochemistry
data, and the results of laser ablation inductively coupled plasma mass spectrometry
(LA–ICP–MS) U–Pb dating of zircon ages and trace elements for the Laoshan suite from
the Jiaodong Peninsula. These data provide valuable insights into key parameters that
may constrain gold mineralization, while also shedding light on the petrogenesis and
physicochemical conditions of the Laoshan granite.

2. Geological Setting and Samples

The Jiaodong Peninsula is situated to the east of the Tanlu fault zone in the eastern
part of the NCC as shown in Figure 1. The NCC, which is one of the largest cratons
in East Asia, is made up of eastern and western blocks that were assembled at 1.85 Ga
along the Trans-North China Orogen [13,14]. Subsequently, the NCC remained stable
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for a considerable period with minimal deformation, metamorphism, and magmatism
until the Early Mesozoic. However, the deep continental subduction of the Yangtze Block
relative to the NCC initiated the destruction of the craton [15,16], which climaxed in the
Early Cretaceous under the subduction of the Paleo-Pacific plate [8,17–21]). During the
Mesozoic, the NCC was significantly influenced by multiple tectonic processes, leading to
the extensive thinning of the lithospheric mantle (>80 km) and strong interactions between
the crust and mantle [20,22–25], resulting in the formation of a large number of polymetallic
deposits. Consequently, numerous polymetallic deposits were formed, and the Jiaodong
gold province is a typical example of this tectonic setting (Figure 1).

The Jiaodong Peninsula is comprised of three main geological regions: the Jiaobei
terrane, the Jiaolai Basin, and the Sulu orogenic belt (Figure 1B). A Precambrian basement
and Jurassic to Early Cretaceous granites constitute the main lithology of the Jiaobei terrane
(Figure 1B). The Precambrian basement is made up of the Neoarchean Jiaodong Complex
(inclu: metamorphosed volcanic-sedimentary rocks and Archean tonalite–trondhjemite–
granodiorite), Paleoproterozoic Jingshan and Fenzishan groups, and the Neoproterozoic
Penglai group (meta-sedimentary rock series) [4]. The Jiaolai continental basin was formed
in the Cretaceous period and is situated at the boundary between the Sulu orogen and
Jiaobei terrane. This basin is mainly composed of volcanic-sedimentary rocks (Figure 1B).
The Sulu orogen can be further divided into the Jiaonan terrane in the south and Weihai
terrane in the northeast (Figure 1B), which are mainly composed of ultrahigh-pressure
metamorphic rock series [4]. Faults are mainly distributed in the NE-NNE-striking of
the Jiaodong Peninsula, with NNE-striking faults playing a significant role as the main
ore-controlling structures (Figure 1B).

The Mesozoic granites are mainly distributed in the Jiaobei terrane and the Sulu orogen
(Figure 1B), panning two periods: the Middle Jurassic and Early Cretaceous [4]. The Middle
Jurassic granites (~160 Ma) are mainly composed of Linglong, Luanjiahe, Kunyushan,
and Wendeng plutons (Figure 1B) (hereafter collectively referred to as the Linglong suite),
which have similar mineral compositions and geochemical characteristics [26]. The Early
Cretaceous granites are classified into Guojialing (132–125 Ma), Weideshan (125–110 Ma),
and Laoshan (125–109 Ma) suites based on their formation age, mineral assemblage, and
geochemical information [26,27]. Over 200 gold deposits have been discovered in the
Jiaodong Peninsula, with most of them hosted in granites (77% hosted in the Linglong
type, 10% in the Guojialing type [4]), and the formation time of the Jiaodong gold deposits
are concentrated around ~120 Ma [1,3–7]. These magmatic rocks are closely related to the
Jiaodong gold deposit, both temporally and spatially. The gold deposits are mainly found
in magmatic rocks and are distributed along NNE-striking faults (Figure 1B).

The Laoshan-type granites are mainly distributed in the eastern and southern Jiaodong
Peninsula. There is no direct spatial distribution relationship with gold mineralization and
non-ferrous metal mineralization. In this study, the Laoshan granite is classified as part of
the Xiaopinglan unit, which is a medium- to fine-grained alkali feldspar granite (labelled as
21LS01 samples herein; location: N 36◦15.3′; E 120◦27.8′) (Figure 2B–D). The alkali feldspar
granite primarily contains alkali feldspar (50–60%), quartz (25–30%), plagioclase (5–10%),
and biotite (~1%), and zircon and apatite as the accessory phases (Figure 2B–D).
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Figure 2. Representative photomicrographs of the Laoshan suite from the Jiaodong Peninsula
((A). Field photo; (B). Hand specimen photo; (C). Plane-polarized photo; (D). Cross-polarized photo).
Afs = Alkali feldspar; Pl = Plagioclase; Qtz = Quartz.

3. Analytical Methods
3.1. Zircon U–Pb Dating and Trace Elements

The zircon grains of the Laoshan granites (fresh and unaltered) were separated through
traditional magnetic and heavy liquid techniques and manually selected under a binocular
microscope, which was completed by Guangzhou Tuoyan Analytical Technology Co., Ltd.
(Guangzhou, China). The selected zircons were carefully examined using transmitted, re-
flected light, and cathodoluminescence (CL) images to analyze the internal texture of the
zircons, avoiding cracks and inclusions during laser ablation. The U–Pb age and trace element
analyses of zircon were completed using laser ablation inductively coupled plasma mass
spectroscopy (LA–ICP–MS) (193 nm LA system and Agilent 7900 ICP–MS instrument) at
the Institute of Geology, Chinese Academy of Geological Sciences (Beijing, China). The test
parameters were as follows: the spot was 30 µm, the energy was 2 J/cm2, and the repetition
rate was 5 Hz. The selection of standard samples was to use 91500 (1062.4 ± 7.7 Ma; n = 34)
as the external standard and NIST 610 glass and SA01 (533.7 ± 5.3 Ma; n = 17) were used
to calibrate the age and trace elements (the analysis included two 91500 standard samples
and one SA01 standard sample at every 10 sample points). Typically, a gas blank of 20 s was
collected, and a signal interval of 35–40 s was used for data processing, followed by deep
fractionation correction using an exponential equation [28]. Isoplot (Version 3.0 [29]) was used
to obtain the concordia and weighted diagrams. The common Pb was corrected following the
method described by T. Andersen [30].
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3.2. Whole-Rock Major and Trace Element Analyses

We conducted 10 major element (21LS-1-1~5, 21LSS-1-1~5) and 5 trace element (21LS-
1-1~5) analyses on Laoshan granite samples in this study, all of which were completed at
Guangzhou Tuoyan Analytical Technology Co., Ltd. The major elements of the whole rock
were determined with the Primus II X-ray fluorescence spectrometer (XRF), burned in a
muffle furnace at 1000 ◦C for 2 h and the ignition loss (LOI) was calculated after cooling.
The whole-rock trace elements analysis was completed using the Semferri CAP RQ system.
During the test, the accuracy of data results was monitored with OU-6, BCR-1, and GBPG-1
as standard samples, and the RSD of data results was better than 5%.

4. Results
4.1. Zircon U–Pb Ages and Trace Elements Composition

Zircon grains of Laoshan granite exhibit clear oscillatory zones, with a length of
100–300 µm and a width of 40–100 µm, and contain a few mineral inclusions (Figure 3A).
The REEs composition in the zircons reveal notable positive Ce anomalies (ranging from
3.49 to 1448.73) (Figure 3B), along with high Th/U ratios (0.54–2.77), indicating that these
are magmatic zircons [31,32]. Twenty-nine analyses of zircon from the alkali feldspar
granite 21LS01 gave 206Pb/238U ages of 121 ± 3 Ma to 113 ± 4 Ma (Supplementary Table
S1), yielding a weighted mean 206Pb/238U age of 118 ± 1 Ma (MSWD = 0.31) (Figure 3C,D).
This age is interpreted as the emplacement age of the alkali feldspar granite. Zircon trace
element data are presented in Figure 4, showing significant negative correlations between
zircon Ce/Yb, Sc/Yb, ∆FMQ, Th/U, and Gd/Yb and Hf elements, while U/Yb shows a
positive correlation (Figure 4).
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zircons from the Laoshan suite.

4.2. Whole-Rock Major and Trace Element Geochemistry

The whole-rock major and trace element compositions of the Laoshan granite are
listed in Supplementary Table S2. We also systematically collected the geochemical data
of the Mesozoic igneous rock in the whole Jiaodong Peninsula, which are listed in Fig-
ures 5–7 together with the Laoshan granite. The Laoshan granite exhibits high contents of
SiO2 (76.03–80.28 wt.%), Na2O (3.51–4.01 wt.%), and K2O (3.94–4.61 wt.%), falling within
the granite range and belonging to the subalkaline series in the SiO2 vs. Na2O + K2O
diagram (Figure 5A). Some previous data fall within the quartz monzonite range of the
alkaline series (Figure 5A). They belong to the high-K calc-alkaline series in the plot of SiO2
vs. K2O (Figure 5B). All samples in this study fall within the peraluminous range in the
A/CNK-ANK diagram, while previous data fall within the metaluminous to peraluminous
range (Figure 5C). In the Harker diagrams, the correlation between SiO2 vs. Al2O3, CaO,
MgO, P2O5, TFe2O3, and TiO2 (Figure 6) is significant (especially adding published data),
indicating the crystallization differentiation of minerals.
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Figure 5. Whole-rock geochemistry plots for the Jiaodong Peninsula Mesozoic granitoids. (A). Total
alkalis (Na2O + K2O) vs. silica (SiO2) [33]; (B). K2O vs. SiO2 [34]; (C). A/NK vs. A/CNK [35]. Note:
A/CNK = molar ratio of Al2O3/(CaO + Na2O + K2O); A/NK = molar ratio of Al2O3/(Na2O + K2O).
Published data are from this study and [26,27,36–46].

In the REEs composition, the Laoshan granite has obvious characteristics of being
enriched in LREE and depleted in HREE (LaN/YbN = 6.30–8.09; LREE/HREE = 5.94–6.90)
(Figure 7G). The negative Eu anomaly is significant (Eu/Eu* = 0.06–0.08), with a clear
V-shaped pattern, and the published data also exhibit this characteristic (Figure 7G). In the
trace element spider diagrams, all samples are enriched in large-ion lithophile elements
(LILEs, e.g., Rb and Pb) and depleted in high-field-strength elements (HFSEs, e.g., Nb, Ta,
and Ti) and P (Figure 7H). The Linglong, Guojialing, and Weideshan suites also exhibit
such characteristics (Figure 7B,D,F).
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5. Discussion
5.1. Magma Types, Sources, and Petrogenesis

Adakitic geochemical features are widely regarded as important for the formation
of large deposits (e.g., porphyry Cu deposits [48–52]). The Linglong, Guojialing, and
Weideshan suites have highly variable Sr/Y (35.54–136.50) and La/Yb (1.43–176.43) ratios,
and low Y (3.26–11.20 ppm) and Yb (0.33–0.97 ppm) contents [26,36–39,42,43], indicating
an adakitic affinity. Furthermore, in the Sr/Y vs. Y and (La/Yb)N vs. YbN discrimination
diagrams, these samples fall in the adakite field (Figure 8).
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In contrast, the Laoshan suite has low Sr/Y (0.09–27.78) and La/Yb (2.58–40.27) ratios,
and low Y (5.56–41.50 ppm) and Yb (0.85–4.80 ppm) contents (this study and [40,41,44,46]),
indicating a normal-arc geochemical character (Figure 8).

5.1.1. Adakite-like Rocks: Linglong, Guojialing, and Weideshan Suites

The Linglong, Guojialing, and Weidishan suites exhibit high SiO2 (65.60–77.69 wt.%),
and low TFe2O3 (0.09–3.70 wt.%) and MgO (0.05–2.28 wt.%) contents [26,36,38,39,42,43].
These rocks are depleted in Nb, Ta, Ti, and P (Figure 7), indicating that they may have
originated from the partial melting of crustal material [58,59]. The characteristic trace
element ratios suggest that these rocks are primarily crustal-derived. Firstly, the average
Zr/Hf (33.7) and Nb/Ta (13.0) ratios are significantly lower than those of the primitive
mantle values (37 and 17.8, respectively [47]), but closer to the values of the average crustal
values (33 and 11.4, respectively [60,61]). Secondly, the average Ce/Pb (3.3) and Nb/U
(5.0) ratios reflect a continental crustal source (4 and 10, respectively [62]). Thirdly, the
low compatible element (e.g., Co and Ni) contents indicate a lower crustal source [63]. In
addition, the granites fall within the thickened lower crustal range in SiO2 (wt%) versus
MgO (wt%), Mg#, and Ni diagrams (Figure 9). Considering the regional geological setting,
the Jiaodong Peninsula was in a subduction environment of the Paleo-Pacific Plate during
the Middle Jurassic–Early Cretaceous. Therefore, the Linglong, Guojialing, and Weideshan
adakitic magmatic rocks are products of the partial melting of the thickened lower crust.
However, the variable Mg# value (10–59) suggests that there may also be mixing of mantle
components in the magma source. The Linglong granite is characterized by a gneissic
structure, no enclaves, and a Mg# < 40 [36,38,39,42]. It contains xenoliths of Precambrian
strata, indicating that it originated from the remelting of ancient crustal materials. The Sr–
Nd isotope diagram shows that the Linglong granite is closer to the crust and also supports



Minerals 2023, 13, 1012 11 of 22

crustal sources (Figure 10A). As for the Early Cretaceous Guojialing and Weideshan granites,
a large number of mafic enclaves were developed [4], and their Sr–Nd isotopic composition
was also close to the mantle evolution trend, indicating a significant involvement of mantle-
derived materials (Figure 10A). The adakitic rocks formed by these granites have a lower
zirconium saturation temperature than the Laoshan granite (Figure 10B).

The La vs. La/Yb and La/Sm diagrams indicate that these granites were formed by
partial melting of crustal materials (Figure 11A,B). On the Sr/Nd vs. Th/Yb and Nb/Y
vs. Ba diagrams (Figure 11C,D), the Weideshan suite shows a distinct trend from other
granites, suggesting a melt-related enrichment feature, while the Linglong and Guojialing
suites are fluid-related. This indicates that the mafic magma during the formation of the
Weideshan granite may be attributed to the partial melting of a mantle wedge that had
been metasomatized by subduction slab-derived melts rather than slab-derived hydrous
fluids (e.g., Ji et al. [64]).
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crust-derived adakites are from Defant and Drummond [54], Stern and Kilian [65], Martin [66],
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ton and Petford [69], Petford and Atherton [70], Muir et al. [71], and Smithies [67]; the delaminated
crust-derived adakitic rocks are from Xu et al. [72].
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5.1.2. A-Type Granite: Laoshan Suites

As previously mentioned, the Laoshan suite exhibits low Sr/Y and La/Yb ratios, as well
as low Y and Yb contents, which are indicative of a typical normal-arc magma. These igneous
rocks have a high SiO2 content (65.76–80.28 wt.%), low Mg# value (6–44) and compatible
element (e.g., Co and Ni) content, and an aluminum deficiency (A/CNK = 0.92–1.12, lack
of Al-rich minerals) (this study and [40,41,44,46]). This set of characteristics rules out the
possibility of M- and S-type granites [75]. Additionally, these granites have high total alkalis
(7.45–10.63 wt%), Zr (39.3–437.5 ppm), Ce (23.12–209.28 ppm), Nb (12.8–132.0 ppm), and Y
(5.56–41.50 ppm) contents, and low CaO (0.07–2.09 wt%) and MgO (0.03–1.03 wt%) contents.
They are also characterized by high TFe2O3/MgO (3.2–33.5) and Ga/Al (0.6–4.0) ratios,
high varying zircon saturation temperatures (715–934 ◦C [76]), and remarkable negative Eu
(Eu/Eu* = 0.05–0.80) anomalies (this study and [40,41,44,46]). These features strongly suggest
that the Laoshan suite has the characteristics of A-type granite (e.g., Li et al. [77]). The data
points in the 10000 Ga/Al vs. K2O/MgO, Nb, (Na2O + K2O)/CaO, and TFe2O3/MgO plots
also fall within the range of A-type granite (Figure 12A–D) and belong to A1-type granite
(Figure 12E,F). Furthermore, these granites all have lower Ba and Sr contents, which are typical
of low Ba–Sr granites (Figure 13).

The A-type granites discussed in this study are characterized by high SiO2 and low
MgO contents, and are depleted in Nb, Ta, P, and Ti, while enriched in Rb and Pb. These
features suggest that their formation can be attributed to partial melting of the crust [58,59].
These rocks also exhibit low average ratios of Nb/Ta (15.8), Zr/Hf (28.6), Ce/Pb (3.5),
Nb/U (13.8), Rb/Sr (13.7), Ti/Zr (8.6), and Ti/Y (67.1) (this study and [40,41,44,46]), further
supporting a lower crustal source [47,60–62,78–80]. However, the Laoshan suite appears to
be located in or near the mantle channel on the 87Sr/86Sr vs.
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suggesting possible mixing with mantle material. Moreover, similar to the Weideshan suite,
the Laoshan granite exhibits a trend of melt-related enrichment in Sr/Nd vs. Th/Yb and
Nb/Y vs. Ba diagrams (Figure 11C,D), indicating that it is also a result of partial melting of
mantle wedges derived from subduction plate-derived melt metasomatism.
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Figure 12. Plots of K2O/MgO (A), Nb (B), (Na2O + K2O)/CaO (C), and TFe2O3/MgO (D) vs.
10000 Ga/Al (Whalen et al. [81]), Nb–Y–3*Ga (E), and Nb–Y–Ce (F) (Eby [82]) discrimination diagrams
for the Laoshan suite.
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5.2. An oxidized Low Ba–Sr Granite

Previous studies on porphyry mineralization systems, particularly Cu–Mo mineral-
ization, have indicated that the oxidation state of magma is closely related to mineraliza-
tion [52,84]. Under high oxygen fugacity conditions, sulfur exists in the form of sulfates
in magma (S6+: HSO4

−/SO4
2−), which can significantly inhibit the early saturation and

decomposition of sulfides (S2−), as well as the consequent loss of chalcophile elements
in the deeper crust [85,86]. Additionally, the migration of Au in hydrothermal fluids is
mainly related to sulfur complexes [87], meaning that high oxygen fugacity in the magma
source area also inhibits the early precipitation of Au. To calculate the Laoshan granite,
we used the latest method provided by Loucks et al. [88], which avoids the disadvantage
of the prevailing zircon oxybarometries. The analysis uncertainty of La is large in these
methods, because minerals such as titanate, plagioclase, or apatite are fractionated before
zircon [89,90]. The pressure data used in the specific calculation process are based on the
average of EPMA data of amphibole and biotite from Dong et al. [91]. The results show
that the ∆FMQ values of the Laoshan suite are 2.43–4.22, which are significantly higher
than those of the Weideshan and pre-mineralization Linglong suite (Figure 14) [11,91].
Furthermore, the Ti-saturation temperature is also significantly higher than that of the
Weideshan and Linglong suites, which is also consistent with the basic characteristics of
A-type granite (Figure 14A) [82]. This studied Laoshan granite was formed at ~118 Ma,
and the entire Laoshan suite was formed over a large time span of 125–108 Ma [44,92,93].
The location is distant from the known gold deposits (Figure 1), and it is considered to be a
post-mineralization granite. Therefore, the Laoshan suite belongs to a low Ba–Sr granite
with high oxygen fugacity after mineralization.



Minerals 2023, 13, 1012 16 of 22Minerals 2023, 13, x FOR PEER REVIEW 17 of 23 
 

 

 
Figure 14. (A). T-Ti (°C) (Ti-saturation temperature) vs. ΔFMQ; (B). ΔFMQ histogram; (C). Age (Ma) 
vs. ΔFMQ. Ti-saturation temperature and ΔFMQ values are calculated from zircon trace elements 
(Table S3). 

5.3. Tectonic Se ing and Gold Minerlization Implication 
The tectonic se ing of the eastern NCC has been extensively studied, and a consensus 

has been reached that it is mainly influenced by the subduction of the Paleo-Pacific Plate 
[52,94–96]. The studied suites of Linglong, Guojialing, and Weideshan, which are of Juras-
sic to Early Cretaceous age, all fall within the category of volcanic arc granites (VAG) in 
the tectonic discrimination diagrams (Figure 15). This suggests that they were formed in 
a subduction environment. On the other hand, the Laoshan granites in this study and 
published data fall within the range of post-collision and syn-collision (Figure 15), indi-
cating that they were formed in an extensional environment. Therefore, the tectonic nature 
of the Jiaodong Peninsula shifted from compression to extension from the Jurassic to the 
Early Cretaceous, and gold mineralization occurred during this transition. Additionally, 
the geochemical characteristics of granitoids in Jiaodong have changed significantly from 
the Jurassic to Early Cretaceous: (i) The Linglong, Guojialing, and Weideshan suites ex-
hibit geochemical properties of adakitic rocks (Figure 8), whereas the Laoshan suite is a 
typical A-type granite (Figure 12); (ii) The positive Eu anomaly of the Jurassic Linglong 
granite transformed into the negative Eu anomaly of the Early Cretaceous Laoshan granite 
in terms of REE composition (Figure 7); (iii) The Mesozoic granites of the Jiaodong Penin-
sula are all related to partial melting of thickened lower crustal material associated with 
oceanic crustal subduction. The Linglong suite has no mantle material admixture, while 
the Guojialing, Weideshan, and Laoshan suites have a large amount of mantle material 
mixing (Figures 9 and 10) and petrographic development of a mafic microgranular enclave 
(MME) (e.g., Song et al., [2]); (iv) From the Jurassic to Early Cretaceous, the oxidation state 
of the magma source area changes and becomes gradually oxidized, with the highest 

Figure 14. (A). T-Ti (◦C) (Ti-saturation temperature) vs. ∆FMQ; (B). ∆FMQ histogram; (C). Age (Ma)
vs. ∆FMQ. Ti-saturation temperature and ∆FMQ values are calculated from zircon trace elements
(Table S3).

5.3. Tectonic Setting and Gold Minerlization Implication

The tectonic setting of the eastern NCC has been extensively studied, and a consen-
sus has been reached that it is mainly influenced by the subduction of the Paleo-Pacific
Plate [52,94–96]. The studied suites of Linglong, Guojialing, and Weideshan, which are
of Jurassic to Early Cretaceous age, all fall within the category of volcanic arc granites
(VAG) in the tectonic discrimination diagrams (Figure 15). This suggests that they were
formed in a subduction environment. On the other hand, the Laoshan granites in this study
and published data fall within the range of post-collision and syn-collision (Figure 15),
indicating that they were formed in an extensional environment. Therefore, the tectonic
nature of the Jiaodong Peninsula shifted from compression to extension from the Jurassic to
the Early Cretaceous, and gold mineralization occurred during this transition. Additionally,
the geochemical characteristics of granitoids in Jiaodong have changed significantly from
the Jurassic to Early Cretaceous: (i) The Linglong, Guojialing, and Weideshan suites exhibit
geochemical properties of adakitic rocks (Figure 8), whereas the Laoshan suite is a typical
A-type granite (Figure 12); (ii) The positive Eu anomaly of the Jurassic Linglong granite
transformed into the negative Eu anomaly of the Early Cretaceous Laoshan granite in terms
of REE composition (Figure 7); (iii) The Mesozoic granites of the Jiaodong Peninsula are
all related to partial melting of thickened lower crustal material associated with oceanic
crustal subduction. The Linglong suite has no mantle material admixture, while the Guo-
jialing, Weideshan, and Laoshan suites have a large amount of mantle material mixing
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(Figures 9 and 10) and petrographic development of a mafic microgranular enclave (MME)
(e.g., Song et al., [2]); (iv) From the Jurassic to Early Cretaceous, the oxidation state of the
magma source area changes and becomes gradually oxidized, with the highest ∆FMQ value
for Laoshan granite (Figure 14); (v) From the Jurassic to the Cretaceous, the lithospheric
mantle properties changed from enrichment to depletion [2].

The concentrated mineralization in the Jiaodong region occurred during the Early
Cretaceous (120 ± 5 Ma; [3,5]), which corresponds to the period of transformation of
tectonic setting and magma geochemistry mentioned above. The adakitic magma with
high oxygen fugacity, medium negative Eu anomaly, extensional tectonic system, and
mixed mantle material may have facilitated the formation of gold deposits. In the Jurassic
Linglong granite, there are no MMEs or amphiboles, while in the Early Cretaceous granites,
there are a large number of MMEs, amphiboles, and contemporaneous mafic dykes. This
suggests the mixing of mantle materials may have contributed to magma oxidation and
water enrichment (e.g., Dong et al. [91]). Therefore, we have established such a tectonic
evolution model from the Jurassic to the Cretaceous: (a) During the Jurassic period, the
ancient crustal materials were partially melted under the subduction of the Paleo-Pacific
Plate, forming Linglong granite. In the region, it is common to find xenoliths containing
strata in Linglong granite and displaying gneissic structures. Moreover, the Jurassic mafic
dykes are almost not developed, which also suggests that the Linglong granite with low
oxygen fugacity and low water content was formed by partial melting of the lower crust.
This process may have promoted the saturation and accumulation of sulfides (which may
also include gold) [91], causing the pre-enrichment of some key elements (e.g., sulfur)
related to mineralization. (b) During the Cretaceous period, the subduction slab of the
Paleo-Pacific Plate roll-back resulted in a significant upwelling of asthenosphere materials,
making the tectonic nature change into extensional. The upwelling of mantle material
and the mixing with a partially melted lower crust formed Early Cretaceous MME-rich
granites. These crust–mantle magmas have high oxygen fugacity, carry a large amount of
metal sulfides, and enrich at fault locations to form gold deposits. This suggests that the
injection of mafic magma contributes to the increase in oxygen fugacity, which in turn leads
to the enrichment of metal sulfides at fault locations, resulting in gold deposits. The current
model provides valuable insights into the explosive and instantaneous mineralization of
Jiaodong gold deposits, and also suggests that Jiaodong gold deposits may differ from
traditional orogenic gold deposit categories [97]. In contrast, the formation of low Ba–Sr
granites with higher oxidation levels, such as those in the Laoshan suite, was facilitated by
the continued subduction of the Paleo-Pacific Plate. However, the lack of fault development
in and around the Laoshan suite has prevented the formation of gold deposits. Additionally,
the low Ba–Sr content may be attributed to less mantle material injection, which is one of
the reasons for non-mineralization.
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6. Conclusions

Through this study and the data compiled, we recognize that the Mesozoic magmatic
rocks in Jiaodong Peninsula are adakitic rocks (inclu. Linglong, Guojialing, and Weideshan
suites) and A-type granite (Laoshan suite). The adakitic rocks were mainly formed through
partial melting of the thickened lower crust due to the subduction of the Paleo-Pacific Plate,
and in the Early Cretaceous it was also mixed with a large amount of mantle material. The
A1-type granite, represented by the Laoshan suite, was formed through partial melting
of the crust with a small amount of mantle material. From the Jurassic to the Early Creta-
ceous, the tectonic and geochemical properties of magmatic rocks in Jiaodong Peninsula
underwent significant changes. This transitional process, from compression to extension
and reduction to oxidation, led to the formation of gold deposits.
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granitic intrusive rocks from the Jiaodong Peninsula; Table S3: Zircon trace element data for Laoshan
granitic intrusive rocks from the Jiaodong Peninsula.
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