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Abstract: A series of Mo-polymetallic deposits have been developed in the Jiaodong Peninsula. Notably,
these Mo-dominant deposits formed essentially during the same period as the well-known world-
class Au deposits in this area, hinting at a potentially unique geological correlation between them.
Therefore, conducting thorough research on Mo deposits in Jiaodong holds significant importance in
exploring the area’s controlling factors of Mesozoic metal endowments. To reveal the petrogenesis
and metallogenic potentials of Mo-fertile and ore-barren granitoid, apatite grains from the Late Aptian
Nansu granodiorite and Aishan monzogranite are investigated in this study. Detailed petrographical
observations, combined with in situ analysis of electron probe micro-analyzer (EPMA) and Laser-ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS), have been conducted on apatite grains
from the Nansu and Aishan plutons. This comprehensive analysis, encompassing both major and trace
elements as well as isotopic characteristics of apatite, aims to elucidate the metallogenic differences
within the late Early Cretaceous granitoids of Jiaodong. The results reveal that the apatite grains
across all samples belong to fluorapatites, suggesting their magmatic origin. Additionally, chondrite-
normalized rare earth element (REE) patterns of apatites in ore-fertile and ore-barren granitoids exhibit
a “right-leaning” trend, characterized by relative enrichments in light REEs and depletions in heavy
REEs. Both the Nansu and Aishan plutons exhibit moderately negative Eu anomalies (with averages
δEu values of 0.44 and 0.51, respectively), along with slightly positive Ce anomalies (averaging δCe
values of 1.08 and 1.11, respectively). A negative correlation is observed between their δEu and δCe
values, indicating that the parental magmas of ore-fertile and ore-barren granitoids were formed in a
relatively oxidizing environment. The calculated apatite OH contents for the Nansu pluton range from
0.26 to 1.38, while those for the Aishan pluton vary between 0.24 and 1.51, indicating comparable melt
H2O abundances. Consequently, the results suggest that neither the oxygen fugacities nor the water
contents of the parental magma can account for the metallogenic differences between Nansu and Aishan
plutons. The apatite in the Nansu pluton exhibits a higher Ce/Pb ratio and a relatively lower Th/U
ratio, indicating the involvement of a greater volume of fluids in the magmatic evolution process of
this ore-bearing granitoid. Apatite grains sourced from the Nansu and Aishan plutons exhibit εNd(t)
values ranging from −16.63 to −17.61 (t = 115.7 Ma) and −17.86 to −20.86 (t = 116.8 Ma), respectively.
These results suggest that their parental magmas primarily originated from the partial melting of
Precambrian metamorphic basement rocks within the North China Craton, with a minor contribution
from mantle-derived materials. Additionally, the presence of mafic microgranular enclaves in both the
Nansu and Aishan plutons indicates that both have undergone magma mixing processes. The binary
diagrams plotting the ratios of Ba/Th, Sr/Th, and U/Th against La/Sm demonstrate that apatite grains
of ore-fertile granitoid exhibit a distinct trend towards sediment melting. This suggests the potential
incorporation of sedimentary materials, particularly those rich in molybdenum, into the magmatic
source of the Nansu pluton, ultimately leading to the occurrence of molybdenum mineralization.
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1. Introduction

China is abundantly endowed with molybdenum resources. As of 2021, its proven
molybdenum resource reserves stand at 830 Mt [1], representing over 51% of the global
molybdenum reserves, making it the country with the most extensive molybdenum re-
sources worldwide. Based on the temporal and spatial distribution of molybdenum deposits
and the metallogenic tectonic setting in China, six major molybdenum metallogenic belts
have been identified. These include the East Qinling–Dabie molybdenum metallogenic belt,
the Xing–Meng molybdenum metallogenic belt, the middle and lower Yangtze River molyb-
denum metallogenic belt, the South China molybdenum metallogenic belt, the Qinghai–Tibet
Plateau molybdenum metallogenic belt, and the Tianshan–Beishan molybdenum metallo-
genic belt [2]. The Jiaodong Peninsula stands as the most crucial gold mineralization area
in China. Apart from gold deposits, the Late Mesozoic era also witnessed the formation of
nonferrous polymetallic mineral deposits and occurrences encompassing a range of metals
such as Cu, Mo, W, Pb, Zn, and Ag [3–5]. The Late Mesozoic Mo-polymetallic deposits and
occurrences were sporadically distributed in the Jiaodong Peninsula, with the Late Jurassic
Xingjiashan porphyry-skarn Mo deposit (the amount of molybdenum resources is 589,000 t,
with an average grade of 0.12%), and the Early Cretaceous Shangjiazhuang porphyry Mo-Cu
deposit (molybdenum resources are 55,000 t, with an average grade of 0.066%), the Kongxin-
tou Mo-Cu deposit (molybdenum resources content 5271 t, average grade 0.13%), the Lengjia
Mo deposit and the Nansu Mo occurrence [5–8]. At present, there are relatively few studies on
molybdenum deposits in Jiaodong. Previous studies have systematically studied the timing
limit of Mesozoic molybdenum mineralization in Jiaodong [3,4,6]. The metallogenic charac-
teristics, ore-forming mechanism and geodynamic background, and ore-forming process of
the late Jurassic Xingjiashan large porphyry-skarn Mo deposit and the late Early Cretaceous
Shangjiazhuang porphyry Mo-Cu deposit are discussed [3–6,8]. However, compared with
the main molybdenum metallogenic belts in China, the distribution range of molybdenum
deposits in Jiaodong is limited, and the scale of deposits (mineralization) is quite different.
The controlling factors of the Mo deposit scale in Jiaodong are still unclear, and the factors
controlling the metallogenic difference of Mo deposits in the late Early Cretaceous need to be
studied urgently.

Apatite, chemically represented as Ca5(PO4)3(F, Cl, OH), is a commonly encountered
accessory mineral that is ubiquitously found in a diverse array of magmatic rocks, their
hydrothermal alteration products [9–13], as well as metamorphic rocks [14–16]. Apatite is
highly regarded as an effective indicator of petrogenesis and metallogenic potential due to
its robust resistance to weathering and its chemical composition’s sensitivity to crystalliza-
tion environments and their variations [17–19]. Many major and trace elements, such as
Fe, Mn, F, Cl, Sr, Th, U, and REEs, can be incorporated into the apatite lattice by isotropic
substitution. The contents of these elements in apatite are closely related to parental magma
composition, water content, oxygen fugacity, and magmatic differentiation [11,17,20–28].
Apatite microanalysis technology offers an efficient means for studying granite genesis and
mineralization. This method can unveil crucial information about magmatic processes that
may remain undetected through whole-rock geochemical research methods. Additionally,
it enables the distinction of rock types, traces the nature of magmatic sources and mag-
matic compositions, reveals intricate magmatic evolution and petrologic processes, and
facilitates the deduction of redox states in magmas [11,17,19–21,28–33]. Therefore, in this
paper, apatites from the Late Aptian ore-fertile Nansu granodiorite and ore-barren Aishan
monzogranite in Jiaodong are taken as the research objectives. The in situ elements and Nd
isotope of apatite were analyzed, and the differences between the ore-fertile and ore-barren
granitoids were compared to explore the key factors controlling the mineralization of the
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late Early Cretaceous pluton in Jiaodong. The results indicate that the difference in the
magmatic source is one of the most important reasons for the metallogenic difference of
the late Early Cretaceous pluton in Jiaodong. Therefore, this paper holds that the source of
magma serves as the critical determinant in controlling the mineralization of the late Early
Cretaceous rock mass in Jiaodong.

2. Geological Background
2.1. Regional Geology

The Jiaodong Peninsula, situated at the southeastern fringe of the North China Craton,
is delimited by the Tanlu fault in the west, the Pacific plate subduction zone in the east, and
the Sulu–Dabie ultrahigh-pressure metamorphic zone in the south. The Jiaodong Peninsula
is divided into two parts by the Wulian–Yantai fault: the Sulu orogenic belt in the eastern
part and the Jiaobei terrane in the western section. The ultrahigh-pressure metamorphic
rocks in the Sulu orogenic belt are mainly composed of Neoproterozoic ultrahigh-pressure
metamorphic rocks, followed by Coesite-bearing eclogite, schist, and quartzite [34–39]. The
Jiaobei terrane is located in the northwest of the Jiaodong Peninsula, including the Jiaobei
uplift in the north and the Jiaolai basin in the south. It is mainly composed of Precambrian
metamorphic basement and Mesozoic granite. More than 90% of the proven gold reserves
in the Jiaodong area are located in the Jiaobei uplift [40–45]. The Mesozoic witnessed intense
magmatic activity in the Jiaodong area, resulting in the widespread distribution of intrusive
rocks. In this area, forty-two plutons with certain scales can be identified [46]. The intrusive
rocks of the Mesozoic era in Jiaodong can be categorized into four stages: Late Triassic
post-collision granite (215–205 Ma), Late Jurassic calc-alkaline granite (165–150 Ma), Middle
Early Cretaceous high-K calc-alkaline granite (132–123 Ma), and Late Early Cretaceous
alkaline granite (125–90 Ma) [43,47–51]. The majority of these age data determinations are
based on SHRIMP zircon U-Pb and LA-ICP-MS zircon U-Pb. The Early Cretaceous granite
is the commonest. The Late Triassic post-collision granite is formed by the northward
subduction of the Triassic Yangtze Craton to the North China Craton. The subduction of the
Paleo-Pacific plate at ~240–130 Ma led to the delamination and thinning of the lithosphere
of the North China Craton, the upwelling of the asthenosphere, the increase of the thermal
gradient, and the development of extensive magmatic activities [52,53]. Large-scale gold
mineralization was developed in the Jiaodong area at ca. 120 Ma [44,47,54–57], with a large
number of gold deposits hosted by the Mesozoic granitoids.

In addition to gold mineralization, Cu, Mo, W, Pb, Zn, and other polymetallic miner-
alization also developed during the Mesozoic period in the Jiaodong area. Molybdenum
mineralization is mainly distributed in Fushan, Qixia, Muping, and Rongcheng of Jiaodong
gold province (Figure 1) but mainly distributed in Qixia-Penglai-Fushan gold-polymetallic
metallogenic area in the middle of Jiaodong Peninsula. Two main stages of molybdenum
mineralization occurred in the Mesozoic in the Jiaodong Peninsula, including the Late
Jurassic (160–150 Ma) and the Late Early Cretaceous (120–110 Ma). There is only one deposit
in the Late Jurassic molybdenum mineralization, namely the Xingjiashan porphyry-skarn
Mo-W deposit, which is the only large-scale porphyry-skarn deposit in Jiaodong Peninsula.
The Early Cretaceous molybdenum mineralization is widely distributed in the Jiaodong
Peninsula, ranging from medium-sized to small-sized and mineral occurrences, including
the Shangjiazhuang porphyry Mo-Cu deposit, the Kongxintou porphyry-skarn Mo deposit,
the Lengjia skarn Mo deposit and the Nansu molybdenum mineral occurrence [37,58–60].
The Mo-related rocks in Jiaodong are dominated by granodiorite and biotite granite, which
is genetically related to the non-ferrous metal mineralization in this area. The formation
of non-ferrous metal deposits in the Jiaodong area is closely related to favorable wall rock
conditions, metallogenic tectonic settings, and late Early Cretaceous magmatic activities,
among which molybdenum deposits are more closely related to magmatic rocks [61].
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Figure 1. Spatial and temporal distribution of Mesozoic Mo-bearing deposits in eastern China (a) and
simplified geological map of the Jiaodong area (b) (modified after [59]). Molybdenite Re-Os dating
data are from [58,59,62–66].

2.2. Geology of Ore Deposits and Related Granitoids
2.2.1. Nansu Mo Occurrence

The Nansu pluton, located in the south of Laizhou City, belongs to the Late Early
Cretaceous granitoid in Jiaodong. The pluton intrudes into the Late Jurassic granite in the
form of stock, with a small scale, and its outcrops cover an area of about 15 km2 (Figure 1).
The Nansu pluton has a “dual core” girdle structure, with the lithology of two cores being
granodiorite and the lithology of the marginal facies being monzogranite, and a small
amount of quartz monzonite at the margin of the pluton (Figure 2a). Granodiorite in
the core of Nansu pluton hosts a Mo occurrence, which is associated with molybdenite
mineralization. The sampling coordinates are 120◦06′53′′ E, 37◦09′01′′ N.
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The collected sample (21JDB9) is named fine-grained granodiorite with porphyritic
texture and massive structure. Granodiorite is mainly composed of plagioclase (45%–50%),
K-feldspar (20%–25%), quartz (10%–15%), biotite and hornblende (about 10%). It contains
accessory minerals such as apatite, titanite, zircon, allanite, and a small amount of magnetite
(Figure 3).
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Figure 3. Petrographical characteristics of the Nansu and Aishan pluton. (a) A hand specimen of
Nansu granodiorite (NS-GD). (b) A hand specimen of Aishan porphyritic monzogranite (AS-PMG).
(c) Photomicrograph of mineral assemblages of apatite in Nansu granodiorite. (d) Photomicro-
graph of mineral assemblages of apatite in Aishan monzogranite. (e) Photomicrograph of apatite
associated with minerals such as titanite and allanite in Nansu pluton. (f) Photomicrograph of
apatite associated with minerals such as titanite and allanite in Aishan pluton. Ap—apatite; Qtz—
quartz; Kfs—potassium feldspar; Pl—plagioclase; Hbl—hornblende; Bt—biotite; Mag—magnetite;
Aln—allanite; Ttn—titanite; Zrn—zircon.

Molybdenite mineralization is extensively present in the Nansu granodiorite. Molyb-
denite is mostly disseminated or veinlet in the edge and interior of quartz veins in granite.
It is occasionally distributed in granite in aggregate form, and a small amount is distributed
along the lineation of tectonic scratches on the late tectonic joint surface of granite.
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2.2.2. The Aishan Pluton

The Aishan pluton is located in the central north of the Jiaobei Terrane, between Qixia
and Penglai, and intrudes into the Middle Early Cretaceous granite in the form of apophyse,
with an exposed area of about 250 km2 (Figure 1). This pluton consists of two lithologies,
including the main body of monzogranite and a small amount of quartz diorite at the edge
(Figure 2b). The Aishan pluton and wall rock are mainly in intrusive and fault contact,
showing an obvious contact boundary between early basic gneiss and granite. Both the
Aishan and Nansu pluton belong to the Late Early Cretaceous granite in Jiaodong, but no
mineralization has been found in the Aishan pluton, which belongs to ore-barren granitoid.

The collected sample from the Aishan pluton is medium-grained porphyritic mon-
zogranite (21JDB5, geographical coordinates of 120◦45′31′′ E, 37◦30′54′′ N). It is mainly
composed of plagioclase (35%–40%), K-feldspar (25%–30%), quartz (15%–20%), biotite (5%)
and hornblende (4%). Accessory minerals are dominated by apatite, zircon, allanite, and
magnetite (Figure 3).

3. Characteristics of Apatite and Analysis Methods
3.1. Features of Apatite

Samples analyzed in this study were fresh granitoids from the Nansu pluton associated
with molybdenum mineralization and the ore-barren Aishan pluton of the late Early
Cretaceous in the Jiaodong Peninsula. Under the optical microscope, apatite grains in
granitoids are mostly subhedral to euhedral, hexagonal columnar or long columnar. Many
acicular apatites also developed within the Nansu granodiorite (NS-GD), which may be
formed by rapid cooling of magma under the circumstance of magma mixing. Most
apatite grains exist as inclusions in biotite, hornblende, K-feldspar, plagioclase, and quartz
(Figure 3), indicating that the apatite crystallized in the early stages of magmatism and
was not affected by late fractional crystallization. In addition, some apatites occur as
groundmass intergranular apatites.

Apatite grains from the NS-GD are subhedral to euhedral, hexagonal, elongated
and acicular (Figure 3c). Most apatite grains commonly occur as inclusions of biotite,
hornblende, K-feldspar, and quartz. Additionally, minor apatite inclusions can be observed
in minerals like allanite, titanite, and zircon (Figure 3e). They also grow on the edge of
magnetite and coexist with magnetite. The size of apatite in the Nansu pluton is relatively
variable, ranging from 30 to 500 µm.

Abundant subhedral to euhedral apatite grains occur in the Aishan monzogranite.
They are mostly hexagonal columnar crystal forms, with a variable particle size ranging
from 30 to 300 µm (Figure 3d). Apatite is mainly presented in biotite, quartz, and matrix,
but apatite inclusions also occur in the grains of allanite, titanite, and zircon (Figure 3f).

3.2. Analytical Methods

The fresh granitoid samples of the two plutons were ground into probe pieces and
observed under the optical microscope to find apatite and circle points. Then, the electron
microprobe was used for quantitative analysis of major elements and in situ LA-ICP-MS
trace elements analysis.

3.2.1. Major Element Analyses

Apatite major elements (wt. %) compositions were determined by electron microprobe
analysis using a JEOL JXA-8230 electron microprobe at Shandong Institute of Geological
Sciences, China. The voltage selected for this analysis is 15 kV acceleration voltage, electron
beam current is 1 × 10−8 A, and beam spot diameter is 3 µm. The test components include
CaO, P2O5, Na2O, MgO, Al2O3, SiO2, FeO, MnO, SO3, TiO2, Cr2O3, F, and Cl. Standards
used were natural minerals and synthetic compounds, the specific mineral is apatite (Ca-P),
Sr Lapis Lazuli (Sr), jadeite (Si, Na), almandine garnet (Al, Fe), diopside (Ca, Mg), sanidine
(K), rutile (Ti), rhodonite (Mn), nickel (Ni), chromium oxide (Cr), tugtupite (Cl), and topaz
(F). The data were corrected using the ZAF correction method of Japan Electronics (JEOL).
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3.2.2. Trace Element Analyses

In situ analysis of trace elements in apatite microzone was conducted at the testing
center of Shandong Bureau of China Metallurgical Geology Administration. GeoLasPro
193 nm ArF excimer system produced by Conherent (USA) and Thermo Fisher ICAP Q
quadrupole ICP-MS were combined for the experiments. The laser denudation process
uses helium (He) as a carrier gas, which carries sample aerosols through a T-connector
and is mixed with argon (carrier gas, plasma gas, and compensating gas) before entering
the ICP. The test system is optimized by adjusting the gas flow of helium and argon to
obtain the best signal of NIST SRM 610 (the standard reference material for synthetic silicate
glass developed by the National Institute of Standards and Technology). The optimum
conditions are the highest signal sensitivity, the lowest oxidation yield, the lowest double
charge interference, the lowest gas gap, and the most stable signal strength. The beam spot
diameter is 40 µm, the frequency is 6 Hz, and the energy density is about 10–12 J/cm2. The
external calibration standards were NIST SRM 610, NIST SRM612, BCR-2G, and BIR-1G,
and the monitoring samples were CGSG-1 and CGSG-2. The sampling methods were
single-point denudation and peak hopping acquisition. We inserted a sub-sample NIST610,
NIST612 and a monitored the sample every 5–10 sample points. The element content of the
sample was calculated using the ICPMSDATACAL data processing program.

3.2.3. Neodymium Isotopes

In situ Nd isotope analysis of apatite was determined on a Neptune Plus MC-ICP-
MS (Thermo Fisher Scientific, Bremen, Germany) in combination with a J-200 343 nm
femtosecond laser ablation system (Applied Spectra, West Sacramento, CA, USA) housed
at the Nanjing Hongchuang Geological Exploration Technology Service Co., LTD, Jiangsu,
China. The JET sample and the X-ray grazing cone are used together with the protective
electrode (GE), and all measurements are taken in low-resolution and static mode. At the
time of measurement, 7 mL/min of nitrogen was added from the sample pool to improve
the sensitivity, and a buffer smoothing device was used before the ICP to reduce the
fluctuation effect caused by laser-ablation pulses. At the beginning of each analysis phase,
the fs-LA-ICP-MS system was optimized using NIST 612 for maximum signal strength and
low oxidation rates. The sample was ablated in line mode, the beam energy density was
1.5 J/cm2, the laser spot size was 50 µm, the segment moving speed was 0.65 µm/s, the
pulse frequency was 8 Hz, and the integration time of background signal acquisition before
ablation was 15 s. Based on the 146Nd/144Nd value of 0.7219 and 147Sm/149Sm value of
1.0868, the instrumental mass deviation of Nd and Sm isotopes was corrected using the
exponential law function [68]. The interference of 143Sm to 143Nd was corrected according
to the measured signal intensity, mass bias coefficient, and natural isotope composition
of 147Sm.

4. Results
4.1. Apatite Major and Halogen Elements

According to the analytical results (Table 1), there is no significant difference in CaO
and P2O5 contents between ore-fertile and ore-barren granitoids, with CaO contents ranging
from 51.76 to 55.54 wt. % and P2O5 contents ranging from 41.07 to 44.47 wt. %. The contents
of other major elements were low, and the contents of TiO2, Cr2O3, MnO, Na2O, and MgO
were mostly <0.17 wt. %.
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Table 1. The major element (wt. %) test results of apatite in Aishan and Nansu plutons in Jiaodong.

Pluton Lithology Sample No. P2O5 SO3 Cl CaO TiO2 Cr2O3 MnO FeO F Na2O MgO Al2O3 SiO2 Total XF XCl XOH XF/XCl

Aishan pluton

Medium
grained

porphyritic
monzogranite

JD21B5(1)-15-1 42.97 0.16 0.10 53.98 bdl. bdl. 0.14 0.21 1.56 0.08 0.03 bdl. 0.41 98.94 0.42 0.01 0.57 29.09
JD21B5(1)-8-1 42.17 0.34 0.07 54.36 0.03 bdl. 0.06 0.29 1.75 0.16 bdl. bdl. 0.31 98.77 0.47 0.01 0.52 50.18
JD21B5(1)-8-2 42.33 0.15 0.14 54.27 0.04 bdl. 0.07 0.12 2.19 0.16 0.02 bdl. 0.37 98.90 0.59 0.02 0.39 28.72
JD21B5(1)-8-3 42.61 0.18 0.12 53.89 bdl. 0.07 0.07 0.28 2.38 0.20 0.03 bdl. 0.38 99.18 0.64 0.02 0.34 36.73
JD21B5(1)-2-1 42.63 0.24 0.04 54.38 0.03 bdl. 0.07 0.17 1.97 0.16 0.04 0.02 0.23 99.14 0.53 0.01 0.47 94.15
JD21B5(1)-5-1 43.24 0.05 0.04 54.68 bdl. 0.02 0.05 0.18 2.16 0.01 0.02 bdl. 0.31 99.85 0.57 0.01 0.42 100.66
JD21B5(1)-5-2 42.55 0.13 0.05 54.54 0.02 bdl. 0.08 0.21 2.16 0.13 0.02 bdl.3 0.44 99.40 0.58 0.01 0.42 85.55
JD21B5(1)-6-1 43.39 0.19 0.09 54.11 bdl. bdl. 0.08 0.10 1.05 0.10 0.02 0.01 0.44 99.10 0.28 0.01 0.71 22.41
JD21B5(1)-6-2 42.19 0.11 0.09 51.76 0.04 0.10 0.13 0.86 2.15 0.09 0.69 0.27 3.64 101.20 0.56 0.01 0.43 42.71
JD21B5(1)-6-3 43.14 0.47 0.06 54.54 bdl. 0.02 0.07 0.19 3.30 0.32 0.01 bdl. 0.39 101.10 0.86 0.01 0.13 99.22
JD21B5(1)-7-1 43.06 0.55 0.07 55.02 bdl. 0.01 0.03 0.12 2.00 0.14 bdl. bdl. 0.34 100.48 0.53 0.01 0.46 54.99
JD21B5(1)-7-2 43.72 0.08 0.10 54.78 bdl. bdl. 0.05 0.07 1.90 0.07 0.02 bdl. 0.16 100.14 0.50 0.01 0.48 34.12
JD21B5(1)-7-3 42.91 0.12 0.03 55.02 0.03 bdl. 0.08 0.08 0.91 0.18 bdl. 0.01 0.14 99.13 0.25 0.00 0.75 55.01
JD21B5(1)-7-4 44.29 0.19 0.10 54.87 0.04 0.05 0.10 0.14 1.70 0.05 0.03 0.02 0.19 101.03 0.45 0.01 0.54 30.46

JD21B5(1)-7-1(JIA) 43.53 0.08 0.05 55.54 0.06 0.03 0.04 0.22 3.09 0.01 0.01 bdl. 0.10 101.45 0.81 0.01 0.18 108.74
JD21B5(1)-7-2(JIA) 43.07 0.15 0.07 55.25 0.05 bdl. 0.11 0.12 0.95 0.02 bdl. bdl. 0.24 99.60 0.25 0.01 0.74 26.34
JD21B5(1)-7-3(JIA) 44.32 0.09 0.05 55.10 bdl. bdl. 0.01 0.20 2.71 0.04 bdl. 0.02 0.19 101.58 0.71 0.01 0.29 101.28
JD21B5(1)-7-4(JIA) 43.94 0.10 0.07 55.31 0.02 0.04 0.09 0.18 1.54 0.04 0.04 bdl. 0.33 101.02 0.40 0.01 0.58 38.73
JD21B5(1)-7-5(JIA) 43.58 0.35 0.11 54.35 bdl. bdl. 0.10 0.15 2.02 0.19 0.01 bdl. 0.36 100.34 0.53 0.02 0.45 35.56
JD21B5(1)-7-6(JIA) 43.08 0.76 0.06 54.45 bdl. bdl. 0.08 0.15 2.40 0.27 0.02 bdl. 0.53 100.79 0.63 0.01 0.36 74.76
JD21B5(1)-7-7(JIA) 43.40 0.64 0.09 53.81 bdl. 0.01 bdl. 0.02 2.06 0.21 bdl. 0.01 1.19 100.54 0.54 0.01 0.45 44.61
JD21B5(1)-7-8(JIA) 42.15 0.85 0.06 54.99 bdl. 0.01 0.06 0.13 2.47 0.32 bdl. 0.05 0.76 100.77 0.65 0.01 0.34 82.29
JD21B5(1)-7-9(JIA) 42.60 0.28 0.05 54.98 bdl. bdl. 0.02 0.17 0.95 0.09 0.02 bdl. 0.38 99.12 0.26 0.01 0.74 36.81
JD21B5(1)-7-10(JIA) 43.27 0.11 0.07 54.59 bdl. bdl. 0.03 0.27 1.36 0.05 0.01 bdl. 0.34 99.51 0.36 0.01 0.63 34.68
JD21B5(1)-7-11(JIA) 44.36 0.10 0.08 55.30 bdl. 0.02 0.09 0.22 1.00 0.05 bdl. 0.03 0.23 101.03 0.26 0.01 0.73 24.90
JD21B5(1)-7-12(JIA) 43.96 0.22 0.05 53.98 bdl. bdl. 0.07 0.28 1.91 bdl. bdl. 0.02 0.14 101.03 0.50 0.01 0.49 79.23
JD21B5(1)-7-13(JIA) 44.02 0.15 0.04 55.21 0.03 bdl. 0.05 0.43 2.38 bdl. bdl. bdl. 0.10 101.51 0.62 0.01 0.37 103.10
JD21B5(1)-7-14(JIA) 43.53 0.06 0.03 55.33 bdl. 0.01 0.07 0.43 2.95 bdl. 0.03 0.02 0.08 101.06 0.78 0.00 0.22 204.13

JD21B5(2)-4-1 43.43 0.11 0.04 55.11 bdl. bdl. 0.08 0.20 2.37 0.07 0.01 bdl. 0.29 99.51 0.63 0.01 0.36 100.46
JD21B5(2)3-1 43.64 0.12 0.08 53.92 0.04 bdl. 0.11 0.11 1.66 0.14 0.03 bdl. 0.19 99.71 0.44 0.01 0.55 38.28
JD21B5(2)5-1 43.78 0.17 0.09 54.32 bdl. bdl. 0.08 0.17 2.52 0.04 0.01 0.01 0.33 100.76 0.66 0.01 0.33 49.98

JD21B5(2)-10-1 42.82 0.16 0.06 54.65 0.03 bdl. 0.03 0.16 1.54 0.03 0.05 0.01 0.30 98.37 0.42 0.01 0.57 49.67
JD21B5(2)-15-2 43.34 0.31 0.09 53.83 0.01 bdl. 0.14 0.01 1.68 0.21 bdl. bdl. 0.21 99.83 0.45 0.01 0.54 36.01
JD21B5(2)-12-1 41.91 0.22 0.17 54.55 0.02 bdl. 0.07 bdl. 1.95 0.13 bdl. bdl. 0.38 97.42 0.53 0.02 0.44 22.08
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Table 1. Cont.

Pluton Lithology Sample No. P2O5 SO3 Cl CaO TiO2 Cr2O3 MnO FeO F Na2O MgO Al2O3 SiO2 Total XF XCl XOH XF/XCl

Nansu pluton Fine-grained
granodiorite

JD21B9(1)2-1 42.744 0.19 0.10 53.65 bdl. bdl. 0.09 0.23 2.28 0.27 bdl. 0.02 0.51 99.10 0.61 0.01 0.37 43.03
JD21B9(1)2-2 43.161 0.13 0.04 54.97 bdl. bdl. 0.05 0.04 1.39 0.12 bdl. bdl. 0.36 99.65 0.37 0.01 0.62 66.50
JD21B9(1)-6-1 43.254 bdl. 0.10 54.17 bdl. bdl. 0.02 0.07 1.47 0.19 0.01 bdl. 0.34 98.98 0.40 0.01 0.59 27.78
JD21B9(1)-6-2 43.416 0.11 0.08 54.78 bdl. bdl. 0.06 0.11 2.47 0.16 bdl. 0.02 0.51 100.66 0.65 0.01 0.34 59.18
JD21B91-8-1 42.846 0.10 0.09 54.01 0.03 bdl. 0.14 0.25 1.38 0.56 0.01 bdl. 0.48 99.30 0.37 0.01 0.61 28.38
JD21B91-8-2 41.92 0.40 0.09 52.73 bdl. bdl. 0.12 0.26 2.47 0.22 bdl. 0.01 0.47 97.63 0.67 0.01 0.32 53.54

JD21B9(2)-3-1 42.913 0.16 0.07 54.39 bdl. bdl. 0.02 0.06 2.99 0.13 0.03 bdl. 0.35 99.83 0.79 0.01 0.20 84.47
JD21B9(2)-3-2 42.649 0.11 0.09 54.39 bdl. bdl. 0.13 0.30 1.98 0.33 0.05 bdl. 0.32 99.49 0.53 0.01 0.46 39.28
JD21B9(2)-1-1 42.18 0.18 0.15 53.87 bdl. 0.03 0.07 0.22 2.37 0.52 0.01 0.02 0.64 99.22 0.63 0.02 0.34 29.03
JD21B9(2)-7-2 42.364 0.11 0.06 52.97 bdl. bdl. 0.01 0.07 2.20 0.08 bdl. bdl. 0.46 97.38 0.60 0.01 0.39 65.12
JD21B9(2)-6-1 44.004 0.18 0.03 53.58 bdl. bdl. 0.10 0.10 2.67 0.14 bdl. bdl. 0.28 99.94 0.70 0.00 0.29 171.72
JD21B9(2)-6-2 43.247 0.14 0.07 54.15 bdl. bdl. 0.07 0.26 3.15 0.10 bdl. 0.02 0.60 100.46 0.83 0.01 0.16 86.40
JD21B9(2)-6-3 41.956 0.28 0.03 53.48 0.01 bdl. 0.07 0.17 2.49 0.09 bdl. bdl. 0.54 98.05 0.67 0.00 0.32 178.47
JD21B9(2)--4-1 42.135 0.25 0.08 54.05 bdl. bdl. 0.08 0.09 2.48 0.10 bdl. bdl. 0.69 98.87 0.66 0.01 0.32 58.48
JD21B9(2)--4-2 41.885 0.10 0.09 53.55 0.07 bdl. 0.08 0.29 2.96 0.08 0.01 0.01 0.69 98.55 0.80 0.01 0.19 63.37
JD21B9(2)--4-3 42.246 0.04 0.03 54.74 bdl. bdl. 0.05 0.35 3.00 bdl. 0.01 0.02 0.67 99.88 0.80 0.00 0.20 215.00
JD21B9(2)-9-3 41.068 bdl. 0.08 53.95 bdl. bdl. 0.09 0.18 1.85 0.05 0.02 bdl. 0.63 97.12 0.51 0.01 0.48 42.14
JD21B9(3)-1-1 42.932 0.12 0.04 54.39 bdl. bdl. 0.15 0.04 1.30 0.05 0.01 0.02 0.26 98.73 0.35 0.01 0.64 69.09
JD21B9(3)-1-2 44.473 0.07 0.07 54.69 bdl. bdl. 0.16 0.11 1.13 0.10 bdl. 0.04 0.24 100.58 0.30 0.01 0.69 30.17
JD21B9(3)-1-3 43.263 0.10 0.09 54.51 0.08 0.04 0.08 0.09 3.24 0.16 0.01 bdl. 0.37 100.65 0.85 0.01 0.13 64.35
JD21B9(3)-1-4 44.053 0.09 0.03 54.27 0.07 0.02 0.10 0.11 2.38 0.16 0.01 bdl. 0.23 100.51 0.63 0.00 0.37 138.65
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The ore-fertile Nansu granitoid has high F contents (average of 2.27 wt. %), low Cl
contents (average of 0.07 wt. %), and high F/Cl ratio (average of 41.20). However, the F/Cl
ratio of the ore-barren Aishan granitoid (the average F content of 1.96 wt. %, the average
Cl content of 0.073 wt. %, and the average F/Cl ratio of 32.41) is lower than that of the
ore-fertile granitoid. As shown in Figure 4, in the ternary diagram of apatite F-Cl-OH,
apatite grains from the Nansu and Aishan plutons all have high F content and belong to
fluorapatite. A method proposed by Ketcham (2015) [69] to estimate the OH contents in
apatite according to the anion content measured by EMPA is used to calculate the OH
contents of these two plutons. Among them, the OH contents in the Nansu pluton range
from 0.26 to 1.38, with an average value of 0.78, and the OH contents in the Aishan pluton
range from 0.24 to 1.51 with an average value of 0.94.
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JD21B9-1-2 0.36 24.98 bdl. 0.13 bdl. 0.11 0.41 15.43 18.31 11.23 18.45 bdl. 257.44 693.25 5.36 0.05 bdl. 1.29 bdl. 
JD21B9-1-6-1 0.22 7.49 0.42 0.11 1.21 0.58 bdl. 12.65 14.84 7.51 18.40 0.17 493.15 451.63 0.59 0.05 0.03 0.59 bdl. 
JD21B9-1-6-2 0.26 19.21 0.23 0.19 1.05 3.03 0.45 18.08 22.82 11.75 17.14 0.10 291.15 785.75 1.88 0.06 0.06 0.95 bdl. 
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Figure 4. Ternary diagram of F, Cl, and OH in apatites from the Nansu pluton and Aishan pluton.
Chlorine and F contents were determined by microprobe; OH was estimated by calculation of
stoichiometry following a new method proposed by [69]. AS-PMG: porphyritic medium-grained
monzonitic granite of the ore-barren granitoid Aishan pluton; NS-GD: fine-grained granodiorite of
the ore-fertile granitoid Nansu pluton.

The SO3 content of the ore-barren Aishan granitoid is 0.05–0.85 wt. %, with an average
value of 0.24 wt. %, while the SO3 content of the ore-fertile Nansu granitoid (with an
average value of 0.14 wt. %) is relatively low (Table 1).

4.2. Apatite Trace Elements

The obtained results of trace elements in apatite are shown in Table 2. As can be
seen from Figure 5, the apatite grains from the ore-fertile and ore-barren granitoid plutons
are enriched in rare earth elements (REEs), and the chondrite-normalized REE patterns
of the apatites are all above the whole rock. All the apatite grains have a “right-leaning”
chondrite–normalized rare earth element (REE) pattern, with relative enrichment in light
REEs and depletion in heavy REEs. Both the Nansu and Aishan plutons display moderately
negative Eu anomalies (averages of δEu values are 0.44 and 0.51, respectively) and slightly
positive Ce anomalies (averages of δCe values are 1.08 and 1.11, respectively). The Nansu
pluton has the highest total REE contents, ranging from 5856 to 15,032 ppm, with an average
of 10,750 ppm, while the total rare earth content in the Aishan pluton ranges from 3610 to
8007 ppm, with an average of 5280 ppm.
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Table 2. The trace element (ppm) analytical results of apatite in Aishan and Nansu pluton in Jiaodong.

Pluton Lithology Sample No. Sc V Cr Co Ni Cu Zn Ga Ge As Se Rb Sr Y Zr Nb Mo Pd Cd

Aishan
pluton

Medium-grained JD21B5-1-7-1 0.41 8.04 bdl. 0.05 0.30 0.03 0.69 7.31 8.53 7.19 9.78 bdl. 168.10 376.32 0.26 0.01 bdl. 0.34 0.08
porphyritic

monzogranite JD21B5-1-7-2 0.24 20.31 0.83 0.13 0.59 0.53 0.23 7.06 10.07 7.58 8.72 0.04 185.41 387.25 1.52 0.01 bdl. 0.51 0.13

JD21B5-1-7-3 0.27 8.02 0.21 bdl. bdl. 0.27 bdl. 5.34 6.87 10.42 7.86 0.11 334.39 359.59 0.43 0.03 0.17 0.60 0.11
JD21B5-1-7-4 0.37 6.41 bdl. 0.09 bdl. bdl. bdl. 6.24 9.92 6.74 10.76 0.01 186.85 385.25 0.24 0.01 0.08 0.47 0.21
JD21B5-1-8-1 0.42 38.05 2.19 4.87 8.54 6.05 69.11 12.87 10.02 6.32 8.36 60.22 220.07 302.84 1.56 2.15 bdl. 0.43 0.25
JD21B5-2-3 0.27 23.18 0.27 0.10 1.08 0.17 0.90 6.77 7.14 4.96 9.65 bdl. 285.53 261.62 1.95 bdl. 0.07 0.26 0.08

JD21B5-2-5-1 0.43 12.04 bdl. bdl. bdl. bdl. bdl. 6.20 8.69 6.85 7.42 0.02 224.25 405.48 0.66 0.06 bdl. 0.64 0.13

Aishan
pluton

Medium-grained JD21B5-2-10 0.25 15.82 0.95 0.04 0.19 0.14 bdl. 8.13 10.75 5.77 13.36 0.03 207.84 401.15 1.45 0.02 bdl. 0.42 0.20
porphyritic

monzogranite JD21B5-2-12 0.50 10.84 0.08 0.11 0.84 0.29 bdl. 11.71 14.52 5.83 11.55 0.03 205.72 476.83 1.08 0.01 0.52 0.48 bdl.

Nansu
pluton

Fine-grained
granodiorite

JD21B9-1-2 0.36 24.98 bdl. 0.13 bdl. 0.11 0.41 15.43 18.31 11.23 18.45 bdl. 257.44 693.25 5.36 0.05 bdl. 1.29 bdl.
JD21B9-1-6-1 0.22 7.49 0.42 0.11 1.21 0.58 bdl. 12.65 14.84 7.51 18.40 0.17 493.15 451.63 0.59 0.05 0.03 0.59 bdl.
JD21B9-1-6-2 0.26 19.21 0.23 0.19 1.05 3.03 0.45 18.08 22.82 11.75 17.14 0.10 291.15 785.75 1.88 0.06 0.06 0.95 bdl.
JD21B9-1-8-1 0.10 37.17 0.90 0.09 bdl. 0.18 1.18 9.54 11.56 3.93 9.69 0.01 264.12 418.89 3.61 bdl. bdl. 0.51 bdl.
JD21B9-1-8-2 0.32 11.72 1.13 0.04 0.87 bdl. 0.38 20.88 24.33 12.25 17.39 bdl. 327.76 608.19 2.30 0.01 0.07 0.72 bdl.
JD21B9-2-1-1 0.56 12.69 0.31 0.05 0.17 0.06 bdl. 17.05 20.32 9.34 14.82 0.14 258.27 758.90 1.56 0.05 0.03 0.58 bdl.
JD21B9-2-3-1 0.46 11.78 0.73 0.05 0.60 0.13 1.09 17.48 20.20 9.98 19.09 0.10 507.44 565.51 1.20 0.04 0.07 0.72 bdl.
JD21B9-2-3-2 0.01 29.92 0.10 0.19 0.84 1.20 1.94 7.65 8.14 4.68 7.85 0.45 387.86 287.72 0.27 0.03 0.08 0.31 bdl.
JD21B9-2-4 0.64 10.67 bdl. 0.09 bdl. bdl. 0.91 19.26 25.58 13.22 27.10 0.11 305.28 746.98 4.08 0.02 0.15 0.43 0.60

JD21B9-3-1-1 0.54 12.39 0.99 0.11 bdl. bdl. 0.47 19.67 21.92 10.95 25.93 bdl. 420.30 608.35 3.17 0.03 bdl. 0.82 bdl.
JD21B9-3-1-3 bdl. 7.15 0.63 bdl. 1.75 0.04 bdl. 10.32 11.58 6.94 7.09 0.07 347.50 453.17 0.57 bdl. bdl. 0.87 0.10
JD21B9-3-1-4 0.18 7.17 1.33 0.25 0.68 0.29 bdl. 8.79 9.15 6.01 12.46 0.09 495.61 323.08 0.53 0.03 bdl. 0.64 bdl.

Pluton Lithology Sample No. Sn Sb Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Tb Lu Hf

Aishan
pluton

Medium-grained JD21B5-1-7-1 0.23 0.09 bdl. 0.40 930.76 2289.78 267.32 1072.03 160.30 21.99 116.03 12.46 62.50 11.45 34.21 4.47 27.02 4.73 0.03
porphyritic

monzogranite JD21B5-1-7-2 0.29 bdl. 0.05 0.27 1011.25 2417.71 289.18 1190.70 176.61 22.66 122.69 13.14 65.79 12.14 35.19 4.48 27.33 4.56 0.04

JD21B5-1-7-3 0.36 bdl. 0.01 0.08 531.66 1525.85 198.35 902.70 159.14 20.06 118.71 13.09 63.31 11.50 33.63 4.11 23.71 4.03 0.08
JD21B5-1-7-4 0.21 0.01 bdl. 0.15 746.66 2018.10 256.18 1078.60 171.11 22.32 121.28 12.97 66.83 12.44 35.43 4.41 26.85 4.54 0.04
JD21B5-1-8-1 0.32 0.01 3.41 29.28 1144.94 2518.95 287.05 1088.50 154.92 22.42 98.41 10.68 53.33 8.99 25.46 3.53 21.28 3.37 0.15
JD21B5-2-3 0.12 0.01 0.02 0.55 981.08 2328.47 264.49 1025.36 139.18 19.70 90.77 9.86 44.66 8.56 24.34 2.95 17.36 2.78 0.02

JD21B5-2-5-1 0.18 0.02 bdl. 0.07 605.84 1881.22 246.02 1062.27 161.86 23.07 119.47 12.42 65.67 12.22 36.10 4.80 29.76 5.01 0.12
JD21B5-2-10 0.11 0.02 bdl. 0.49 1102.72 2818.87 354.43 1440.26 201.79 29.13 133.06 14.48 71.82 12.58 36.60 4.87 28.07 4.26 0.05
JD21B5-2-12 0.38 bdl. 0.01 0.58 1525.78 3665.32 441.06 1740.79 242.40 33.60 155.59 16.65 84.63 15.34 42.39 5.37 32.63 5.17 0.04
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Table 2. Cont.

Pluton Lithology Sample No. Sn Sb Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Tb Lu Hf

Nansu
pluton

Fine-grained
granodiorite

JD21B9-1-2 0.21 0.09 0.02 0.38 2119.72 5000.25 602.78 2338.74 336.03 31.50 222.59 24.32 113.52 20.97 59.54 7.77 51.34 8.29 0.08
JD21B9-1-6-1 0.19 0.01 bdl. 0.30 1921.12 4354.36 500.15 1904.47 265.71 31.60 169.18 17.88 82.65 14.24 38.72 4.84 26.29 4.07 0.06
JD21B9-1-6-2 0.19 bdl. bdl. 0.04 2636.59 6233.42 719.34 2662.32 366.34 39.82 230.17 25.50 123.89 22.89 66.87 8.86 57.95 9.36 0.06
JD21B9-1-8-1 0.11 bdl. 0.01 0.30 1411.11 3305.40 369.77 1357.61 178.96 18.67 116.24 12.46 63.51 11.06 32.41 4.76 29.66 5.14 0.03
JD21B9-1-8-2 0.18 0.04 0.01 0.44 3364.16 7277.33 780.24 2762.88 338.03 40.51 211.90 22.60 107.62 18.27 51.14 7.11 43.08 7.06 0.05
JD21B9-2-1-1 0.12 bdl. 0.03 0.24 2495.06 5947.68 668.52 2494.22 338.81 37.31 219.61 23.81 115.87 21.00 62.91 8.67 54.55 9.27 0.06
JD21B9-2-3-1 0.19 0.01 bdl. 0.70 2992.99 6429.00 677.56 2393.94 300.68 36.52 184.16 20.12 95.32 16.67 47.45 6.43 37.31 5.83 0.02
JD21B9-2-3-2 0.21 0.05 0.17 0.33 1251.92 2830.96 300.29 1107.24 142.76 15.56 92.47 9.86 46.54 8.45 23.75 3.20 19.92 3.32 0.03
JD21B9-2-4 0.21 bdl. bdl. 0.27 3165.80 7003.93 788.69 2907.08 366.21 43.31 229.87 25.97 121.70 21.18 63.41 8.39 56.51 8.78 0.03

JD21B9-3-1-1 0.40 0.08 0.03 0.16 3344.23 7040.13 747.24 2718.43 340.61 42.26 213.18 22.29 106.99 18.52 50.85 6.77 41.45 6.14 0.07
JD21B9-3-1-2 0.01 bdl. 0.01 0.76 1817.23 4004.59 434.97 1634.80 212.45 26.24 132.79 14.45 68.65 12.18 33.35 4.39 25.99 3.89 0.05
JD21B9-3-1-3 bdl. bdl. bdl. 0.31 1606.61 3819.55 425.90 1603.90 216.60 24.59 134.90 14.93 72.88 12.93 37.27 5.01 32.22 5.12 0.02
JD21B9-3-1-4 0.06 0.01 bdl. 0.91 1516.02 3272.70 341.96 1247.76 156.33 20.35 101.74 10.79 51.87 9.19 26.67 3.55 20.32 3.18 0.03

Pluton Lithology Sample No. Ta W Bi Pb Th U ΣREE δEu δCe (Sm/Yb)N (La/Sm)N (La/Yb)N Sr/Y Ce/Pb Th/U Ba/Th Sr/Th U/Th La/Sm

Aishan
pluton

Medium-grained JD21B5-1-7-1 bdl. 0.02 0.58 5.35 36.29 49.77 5015.04 0.49 1.11 6.59 3.75 24.71 0.45 428.28 0.73 0.01 4.63 1.37 5.81
porphyritic

monzogranite JD21B5-1-7-2 bdl. 0.86 0.51 5.42 42.89 42.07 5393.438 0.47 1.08 7.18 3.70 26.54 0.48 446.40 1.02 0.01 4.32 0.98 5.73

JD21B5-1-7-3 bdl. 4.44 1.37 4.60 28.94 33.86 3609.845 0.45 1.15 7.46 2.16 16.09 0.93 332.02 0.85 0.00 11.55 1.17 3.34
JD21B5-1-7-4 0.01 0.12 0.50 4.53 22.73 46.80 4577.715 0.47 1.13 7.08 2.82 19.95 0.48 445.75 0.49 0.01 8.22 2.06 4.36
JD21B5-1-8-1 0.06 0.33 0.55 10.53 40.31 42.25 5441.847 0.56 1.05 8.09 4.77 38.59 0.73 239.27 0.95 0.73 5.46 1.05 7.39
JD21B5-2-3 0.01 bdl. 0.12 5.06 18.49 5.25 4959.563 0.54 1.10 8.91 4.55 40.53 1.09 460.44 3.52 0.03 15.45 0.28 7.05

JD21B5-2-5-1 bdl. 2.17 0.91 4.65 36.18 43.37 4265.73 0.51 1.19 6.04 2.42 14.60 0.55 404.81 0.83 0.00 6.20 1.20 3.74
JD21B5-2-10 bdl. 0.19 0.47 5.29 44.77 17.03 6252.935 0.54 1.10 7.99 3.53 28.18 0.52 532.95 2.63 0.01 4.64 0.38 5.46
JD21B5-2-12 0.02 0.26 0.45 5.71 78.74 16.99 8006.711 0.53 1.08 8.25 4.06 33.54 0.43 642.04 4.63 0.01 2.61 0.22 6.29

Nansu
pluton

Fine- grained
granodiorite

JD21B9-1-2 0.03 0.07 0.06 6.53 118.96 18.65 10,937.36 0.35 1.07 7.27 4.07 29.61 0.37 766.13 6.38 0.00 2.16 0.16 6.31
JD21B9-1-6-1 0.01 0.57 0.17 5.50 94.66 15.28 9335.281 0.46 1.06 11.23 4.67 52.42 1.09 791.75 6.20 0.00 5.21 0.16 7.23
JD21B9-1-6-2 0.02 0.58 0.37 5.48 139.43 26.32 13,203.32 0.42 1.09 7.02 4.65 32.64 0.37 1136.76 5.30 0.00 2.09 0.19 7.20
JD21B9-1-8-1 bdl. 0.01 0.10 5.31 37.10 7.22 6916.756 0.40 1.10 6.70 5.09 34.12 0.63 622.35 5.14 0.01 7.12 0.19 7.89
JD21B9-1-8-2 0.01 0.14 0.06 6.30 117.85 14.87 15,031.93 0.46 1.06 8.72 6.42 56.02 0.54 1155.31 7.92 0.00 2.78 0.13 9.95
JD21B9-2-1-1 0.02 0.15 0.30 5.63 113.47 20.53 12,497.29 0.42 1.11 6.90 4.75 32.81 0.34 1055.85 5.53 0.00 2.28 0.18 7.36
JD21B9-2-3-1 0.01 0.04 0.09 6.59 107.02 14.69 13,243.99 0.47 1.06 8.95 6.43 57.54 0.90 976.11 7.29 0.01 4.74 0.14 9.95
JD21B9-2-3-2 bdl. 1.24 0.13 5.38 25.12 6.98 5856.251 0.41 1.10 7.96 5.66 45.07 1.35 526.04 3.60 0.01 15.44 0.28 8.77
JD21B9-2-4 0.01 0.03 0.20 5.63 115.96 13.56 14,810.82 0.46 1.06 7.20 5.58 40.18 0.41 1244.21 8.55 0.00 2.63 0.12 8.64

JD21B9-3-1-1 0.02 0.01 0.09 6.24 103.16 12.53 14,699.09 0.48 1.05 9.13 6.34 57.87 0.69 1128.66 8.23 0.00 4.07 0.12 9.82
JD21B9-3-1-2 0.01 bdl. 0.10 5.96 90.11 13.09 8425.961 0.48 1.07 9.08 5.52 50.15 1.26 671.80 6.88 0.01 5.64 0.15 8.55
JD21B9-3-1-3 bdl. bdl. 0.12 5.44 86.90 12.18 8012.417 0.44 1.11 7.47 4.79 35.77 0.77 702.24 7.13 0.00 4.00 0.14 7.42



Minerals 2024, 14, 372 13 of 27Minerals 2024, 14, 372 12 of 26 
 

 

 
Figure 5. Chondrite-normalized rare earth element (REE) (a) patterns of apatite in granitoids from 
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and the black line indicates the REE concentration of Whole rock. Whole rock REE data of the Aishan 
pluton and Nansu pluton are sourced from [70]. Chondrite and primitive mantle normalization 
values are from [71]. 
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value of 546.43 ppm. In contrast, the ore-barren Aishan pluton has Sr contents ranging 
between 168.10 and 334.39 ppm (average of 224.24 ppm), and Y contents ranging between 
261.62 and 476.83 ppm (average of 372.93 ppm). 

There are also some differences in Th, U, and Ce contents of apatite in ore-fertile and 
ore-barren granitoids (Table 2). The ore-fertile Nansu granitoid has the highest Th 
contents (25.12–139.43 ppm, average of 93.91 ppm), while the ore-barren Aishan granitoid 
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ppm, with an average value of 5.89 ppm, and the contents of Pb in Aishan pluton are 4.53–
10.53 ppm, with an average value of 5.68 ppm. 
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We selected six grains for in situ Nd isotopic determination and the results are 
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Figure 5. Chondrite-normalized rare earth element (REE) (a) patterns of apatite in granitoids from
the Aishan pluton (b) and Nansu Pluton (c). The color line indicates the REE concentration of apatite,
and the black line indicates the REE concentration of Whole rock. Whole rock REE data of the Aishan
pluton and Nansu pluton are sourced from [70]. Chondrite and primitive mantle normalization
values are from [71].

The contents of Sr and Y in apatite from ore-fertile and ore-barren granitoids are
negatively correlated. The ore-fertile granitoids have relatively higher contents of Sr and Y.
The contents of Sr in Nansu pluton vary from 257.44 to 508.29 ppm with an average value
of 374.17 ppm, and the contents of Y vary from 287.72 to 785.75 ppm with an average value
of 546.43 ppm. In contrast, the ore-barren Aishan pluton has Sr contents ranging between
168.10 and 334.39 ppm (average of 224.24 ppm), and Y contents ranging between 261.62
and 476.83 ppm (average of 372.93 ppm).

There are also some differences in Th, U, and Ce contents of apatite in ore-fertile and
ore-barren granitoids (Table 2). The ore-fertile Nansu granitoid has the highest Th contents
(25.12–139.43 ppm, average of 93.91 ppm), while the ore-barren Aishan granitoid has much
lower Th contents of 18.49–78.74 ppm, with an average of 38.81 ppm. The U contents
of Nansu pluton (6.98–26.32 ppm, average of 14.39 ppm) are relatively low, while the U
contents of ore-barren granitoid Aishan pluton are the highest, ranging from 5.25 to 49.77
ppm (average of 33.04 ppm). The Ce contents of Nansu pluton range from 2830.96 to 7277.33
ppm, with an average of 5116.87 ppm, and those of Aishan pluton range from 1525.85
to 3665.32 ppm, with an average of 2384.92 ppm. These two plutons have no significant
difference in Pb contents. The contents of Pb in Nansu pluton are 5.31–6.59 ppm, with an
average value of 5.89 ppm, and the contents of Pb in Aishan pluton are 4.53–10.53 ppm,
with an average value of 5.68 ppm.

4.3. In Situ Nd Isotope of Apatite

We selected six grains for in situ Nd isotopic determination and the results are pre-
sented in Table 3. The normalized 143Nd/144Nd ratios of the apatites in the Aishan pluton
are varying between 0.51159 and 0.51164, and the normalized 143Nd/144Nd ratios of the
apatites in the Nansu pluton are ranging between 0.51142 and 0.51157. The normalized
147Sm/144Nd ratios of the apatites in the Aishan pluton vary from 0.0937 to 0.0940, and the
normalized 147Sm/144Nd ratios of the apatites in the Nansu pluton vary from 0.0887–0.0935.
The εNd(t) values of the Nansu pluton were calculated at t = 115.7 Ma (zircon U-Pb age,
date from [70]), ranging from −16.63 to −17.61, with an average value of −17.12. The
εNd(t) values of the Aishan pluton were calculated at t = 116.8 Ma (zircon U-Pb age, date
from [70]), ranging from −17.86 to −20.86, with an average of −19.31.
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Table 3. Nd isotope data in Aishan and Nansu plutons in Jiaodong.

Pluton Lithology Sample No. 143Nd/144Nd 147Sm(v) 146Nd(v) Ziron U-Pb Age (Ma) (147Sm/144Nd)N (143Nd/144Nd)N εNd(t) TDM1 (Ma) TDM2 (Ma) Reference

Aishan
pluton

Medium-grained
porphyritic monzogranite

JD21B51-2-1 0.511658 0.69 0.087 115.7 0.0940 0.511587 −17.61 1897 2341

This paper

JD21B51-2-2 0.511708 0.55 0.069 115.7 0.0937 0.511637 −16.63 1829 2262
JD21B52-4-1 0.511682 0.57 0.072 115.7 0.0940 0.511611 −17.13 1866 2303

Nansu
pluton

Fine-grained JD21B91-1-1 0.511644 0.76 0.095 116.8 0.0933 0.511572 −17.86 1904 2362
granodiorite JD21B91-3-1 0.511575 0.49 0.062 116.8 0.0935 0.511504 −19.2 1993 2470

JD21B91-5-2 0.511486 0.5 0.06 116.8 0.0887 0.511419 −20.86 2025 2604

Aishan
pluton

Medium-grained
porphyritic monzogranite

AS22-63-1 — — — — — — 115.7 0.0734 0.511699 −16.49 — — 2256

[70]
AS22-65-1 — — — — — — 115.7 0.0886 0.511702 −16.67 — — 2269
AS22-65-2 — — — — — — 115.7 0.0885 0.511708 −16.55 — — 2260
AS22-64-1 — — — — — — 115.7 0.0936 0.511713 −16.53 — — 2257
AS22-64-2 — — — — — — 115.7 0.0884 0.51171 −16.51 — — 2256

Nansu
pluton

Fine-grained JD21B9 — — — — — — 116.8 0.0879 0.511595 −18.73 — — 2436
[70]granodiorite JD21B10 — — — — — — 116.8 0.0917 0.511472 −21.18

— —
2635— —

Aishan
pluton Granitoid

asb1 — — — — — — 114 0.0814 0.511605 −18.5 — — — —

[67]
asb4 — — — — — — 114 0.0727 0.511617 −18.1 — — — —
asb5 — — — — — — 118 0.0811 0.511587 −18.8 — — — —

Nansu
pluton

Fine-grained
nsb1 — — — — — — 110.5 0.0705 0.511412 −22.1 — — — —

granodiorite

Lamporphyre

JJHT-01 — — — — — — 90 0.1287 0.512607 0.17 — — — —

[72]

JJHT-02 — — — — — — 90 0.1185 0.512872 5.46 — — — —
JJHT-04 — — — — — — 90 0.1277 0.512603 0.11 — — — —
JJHT-05 — — — — — — 90 0.1274 0.51262 0.44 — — — —
JJHT-06 — — — — — — 90 0.1107 0.512616 0.56 — — — —
JJHT-07 — — — — — — 90 0.1128 0.512658 1.35 — — — —
JJHT-08 — — — — — — 90 0.1107 0.512615 0.54 — — — —
JJHT-09 — — — — — — 90 0.1255 0.512756 3.12 — — — —

Diabase 09S71 — — — — — — 90 0.1259 0.512707 2.16 — — — —

[73]

Hornblendophyre 09DZ38 — — — — — — 166.6 0.0997 0.511190 12.88 — — 2110.69
Diabase 09XC17 — — — — — — 122.69 0.0919 0.511412 22.24 — — 2894.27
Diabase 09XC18 — — — — — — 126.3 0.1026 0.511547 19.9 — — 2682.25
Gabbro 09J54 — — — — — — 90 0.1287 0.512607 0.17 — — — —
Gabbro 09J59 — — — — — — 90 0.1185 0.512872 5.46 — — — —
Gabbro 09J76 — — — — — — 90 0.1277 0.512603 0.11 — — — —
Diabase 09J86 — — — — — — 90 0.1274 0.51262 0.44 — — — —
Diabase 09J87 — — — — — — 90 0.1107 0.512616 0.56 — — — —

Spessartine D-X-1 — — — — — — 90 0.1128 0.512658 1.35 — — 2110.69 [74]Camptonite J435-3 — — — — — — 90 0.1107 0.512615 0.54 — — 2894.27

Spessartine LI08-11 — — — — — — 90 0.1255 0.512756 3.12 — — 2682.25

[74]Spessartine LI08-13 — — — — — — 122.6 0.1040 0.511677 13.46 — — 2477.81
Andesite porphyrite LI08-14 — — — — — — 124.6 0.0975 0.511642 17.95 — — 2532.88

Spessartine S186-4 — — — — — — 204.1 0.0975 0.511763 15.61 — — 2424.1

Note: “— —” represents no data.
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5. Discussion
5.1. Comparison of Oxygen Fugacity and Water Content in Parental Magma of Ore-Fertile and
Ore-Barren Granitoids

Ouyang Hegen (2023) [75] conducted a quantitative analysis of the oxygen fugacity and
volatile contents of ore-forming magmas, revealing that ore-forming magmas associated
with various types of porphyry-skarn Mo deposits across diverse tectonic environments are
consistently characterized as oxidized and water-rich. By comparing the oxygen fugacities
and water contents inferred from apatite compositions of the Nansu and Aishan pluton,
the following discussion explores the controlling factors that underlie the metallogenic
differences observed in the Late Aptian granitoids of Jiaodong.

5.1.1. Oxygen Fugacity

The content of Ce, Eu, and Ga in apatite serves as a valuable indicator for assessing
the redox state of magma [20,28,76–78]. These elements exist in two ionic valence
states as follows: Eu3+/Eu2+, Ce4+/Ce3+, and Ga3+/Ga2+. Since Eu3+, Ce3+, and Ga2+

possess ionic radii that are more akin to Ca2+, they preferentially enter the apatite lattice,
replacing Ca2+ [17,20,29,79]. Under oxidizing conditions, Eu, Ce, and Ga tend to exist
in their higher valence states, leading to lower ratios of Eu2+/Eu3+, Ce3+/Ce4+, and
Ga2+/Ga3+ in the melt. Therefore, apatites crystallized from the oxidized magma exhibit
higher Eu contents but lower Ce and Ga contents [28,78]. However, relying solely on
the variation in the content of a single element in apatite to reflect the redox state of
magma is inadequate, as changes in elemental contents can be influenced by various
other factors. For example, the Eu anomaly observed in apatite is influenced not only by
the oxidation state of the magma but also by the crystallization of plagioclase. While
a single Eu anomaly or Ce anomaly alone cannot accurately reflect the redox state, the
contrasting partitioning behaviors of Eu and Ce can be harnessed to determine the
oxidation state of the parental magma [28,79].

In the δCe-δEu diagram of apatite (Figure 6a), the δEu value and δCe value of
apatite grains from ore-fertile and ore-barren granitoids are negatively correlated,
suggesting that the magma is formed in a relatively oxidizing environment. Both the
Nansu and Aishan plutons show moderate Eu negative anomaly and slight Ce positive
anomaly, indicating that the ore-fertile and ore-barren granitoids have relatively high
oxygen fugacity. In the diagram of δEu-Ga of apatite (Figure 6b), the δEu of the Nansu
pluton is similar to that of the Aishan pluton, and the Ga content of Nansu pluton
is relatively high, which indicates that the apatite of Aishan pluton may be formed
in a relatively oxidized environment. In addition, the log f (O2) of the Nansu pluton
is −13.8, and the log f (O2) of the Aishan pluton is −13.6~−13.7 (Table 4), which is
calculated by the content of major elements in hornblende of these two plutons [80].
Moreover, the calculated oxygen fugacity by the zircon trace element denotes that the
log f (O2) of the Nansu pluton is −14.8, and the Aishan pluton is −15.0 [70] (Table 4).
The δCe, δEu, and Ga contents of apatite and the oxygen fugacity values calculated
by hornblende and zircon all reflect that the oxygen fugacity values of the ore-fertile
Nansu and ore-barren Aishan plutons are approximately equal. The parental magma of
the Nansu and Aishan plutons is relatively oxidized. Therefore, oxygen fugacity is not
the factor that controls the difference between the Late Aptian ore-fertile and ore-barren
granitoids in the Jiaodong area.
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Table 4. Oxygen fugacity, volatile content and temperature and pressure data of magma in Aishan
and Nansu pluton.

Pluton Lithology Sample No. Mineral logf (O2) H2O (wt.%) F (wt.%) Cl (wt.%) P (MPa) T (◦C) Reference

Nansu
pluton

Porphyritic biotite
monzogranite LM-05/2B-1-2

Hornblende

−13.8 4.6 0.39 0.06 91.5 767

[70]
Aishan
pluton

Porphyritic biotite
hornblende
granodiorite

WDS-05/1B-2-1 −13.6 4.9 0.5 0.02 104.7 777

WDS-05/1B-2-4 −13.7 5.0 0.43 0.03 105.7 776

Nansu
pluton

Fine-grained
granodiorite JD21B9

Zircon

−14.8 — — — — — — — — 685

[81]
Aishan
pluton

Medium-grained
porphyritic

monzogranite
JD21B5 −15.04 — — — — — — — — 668

Note: “— —” represents no data.

5.1.2. Water Content

Apatite is an important carrier of halogen elements, and apatite has strong corrosion
resistance. Halogen elements entering apatite at high temperatures are generally not easily
affected by later hydrothermal metasomatism. Many studies have used the concentra-
tion of OH in apatite to estimate the abundance of H2O in the melt crystallized from
apatite [19,23,82–88]. Studies have shown that the changes of F and OH in apatite are fairly
consistent with the changes of F and H2O in coexisting melt inclusions [22]. Therefore, it is
a very effective way to estimate the water content in the coexisting melt by using the OH
component in apatite. The results of apatite-melt partition experiments by McCubbin et al.
(2015) [88] showed that the apatite-melt partition coefficient of OH is variable. Therefore,
when using the apatite OH component to estimate the abundance of H2O in the melt, it is
necessary to combine the information of other components, such as the abundance of H2O
in apatite, the content of F and Cl in the melt, and the apatite-melt exchange distribution.

The OH contents of apatites from the Nansu and Aishan plutons are calculated by
using the method proposed by Ketcham (2015) [69] to estimate the OH content according
to the anion content in apatite determined by EMPA. The apatite OH contents of the Nansu
pluton vary between 0.26 and 1.38, and those of the Aishan pluton range between 0.24
and 1.51. In the apatite F-Cl-OH ternary diagram (Figure 4), it can be noted that the OH
distribution range of these two plutons is roughly the same.

The contents of major elements present in hornblende can provide valuable insights
into estimating the water contents within the melt. According to our calculations, the
melt H2O content of the Nansu pluton stands at 4.6 wt. %. On the other hand, the H2O
contents of the Aishan pluton range from 4.9 to 5.0 wt. % (Table 4). Both of these plutons
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exhibit relatively high magmatic water content. A comparison of the calculated water
contents with the apatite OH contents indicates that both the ore-fertile and ore-barren
granitoids share a similarly high magmatic water content. Therefore, it can be concluded
that neither oxygen fugacity nor magmatic water content is responsible for the metallogenic
differences observed between the Nansu and Aishan plutons. This result suggests that the
ore-fertile granitoids possess a comparable crystalline environment to that of the ore-barren
granitoids, thereby indicating that molybdenum mineralization is less associated with the
crystalline environment and more probably occurs as a secondary or late-igneous event.

5.2. Distinctive Magmatic Evolution between Ore-Fertile and Ore-Barren Granitoids Revealed
by Apatite

Because of the special structural characteristics of apatite, it can accommodate a variety
of high concentrations of major and trace elements. It is a reliable indicator mineral for
mineral exploration, which records and preserves the original information of magmatic and
hydrothermal activities [11,20,28,29]. The variation of trace elements in apatite can be used to
distinguish ore-fertile and ore-barren plutons and different deposit types [19,28,89]. Based
on the machine learning method, Qiu et al. (2024) [89] used apatite trace element data to
classify five different types of deposits and unmineralized apatites efficiently and accurately,
indicating that apatite has the potential to distinguish mineralized and unmineralized plutons.

Sr is abundant in crustal rocks and can replace Ca2+ in apatite due to similar ionic
radii during magmatic differentiation [90]. Early-crystallized apatite inherits Sr and Y com-
positional signatures of parental magma, making it a valuable indicator of magmatic source
affinities. Prolonged magma storage in the deep crust is crucial for evolving water-bearing
arc magmas, explosive volcanism, and economic magmatic-hydrothermal deposits [91].
A negative correlation between Sr and Y in apatite from the Nansu and Aishan plutons is
observed in Figure 7a, with a variable Sr/Y ratio of 0.34–3.17. In Figure 7b, Sr is positively
correlated with the Sr/Y ratio, and the Sr/Y ratio of the pluton decreases with magmatic
differentiation. The Nansu granodiorite is characterized by higher apatite Sr content than
the Aishan porphyritic monzogranite, indicating a relatively higher degree of magmatic
fractionation in the ore-fertile system.
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The concentration of trace elements in apatite is primarily influenced by several fac-
tors. Firstly, the geochemical composition of the magma source or parental magma has a
significant influence. Secondly, the partitioning of trace elements between apatite and the
silicate melt, as well as other minerals that have separated and crystallized either before or
simultaneously with apatite, also contribute to its trace element content. Furthermore, recrys-
tallization due to subsequent metamorphism can also affect the trace element concentration in
apatite [20,21,91,92]. Experimental petrology studies have demonstrated that the partition co-
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efficients of REEs between apatite and the melt can vary under different chemical and physical
conditions. The MREEs exhibit a stronger affinity towards apatite compared to the LREEs and
HREEs [9,65,86–88]. The whole-rock chondrite-normalized REE patterns of the Nansu and
Aishan plutons display a right-leaning trend, with a slight Eu negative anomaly [61]. Since
the apatites do not show a preference for LREEs and HREEs, the coherent right-leaning REE
patterns in apatite grains and their host rocks imply a LREE-enriched source [89]. Changes in
the trace element content of apatite may reflect variations in magma composition as minerals
crystallize within the magma. The ratio of rare earth to other elements, such as (Sm/Yb)N,
(La/Sm)N and (La/Yb)N, in apatite, combined with changes in Sr content, can be utilized to
infer the crystallization process of the rock mass. As shown in Figure 8, a positive correlation
can be observed between the (Sm/Yb)N, (La/Sm)N and (La/Yb)N ratios and the Sr content of
the Aishan and Nansu plutons. However, the decreasing trend in the (Sm/Yb)N, (La/Sm)N,
and (La/Yb)N ratios within apatite suggests that the control of REE in apatite may be in-
fluenced by additional factors. One potential explanation for this decrease is the fractional
crystallization of LREE-rich minerals, such as allanite and monazite, within the magma. This
fractional crystallization can lead to a rapid decline in the ratios of (Sm/Yb)N, (La/Sm)N, and
(La/Yb)N within apatite [79]. Our microscopic observations of the samples reveal the presence
of allanite in both the Nansu and Aishan plutons (Figure 3), along with apatite inclusions
within allanite particles. This observation provides a plausible explanation for the observed
decrease in the (Sm/Yb)N, (La/Sm)N, and (La/Yb)N ratios during the magma separation
process within the two plutons.
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The activities of Pb, Ce, Th, and U in the subduction zone are different, which are 85%,
51%, 38%, and 29% [93], respectively. The activity of Pb, Ce, Th, and U in the subduction
zone is the result of dehydration experiments on natural amphibolite in the upper mantle
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under P/T conditions to study the subducted of trace elements in the dewatering process
of subducting oceanic lithosphere [93]. At the same time, the incompatibility in the oceanic
island basalt is Th > U ≈ Nb = Ta ≈ K > La > Ce ≈ Pb [71]. The order of trace element
incompatibility in oceanic basalts was obtained using trace element data from MORBs
and OIB [71]. The higher the Ce/Pb ratio, the lower the Th/U ratio, indicating stronger
fluid activity. Compared with the ore-fertile granitoid, the Th/U value of the ore-barren
granitoid varies in a small range, and the Ce/Pb value is also relatively low (Figure 8d).
The average value of the Th/U ratio of apatite in ore-barren Aishan pluton is 1.74, and the
average value of the Ce/Pb ratio is 436.88. The average value of the Th/U ratio of apatite
in ore-fertile Nansu pluton is 6.50, and the average value of the Ce/Pb ratio is 867.30. The
higher Ce/Pb ratio and relatively lower Th/U ratio of apatite from the ore-fertile Nansu
pluton reflect that the magma at Nansu has more intensive fluid activity and a higher
degree of magmatic differentiation during its formation. This is consistent with the view
that the intensity of fluid activities in a magmatic system plays an important influence on
the Mo potential of granitoids [75].

5.3. Differences in Magma Source between Ore-Fertile and Ore-Barren Granitoids
5.3.1. Apatite Nd Isotope as a Tracer of Magma Source

The Nd isotopic composition of apatite can effectively trace the source of mag-
ma [13,78,94–97]. The apatite εNd(t) value of the Nansu pluton is −17.86~−20.86, with an
average of −19.31. The apatite εNd(t) values of Aishan pluton range from −16.63 to −17.61,
with an average value of −17.12, which is consistent with the whole-rock εNd(t) value
(Nansu pluton of −18.73, Aishan pluton of −16.55 [70]). The εNd(t)-T diagram (Figure 9)
shows that most of the whole-rock and apatite εNd(t) values of the Aishan pluton fall in the
region of Proterozoic crust, and their corresponding TDM2 (depleted mantle model ages)
are ranging from 2341 to 2262 Ma, with an average of 2302 Ma. The εNd(t) values of the
Nansu pluton mainly fall into the region of the Archean crust, and their corresponding
TDM2 ages vary between 2604 and 2362 Ma, with an average of 2479 Ma. From the Nd
isotopic composition of apatite, the magma sources of the Nansu ore-fertile and Aishan
ore-barren granitoids were mainly derived from the partial melting of the Precambrian
metamorphic basement rocks (i.e., the Jiaodong group).
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(MMEs) developed in both the Nansu and Aishan plutons. These MMEs have fine-grained 
structures and contain acicular apatite, suggesting that some mantle-derived mafic melts 
were added into the source of granitoids by magma mixing [59,99]. The average value of 
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Aishan pluton and Nansu pluton. AS-PMG: porphyritic medium-grained monzonitic granite of the
ore-barren granitoid Aishan pluton; NS-GD: fine-grained granodiorite of the ore-fertile granitoid
Nansu pluton; AS Whole-rock: Aishan pluton whole-rock Nd isotope data; NS Whole-rock: Nansu
pluton whole-rock Nd isotope data (Whole-rock Nd isotope data from [67,70]; mantle-derived mafic
rocks Nd isotope data from [72–74]).
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Previous research and field geological observation of the Late Early Cretaceous granite
in the Jiaodong Peninsula [60,67,98] proposed that mafic microgranular enclaves (MMEs)
developed in both the Nansu and Aishan plutons. These MMEs have fine-grained structures
and contain acicular apatite, suggesting that some mantle-derived mafic melts were added
into the source of granitoids by magma mixing [59,99]. The average value of zircon δ18O in
the Nansu pluton is 6.62‰, which is closer to the depleted mantle value (5.3 ± 0.6‰) [60],
suggesting that more mantle-derived materials might have been added to the magma
source of the Nansu pluton.

5.3.2. Apatite Trace Element as Indicators of Magmatic Source

The binary diagrams plotting the ratios of Ba/Th, Sr/Th, and U/Th against La/Sm
for apatite samples from the Aishan and Nansu plutons in the Jiaodong area demonstrate
a prominent trend towards sediment melting in apatite samples originating from the
Nansu pluton.

Labanieh et al. (2012) [100] conducted a study to evaluate the potential of La/Sm as a
quantitative indicator for measuring the impact of volcanic arc sediments. Their research
focused on Martinique Island, a unique geological location characterized by dehydration
and sediment meltin [100]. Their findings revealed that the proportion of slab sediments
incorporated into the mantle wedge plays a crucial role in determining the La/Sm ratio in
the source region. Additionally, they delved into the relative significance of hydrous fluids
in this process. The dehydration of the slab results in an elevation of Ba/Th, Sr/Th, and
U/Th ratios in the lava, as Ba, Sr, and U preferentially partition into the aqueous phase.
Conversely, Th can be effectively transferred from the slab only through the melting of
sediments. Therefore, the ratio of fluid-mobile elements to Th serves as a reliable indicator
for the occurrence of slab dehydration [101–106].

During the metamorphism of the subducted plate, fluids are released and metasoma-
tize the mantle wedge, triggering partial melting. This process facilitates the enrichment of
Ba, Sr, and U relative to Th, resulting in the formation of granitic magmas with elevated
Ba/Th, Sr/Th, and U/Th ratios. The La/Sm ratio remains unaffected by partial melting
and maintains relative stability in the magma. Instead, the La/Sm ratio is primarily con-
trolled by the melting of subducted oceanic sediments. As the degree of sediment melting
increases, the La/Sm ratio also rises. At the same time, the increasing sediment melting
enhances the Th content, ensuring that the Ba/Th, Sr/Th, and U/Th ratio in the magma
remain relatively stable [100,107]. Therefore, the melting of the sediments on the subducted
slab would result in the elevated La/Sm ratio of the melt but stabilized Ba/Th, Sr/Th and
U/Th ratio. However, the addition of the fluid released by the oceanic slab will have the
opposite trend [100].

However, it is still uncertain whether the relationship between La/Sm ratio and Ba/Th,
Sr/Th, U/Th ratio in the parental magma is inherited by apatite. Elements such as Sr,
Th, U, and REEs are generally incorporated into apatite by isomorphic substitution. The
content of these elements in apatite can reflect the contents of these elements in the parental
magma [108]. The apatite-silicate melt partitioning experiments show that the La/Sm
ratio of apatite is about 0.77 times that of the parental magma. Additionally, the Ba/Th,
Sr/Th, and U/Th ratios of apatite are 0.2 times, 4.86 times, and 1.06 times those of the
parent magma, respectively. These ratios are fixed values [77]. The results indicate that
apatite does not significantly alter the trend of Ba/Th, Sr/Th, U/Th, and La/Sm ratios
relative to the parent rock. Therefore, the Ba/Th, Sr/Th, U/Th, and La/Sm ratios of
apatite can effectively distinguish between the two end members of sediment melting
and slab dehydration products [109,110]. In Figure 10, the apatite grains from the Nansu
pluton exhibit a distinct trend, suggestive of sediment melting. This result suggests that
sedimentary materials may have been incorporated into the magmatic source of the Nansu
ore-fertile granitoid, which contributed to the occurrence of molybdenum mineralization
in the Nansu pluton.



Minerals 2024, 14, 372 21 of 27Minerals 2024, 14, 372 20 of 26 
 

 

 
Figure 10. Binary diagram of Ba/Th vs. La/Sm (a), Sr/Th vs. La/Sm (b), and U/Th vs. La/Sm (c) in 
apatite from the Aishan pluton and Nansu pluton. The symbols are the same as in Figure 6. 

5.3.3. Possible Genesis of the Molybdenum Mineralization in the Nansu Pluton 
The global distribution of porphyry molybdenum deposits is primarily concentrated 

within the Pacific metallogenic belt, and their genesis is intricately linked to plate 
subduction [111,112]. Mo is a moderately incompatible element with an abundance of 0.8 
× 10−6 in the crust [113]. Simple magma formation and evolution processes make it difficult 
to directly enrich it from crustal abundance to industrial grade. Previous studies have 
shown that molybdenum mineralization primarily occurs through a two-stage 
enrichment process: one is the supergene process related to weathering and deposition; 
the second is the magmatic process related to plate subduction or deep burial melting 
[111,112]. After the second significant increase in atmospheric oxygen in the Cambrian 
molybdenum, as a variable valence element, becomes prone to oxidation, transforming 
into water-soluble MoO42− during surface chemical weathering. This oxidized 
molybdenum is then transported by surface runoff into oceans and lakes, and under 
reducing conditions, it is deposited in black shale and other organic-rich sediments. 
Subsequently, these Mo-rich sediments can undergo partial melting due to heating and 
metamorphism under conditions of plate subduction to the mantle or deep burial. This 
process gives rise to molybdenum-rich parental magmas, ultimately leading to 
mineralization. 

The Re-Os isotopic age of molybdenite in Nansu granite is 117.8 ± 7.0 Ma [63], 
indicating that the mineralization of molybdenite occurred concurrently with the 
formation of the Nansu pluton. A large number of studies have shown that the formation 
time of Au deposits in the Jiaodong Peninsula primarily occurred at ca. 120 Ma [44,47,54–
57], indicating a general alignment between the timing of molybdenite mineralization and 
gold mineralization. Both processes occurred under the same tectonic background, and 
they exhibit close temporal, spatial, and genetic relationships. The study of sulfur isotope 
in the Jiaodong Au deposit shows that δ34S is derived from the subducted oceanic plate 
and overlying sediments, which are the source and reservoir of gold and sulfur [114]. Au 
and S may be released during subduction, stored in the mantle wedge, and formed 
orogenic gold deposits through crustal uplift during lithospheric rollback [114]. Based on 
the evident sediment melting trend exhibited by apatite samples from the Nansu pluton 
in Figure 10, it is inferred that the molybdenum mineralization in the Nansu pluton may 
be genetically related to the recycling Mo-rich sediments in the reducing environment of 
water body through the supergene geochemical process after the Neoproterozoic 
oxidation event. These Mo-rich sediments, along with Au and S contained within the 
oceanic plate and overlying sediments were released during the subduction of the Paleo–
Pacific plate and stored in the mantle wedge. Subsequently, during tectonic 
transformation and/or asthenosphere upwelling caused by the Early Cretaceous extension, 
they were released by heating and rose through the crust during the lithosphere rollback 
[114,115]. Ultimately, they precipitated in the favorable structure of the upper crust. 
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apatite from the Aishan pluton and Nansu pluton. The symbols are the same as in Figure 6.

The above discussion shows that the difference in magma source may be one of the
most important reasons for the metallogenic difference between the Late Aptian Nansu and
Aishan plutons in Jiaodong. In conclusion, much more mantle-derived materials suggested
by lower apatite εNd(t) values and sedimentary materials indicated by higher apatite La/Sm
ratios and lower apatite Sr/Th ratios involved in the magma source determined the Mo
mineralized potential of Nansu pluton [100].

5.3.3. Possible Genesis of the Molybdenum Mineralization in the Nansu Pluton

The global distribution of porphyry molybdenum deposits is primarily concentrated
within the Pacific metallogenic belt, and their genesis is intricately linked to plate subduc-
tion [111,112]. Mo is a moderately incompatible element with an abundance of 0.8 × 10−6

in the crust [113]. Simple magma formation and evolution processes make it difficult to
directly enrich it from crustal abundance to industrial grade. Previous studies have shown
that molybdenum mineralization primarily occurs through a two-stage enrichment process:
one is the supergene process related to weathering and deposition; the second is the mag-
matic process related to plate subduction or deep burial melting [111,112]. After the second
significant increase in atmospheric oxygen in the Cambrian molybdenum, as a variable
valence element, becomes prone to oxidation, transforming into water-soluble MoO4

2−

during surface chemical weathering. This oxidized molybdenum is then transported by
surface runoff into oceans and lakes, and under reducing conditions, it is deposited in
black shale and other organic-rich sediments. Subsequently, these Mo-rich sediments can
undergo partial melting due to heating and metamorphism under conditions of plate sub-
duction to the mantle or deep burial. This process gives rise to molybdenum-rich parental
magmas, ultimately leading to mineralization.

The Re-Os isotopic age of molybdenite in Nansu granite is 117.8 ± 7.0 Ma [63], indi-
cating that the mineralization of molybdenite occurred concurrently with the formation
of the Nansu pluton. A large number of studies have shown that the formation time of
Au deposits in the Jiaodong Peninsula primarily occurred at ca. 120 Ma [44,47,54–57],
indicating a general alignment between the timing of molybdenite mineralization and
gold mineralization. Both processes occurred under the same tectonic background, and
they exhibit close temporal, spatial, and genetic relationships. The study of sulfur isotope
in the Jiaodong Au deposit shows that δ34S is derived from the subducted oceanic plate
and overlying sediments, which are the source and reservoir of gold and sulfur [114].
Au and S may be released during subduction, stored in the mantle wedge, and formed
orogenic gold deposits through crustal uplift during lithospheric rollback [114]. Based on
the evident sediment melting trend exhibited by apatite samples from the Nansu pluton
in Figure 10, it is inferred that the molybdenum mineralization in the Nansu pluton may
be genetically related to the recycling Mo-rich sediments in the reducing environment of
water body through the supergene geochemical process after the Neoproterozoic oxidation
event. These Mo-rich sediments, along with Au and S contained within the oceanic plate



Minerals 2024, 14, 372 22 of 27

and overlying sediments were released during the subduction of the Paleo–Pacific plate
and stored in the mantle wedge. Subsequently, during tectonic transformation and/or
asthenosphere upwelling caused by the Early Cretaceous extension, they were released by
heating and rose through the crust during the lithosphere rollback [114,115]. Ultimately,
they precipitated in the favorable structure of the upper crust.

6. Conclusions

The major and trace elements, as well as Nd isotopes, of magmatic apatite samples
from both the Nansu pluton of molybdenum mineralization and ore-barren granitoid
Aishan pluton of the late Aptian in the Jiaodong Peninsula, were comprehensively
compared and analyzed. This comparison aimed to investigate the underlying causes of
metallogenic differences between ore-fertile and ore-barren granitoids. The conclusions
are as follows:

(1) The characteristics of major and trace elements of apatite show that the parental
magma of ore-fertile and ore-barren granitoids both oxidize water-rich magma. Con-
sequently, oxygen fugacity values and water contents of parental magma are not the
reasons for the metallogenic difference between ore-fertile and ore-barren granitoids.

(2) The higher Ce/Pb ratio and relatively lower Th/U ratio of apatite in ore-fertile grani-
toid indicate that more fluids are involved in the process of magma evolution.

(3) The Nd isotope data of apatite in ore-fertile and ore-barren granitoids indicates that
the magma may be Precambrian metamorphic basement rocks with a minor input of
mantle-derived materials.

(4) The binary diagrams plotting the ratios of Ba/Th, Sr/Th, and U/Th against La/Sm
for apatite reveal that a higher apatite La/Sm ratio and lower ratios of Ba/Th, Sr/Th,
and U/Th suggest the involvement of sedimentary materials in the magma source.
These sedimentary materials may include Mo-rich sediments, which contribute to the
occurrence of molybdenum mineralization in the Nansu pluton. The difference in
source area is one of the important reasons for the difference in mineralization in the
late Early Cretaceous in Jiaodong.
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