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A B S T R A C T

Apatite is significant phosphate-bearing accessory mineral that is omnipresent in most granitic rocks. In this
study, we present geochemical characteristics of magmatic apatites from the Luming and Lower Yangtze granitic
belts of NE and eastern China to explore their potential in petrogenesis, mineralization and tectonic evolution of
granites. The petrogenetic, metallogenic and tectonic aspects of these granites remain subjects of great debate.
This review aims to clarify these issues based on apatite geochemistry. The investigated apatites from both these
localities are mainly fluorapatites reflecting the actual attributes of parental melts. Apatites from Luming and
Lower Yangtze River Belt (LYRB) exhibit strong negative Eu anomalies suggesting plagioclase crystallization
earlier than apatite. The negative correlation of Eu/Eu* (δEu) vs Mn, δEu vs δCe and δEu vs Ga in the apatites
signifies that the parental magmas of both granites are produced under moderate reduced conditions. The Sr
contents and REEs ratios in apatites serve as significant proxies to trace the differentiation history of Luming and
Lower Yangtze granitic plutons. The apatites Sr/Y ratios vs δEu also exhibit that both granites are non-adakitic in
nature which is consistent with the host rocks non-adakitic affinities. Halogen data indicates that apatites of
Lower Yangtze comprising more chlorine (0.02–1.45 wt.%) and less fluorine (1.51–3.85 wt.%) are linked with
slab dehydration whereas apatites from Luming having lower Cl (0–0.04 wt.%) and higher F contents
(3.36–5.29 wt.%) suggest association of granites with partial melting of juvenile crust material. Based on the
positive correlation of SO3 with Li, (La/Sm)N vs (Yb/Sm)N and obvious variations of (La/Yb)N vs Eu/Eu*, it is
inferred that these host rocks are ore-associated. Furthermore, geochemical signatures of apatites from LYRB
show low F/Cl ratios, stable La/Sm ratios, high δEu (0.04–0.43, average 0.21) and low δCe values (0.96–1.12,
average 1.02) indicating that the magmas of these granites have association with slab dehydration and linked
with Cu–Mo–W mineralization, induced from the mutual impacts of Paleo-Pacific plate subduction and in-
traplate extension. In comparison, fairly high F/Cl ratios, La/Sm ratios, low δEu (0.12–0.23, average 0.16), high
δCe values (0.98–1.09, average 1.04) and low Sr/Th ratios of Luming apatites infer that the Mo–W bearing
granites are originated in consequence of partial melting of juvenile crustal material. Based on apatite geo-
chemistry, we document first time varieties of ore deposits specifically Mo–W and Cu deposit in LYRB and Mo–W
deposit in Luming which are developed under lower oxygen fugacity. The compiled geochemical data and in-
terpretations propose that apatite chemical constituents are worthwhile to pinpoint polymetallic mineralization
and fingerprint for ore types. In view of these findings, we confirm that apatite is not only consistent to trace
geological facts about parental magma characteristics but also a reliable pointer of geodynamic evolution and
ore varieties.
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1. Introduction

Apatite is a significant accessory mineral and most ubiquitous
phosphate phase in granitic rocks which is considered as a prominent
source for rare earth elements (REEs), volatiles, strontium, phosphorus,
uranium and substantial amounts of thorium (Chen and Simonetti,
2014; Webster and Piccoli, 2015). These specific elements are certainly
accommodated in lattice of apatite (She et al., 2016). Apatite crystal-
lizes from melts and constituents of apatite indicate extreme stability in
the case of metamorphic as well as hydrothermal reactions (Creaser and
Gray, 1992). Therefore, it remains stable in an extensive and diverse
range of geologic conditions and processes (Watson, 1980). Apatite is
not vulnerable to hydrothermal and metamorphic activities, hence,
magmatic apatite can conceivably act as a proxy to trace attributes
concerning the nature of its parental magma (Webster and Piccoli,
2015). This particular mineral can effectively record and sustain geo-
logical facts regarding magmatic and post-magmatic processes because
of its primary genesis (Lisowiec et al., 2013). It can retain dynamic
geological information relating to the crystallization process, which is
critical to control the source of magma (Mitchell et al., 2017).

Technically, apatite is an important collector and concentrator of
different elements that preferentially incorporates a suite of several
elements such as alkali, transition, rare earth elements, and volatile
components in its structural framework, making it worthwhile tool for
broad range of geochemical approaches. On account of several re-
placements in its structure, apatite comprises multiple elements and
thus can be valuable for evaluation of magmatic evolutionary processes
(Chu et al., 2009; Szopa et al., 2013), compositional determination of
volatiles (Zhu and Sverjensky, 1992), appraisal of oxygen fugacity
(Marks et al., 2014) and radiometric and fission track dating (Chew and
Donelick, 2012; Henrichs et al., 2018). Furthermore, apatite composi-
tion shows a vital role in mineral exploration and investigation of the
origin of magmatic-hydrothermal deposits (Mao et al., 2016). Porphyry
deposits are considered as one of the most worthwhile deposits at the
global level. Apatite in these deposits crystallizes from hydrothermal
fluids and melts, therefore, it can provide perceptions regarding hy-
drothermal conditions and magmatic history. Likewise, magmatic vo-
latiles in apatite framework, for instance, Cl, S, F, and C deliver leading
implications regarding passage and precipitation of numerous metals,
pondered as a powerful and sensitive tool to track the amounts of vo-
latile in the melt, which reflect its source characteristics (Mao et al.,
2016). Thus, apatite composition serves as a significant tool to achieve
a noteworthy conception about the metallogenesis of porphyry Cu–Mo
deposits. Moreover, geochemical features of apatites are important to
document petrogenesis of granitic rocks. In particular, this leading
mineral can contribute as a remarkable tool and applicable probe to
infer implications for varieties of economic deposits associated with
granitic rocks (Krneta et al., 2016; Zafar et al., 2019) and redox con-
ditions of parental magma (Pan et al., 2016). Specific apatite trace
elements containing LREE, Th, Y, Eu, Mn, Sr, and Ce can be suitable to
deduce the magma chemistry as well as oxidation and reductive con-
ditions of the parental melt (Cao et al., 2012). Therefore, the chemistry
of apatite can contribute as an essential proxy to determine petroge-
netic characteristics of parental magmas of plutons such as Luming and
Lower Yangtze granites. Apart from this, the chemical compositions of
apatites act as an important recorder in granitic rocks to provide new
and vital metallogenic facts. Meanwhile, apatite constituents and its
geochemical features are measured as exceptional fertility index that
can be worthwhile as an exploration tool to discriminate barren and
fertile reduced as well as oxidized granitic bodies (Zafar et al., 2019).

In consideration of the high-class properties of apatite, the chem-
istry of apatite is very dynamic to achieve better perceptions concerning
petrogenetic attributes and mineralization potential of several com-
mercial deposits. Therefore, to evaluate its applicability and present
some new implications, we have nominated apatite bearing granites
from Lower Yangtze River Belt (LYRB) and porphyry granites exposed

in the Luming area, NE China. Chen and Zhang, 2018 and Jiang et al.,
2018a presented apatite geochemistry to explore petrogenesis of
granites in areas of Luming and Lower Yangtze River Belt (LYRB) re-
spectively. The petrogenetic and mineralization inferences about Lu-
ming granites are very limited; however, regarding A-type granites of
LYRB, no investigation has been conducted so far in terms of metallo-
genic specificity and inclusive petrogenetic as well as tectonic im-
plications are also not researched yet, based on apatite geochemistry.
Therefore, using their geochemical data, we present here a compre-
hensive review status and shed new light and insights concerning pet-
rogenetic and metallogenic characteristics of granitic bodies of Luming
and LYRB. With these geochemical data we attempt to evaluate the
apatite applications in petrogenesis and mineralization by answering
the following three questions: (1) Are the variations between LYRB and
Luming granitic rocks reflected by differences in apatite compositions?
(2) To what degree does apatite express parental magma attributes of
LYRB and Luming plutons? And (3) Can apatite constituents serve as a
proxy to identify mineralization and regional metallogeny of both
granitic rocks and deliver facts on the geodynamic evolution of LYRB
and Luming plutons?

The consequences and objectives of our research stated in this re-
view article substantiate that magmatic apatite is not only consistent to
trace geological facts about parental magma characteristics but also a
reliable pointer of tectonic environment and fingerprint for ore vari-
eties. We expect that the present study can deliver an avenue for further
research about mineralization potential, geodynamic evolution and
parental magma attributes through apatite geochemistry.

2. Geological background of LYRB

The Lower Yangtze River Belt (LYRB) is situated on the NE
boundary of the Yangtze Block (Fig. 1), adjoining to an orogenic belt
named Dabie–Sulu. In the NW part, it is bounded by Tancheng–Lujiang
and Xiangfan–Guangji Faults, and in the south, alienated from Cath-
aysia Block through Jiang–Shao Fault (Fig. 1). The Xiangfan–Guangji
Fault isolates the LYRB from the Triassic Dabie Orogenic Belt. Its SE
periphery is demarcated through Yangxing–Changzhou Fault that splits
the LYRB from the Jiangnan territory, however, its NW margin is de-
lineated via Tanlu Fault which alienates the LYRB from Dabie Orogenic
Belt and North China Craton (Fig. 1). The LYRB is a vital belt of me-
tallogenic characteristics which is represented through widespread late
Mesozoic magmatic activities and broad varieties of ores are docu-
mented, therefore, considered as significant and potential area of
massive magmatism and mineralization (Mao et al., 2011; Sun et al.,
2012; Li et al., 2013). Field studies integrated with geochemical in-
vestigations indicated three events of magmatism in the Lower Yangtze.
These main pulses of magmatic activities are documented as: (1) first
phase is linked with Cu-Au-Mo mineralization which developed in
148–133 Ma and characterized by presence of host intrusions having
intermediate to acidic nature of composition (Mao et al., 2006; Sun
et al., 2003); (2) magnetite and apatite deposits developed in second
phase (133–127 Ma), represented by occurrence of host rocks including
basic-intermediate alkaline volcanic bodies (Mao et al., 2006; Zhou
et al., 2011); (3) in the last period (125 Ma) uranium and gold-bearing
A-type granites (Jiang et al., 2018b).

According to Jiang et al., 2018b, A-type granites of LYRB are apatite
bearing and mainly developed in an extensional environment owing to
lithospheric mantle thinning and asthenosphere upwelling. Diverse
source components prompted through the convergence of Palaeo-Pa-
cific plate beneath Southeast China, showed an important character in
the development of A-type granites. The varieties of these granites
promoted in the hot, reduced environment as well as cold and oxidized
settings. These A-type granites are exposed randomly, express parallel
magmatic belts and its sub-groups A1 and A2-type granites are con-
secutively dispersed (Su et al., 2013 Fig. 1).

From east to west, the apatite bearing A1 and A2-type plutons are
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documented as Banshiling (BSL A1), Xiangshuijian (XSJ A2), Maotan
(MT A2), Huayuangong (HYG A1, A2) and Huangmeijian (HMJ A1),
respectively (Ling et al., 2009; Li et al., 2011; Jiang et al., 2018a). These
varieties of Early Cretaceous are collectively named as A-type granites
of the LYRB. The description of each A-type plutonic body can be il-
lustrated as follows.

The BSL A1 pluton covers an area of approximately 16 km2 and it is
situated adjacent to the XSJ granite. This type of granite is widely ex-
posed in the SE part of Fanchang Basin (Fig. 1; Lou and Du, 2006).
Petrographically, this variety is characterized as quartz monzonite
comprising 41–51 % microcline, 32–39 % plagioclase, 11–17 % quartz
and 4–9 % "biotite" (Fig. 2a).

The XSJ A2 pluton is situated at the SE portion of the Fanchang
Basin (Fig. 1) and observed as alkali-feldspar rich granitic rock based on
thin section study (Fig. 2b). Mineralogically, the rock contains 62–68 %
microcline, 24–29 % quartz, 4–9 % "biotite" and 3–6 % plagioclase.

The MT and HYG granites are located in the Anqing-Guichi region
and both of these varieties are documented at the transitional portion of
A1 and A2-type pluton zones (Fig. 1; Li et al., 2012b). Microscopically,
the MT pluton reveals graphic and porphyritic textural characteristics
and classified as alkaline feldspar granite. It contains 74–77 % micro-
cline, 5–19 % quartz, 3–5 % plagioclase and 1–4 % "biotite" (Fig. 2c). In
contrast, medium to fine-grained HYG indicates miarolitic texture and
characterizes as alkali pluton. The granite is comprised of 59–66 %
microcline, 21–35 % quartz, 3–6 % plagioclase and 0.5 % "biotite"
(Fig. 2d). Likewise, the HMJ A1 intrusive body (30°56.26 N, 117°35.14
E) situated in the western part of the Luzong Basin is considered as

medium to coarse-grained pluton and classified as alkali granite based
on mineralogical study. The rock comprises 81–83 % microcline, 5–12
% plagioclase and 11–13 % quartz (Fig. 2e). On the contrary, Luming
granites exposed in Lesser Xing’an Range are mineralogically comprised
of major constituents including 35–45 % K-feldspar, 5–10 % plagio-
clase, 25–35 % quartz and 3–8 % "biotite" with accessory phases such as
zircon, apatite, and magnetite (Fig. 2f).

3. Geological background of Luming

The Luming porphyry Mo deposit is situated in SE (Fig. 3b), Lesser
Xing’an Range of northeast (NE), China. NE China experienced two
phases of progression in diverse tectonic environments. The Paleo-Asian
Oceanic evolution initiated the collision of numerous blocks of micro-
continents or terranes including Xing'an, Songliao, and Erguna from
NW to SE during the Paleozoic and were alienated through chains of
NE-trending faults (Fig. 3a). In the east, this area was represented
through Paleo-Pacific Oceanic evolution and the Mongol-Okhotsk
Ocean to NW during the Mesozoic which caused extensive magmatic
activities and Jiamusi Massif accretion in NE, China (Wu et al., 2011).
The occurrence of volcanic arcs and incorporation of terranes caused
the evolution of the continental crust, as depicted through volcanic
bodies and extensive granites in NE China. The Paleozoic igneous
bodies are mainly dispersed in Great Xing'an and Zhangguangcai Range
as well as North China Craton. These magmatic bodies are separated
into Late Paleozoic and Early Paleozoic. Whereas, the Mesozoic igneous
bodies can be alienated into three phases (Wu et al., 2011): (1) Late

Fig. 1. Geological map of Lower Yangtze River Belt (LYRB). (a) Tectonic map of eastern China. (b) Location and distribution of A-type granitic bodies in LYRB
(modified from Jiang et al., 2018a), BSL (Banshiling), XSJ (Xiangshuijian), HYG (Huayuangong) and MT (Maotan) on the southern and HMJ (Huangmeijian) granites
on the northern bank of the LYRB.
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Early Cretaceous–Late Cretaceous (133–88 Ma) (2) Late Jurassic–Early
Cretaceous (150–138 Ma) and (3) Late Triassic–Middle Jurassic
(228–160 Ma), which is principally exposed in eastern part of NE China
particularly in the Lesser Xing'an Range and developed through the
Paleo-Pacific Oceanic convergence. This range is situated in the eastern
fragment of Central Asian Orogenic Belt (CAOB), which progressed
from the incorporation of several microcontinental blocks between
North China and Siberia Cratons (Jahn et al., 2009; Glorie et al., 2011).
The eastern CAOB was subjected to intricate tectonic evolution in Pa-
leozoic–Mesozoic, the termination of Paleo-Asian and Mongol-Okhotsk
Oceans, and in Mesozoic–Cenozoic, the convergence of western Pacific
Plate (Wu et al., 2001, 2007b; Zhang et al., 2012) which was re-
sponsible for producing extensive potential of mineralization in this
region. From NW to SE, the eastern CAOB can be distributed into
Xing’an, Songnen, Erguna, and Jiamusi Blocks, alienated through pre-
sence of numerous faults (F) namely Hegenshan– Heihe (F2),
Tayuan–Xiguitu (F1), and Jiayin–Mudanjiang (F6) (Fig. 3a; Wu et al.,

2007a; Liu et al., 2014; Zeng et al., 2014). In Early Paleozoic, the Er-
guna Block attached to the Xing’an Block, however, the Jiamusi Block
amalgamated with these multiple blocks during the Mesozoic (Ge et al.,
2005; Wu et al., 2005). In the Late Paleozoic, Songnen Block fused with
the composite blocks and Lesser Xing’an Range was interpreted as the
NE portion of this block.

The rocks exposed in this Lesser Xing’an Range are represented by
the presence of Cambrian, Ordovician, Permian and Cretaceous series
including extrusive, terrigenous and carbonates (Fig. 3b; Shao et al.,
2012). Sandstone, marble, and tuff are representative rocks of Cam-
brian however, extrusive and terrigenous bodies are indicative of Or-
dovician strata. Additionally, clastic rocks including sandstone, shale
and metamorphic rock (marble) are present in Permian rocks and
predominantly have experienced metamorphic actions (Shao et al.,
2012; Yang et al., 2012). The Cretaceous rhyolitic volcanics, basaltic,
trachy andesitic and tuff volcanic bodies are extensive in the entire
range (Sun et al., 2013), while the volcanic rocks emerging around

Fig. 2. Microphotographs of the LYRB and Luming granites under crossed-polarized light. (a) and (b) BSL and XSJ alkali-feldspar rich granites indicating Pl, Bt, Qtz
and Kfs occurrence. (c) and (d) MT and HYG alkali granites showing presence of Bt, Pl and Qtz. (e) HMJ alkali granite presenting Bt, Kfs and strained Qtz. (f) Luming
granite displaying Zrn dark halos and occurrence of Zrn as accessory phase in Bt. Mineral abbreviations: Pl= plagioclase, Qtz= quartz, Bt = "biotite", Kfs= potash
feldspar, Zrn= zircon.
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Luming region are documented as rhyolites. The Lesser Xing’an Range
predominantly contains Jurassic–Cretaceous granitoids with sub-
ordinate granites of Permian–Triassic, and Ordovician (Fig. 3b). These
prime granitoids exist as batholiths as well as stocks and comprise
chiefly of monzo–syeno granites and granite porphyries (Shao et al.,
2012). The structural context is controlled by numerous faults which
governed the dispersal of igneous bodies and mineralization varieties
(Fig. 3a, b). A widespread mineralization including Pb–Zn and Mo, Fe
are inherently linked with granitic rocks in this region (Chen et al.,
2012; Shi et al., 2012; Yang et al., 2012). Several hydrothermal deposits
emerged in NE China owing to extreme Paleozoic and Mesozoic mag-
matism. Specifically, massive and giant porphyry Mo deposits devel-
oped in the Luming area of NE China which makes it a vital place in
China and worldwide (Chen et al., 2017; Qin et al., 2017).

The exposed granitic bodies in the deposits of Luming are chiefly
granite porphyry and monzogranite (Fig. 4). The widely exposed

plutonic rocks in the mining area of Luming are mostly granite por-
phyry and monzogranites (Fig. 4a, b). The ore mineralization in these
rocks reveals metasomatic textures and occur in the form of lens, bands,
dissemination, veinlets as well as breccias and certain ore bodies are cut
by a fault in the NWW trend (Fig. 4). Furthermore, extreme hydro-
thermal alteration and Mo mineralized zones are widespread around
the granite porphyry. The potassic alteration is omnipresent and thor-
oughly linked with these potential mineralized zones. Based on al-
teration and mineralization attributes, the Luming monzogranite is an
ore-bearing body and granite porphyry is considered as an ore-forming
intrusion (Chen and Zhang, 2018). The zircon U-Pb ages of the granite
porphyry and monzogranite are 174 ± 2 Ma (Liu et al., 2014) and
180.7 ± 1.6 Ma (Hu et al., 2014), respectively.

Fig. 3. (a) Tectonic map of NE China indicating various Ranges and Faults (F1-F6); (after Hu et al., 2014). (b) Geological map representing location of Luming area in
Lesser Xing’an Range (modified from Hu et al., 2014).
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4. Methodology

For this review of the apatite bearing granitic rocks of Luming and
LYRB, representative fresh rock samples of granites were selected
without obvious alteration. The same rock sample was distributed into
two parts, the one was equipped for petrographic analysis of host rocks,
the other was used to separate apatite. The petrographic analysis of the
prepared slides was conducted by Leica polarizing microscopy. Apatite
crystals were alienated from granitic rocks using standard heavy-liquid
and magnetic methods, followed by hand-picking under the micro-
scope. The selected apatite grains were then mounted in epoxy, and
then polished. Polished blocks were examined analytically for apatites
by four quadrants back scattered electron detector at the magnification
of ×500. Finally, cathodoluminescence (CL) images were photo-
graphed through 4 quadrants back-scattered detector operating at
20 kV accelerating voltage, a beam current of 20 nA, 1000ms/step
counting time and a working distance of 10mm. These apatites were
analyzed using the JSM-7800 thermal field Scanning Electron
Microscope (SEM) connected with Energy Dispersive Spectrometer
(EDS) in the State Key Laboratory of Ore Deposit Geochemistry
(SKLODG), Institute of Geochemistry, Chinese Academy of Sciences. CL
images of the analyzed apatites indicate that apatite grains have not
been experienced hydrothermal alteration. Further, we searched the
relevant published literature to compile geochemical data on major and
trace elements of apatites with the target of debating their role in
petrogenesis, mineralization, and geodynamic settings. We used two
selection criteria while collecting the published geochemical data of
apatites: (1) contents of apatite major elemental constituents were de-
termined by electron microprobe (EMP), whereas amounts of apatite
trace-elements were examined through laser ablation inductively cou-
pled plasma–mass spectrometry (LA-ICP-MS).

Major elements in the apatite of LYRB were studied by JXA-8100
electron microprobe operated with wavelength-dispersive spectro-
meters at the State Key Laboratory of Mineral Deposits Research,

Nanjing University, China. The analyses were performed by using
10 nA, 15 keV, 10 μm defocused electron beam. The standards used
were norbergite for F, Ba5(PO4)3Cl for Cl, and apatite for P and Ca
analyses. Fluorine (F) and chlorine (Cl) were examined for 10 s in order
to avoid volatile loss. Count times for other elements were 20 s. Also, F
and Cl were measured by the Kα line on LDE1 crystal and PET crystal,
respectively (Li et al., 2012a). Analytical accuracy for most of the ele-
ments is better than 1 %, however, for Cl and F precision is almost 5 %.

Minor and trace element contents in apatite were measured by LA-
ICP-MS at the Key Laboratory of Mineralogy and Metallogeny,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
The Agilent 7500a ICP-MS instrument was connected to a Resonetics
193 nm ArF excimer laser ablation system. In situ LA-ICP-MS analyses
of apatite were conducted on the same spot where electron microprobe
studies were performed. The working conditions involved ablation
frequency of 8 Hz, laser beam spot size of 43 μm, and 80mJ laser en-
ergy. The NIST SRM 610 was used as the external standard, while the
Ca content, attained by an electron microprobe study, was employed as
the internal standard. The NIST SRM 612 standard was used as a re-
ference (Li et al., 2014). The analytical uncertainty is better than 10 %
and the detection limit is less than 0.1 ppm for the analyzed apatite.

The major elemental analysis of the Luming apatite was conducted
by a JEOL-JXA8100 electron microprobe operated with wavelength-
dispersive spectrometry (WDS) at the Institute of Mineral Resources,
Chinese Academy of Geological Sciences. The working conditions in-
volved 10 nA beam current and 15 kV accelerating voltage. To distin-
guish the specific X-ray patterns, twenty seconds (s) of counting time
were selected for most elements, while 10 s was taken for P and Ca and
40 s was selected for F.

The trace-element compositions were measured by LA-ICP-MS at the
State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences (Wuhan). The working conditions are
the same as those demonstrated by Liu et al. (2008). Laser sampling was
executed by the GeolasPro laser ablation system that comprised of

Fig. 4. a, b. Geological map of Luming deposit and its cross section of prospecting line (depth scale ranges 237.6 m – 693.3m), (modified from Shao et al., 2012; Yang
et al., 2012).
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COMPexPro 102 ArF excimer laser (with maximum energy of 200mJ
and wavelength of 193 nm) and a MicroLas optical system. An Agilent
7700e ICP-MS instrument was used to obtain ion-signal intensities. The
frequency of the laser and spot size was fixed to 60mm and 44mm,
respectively. For the determination of trace-elements, Ca was used as
the internal standard. According to the EPMA, the Ca content in the
apatites was used as an internal standard to correct matrix effects,
signal drift, and differences in the ablation yield between samples and
reference materials. Moreover, for the in situ apatite analysis, BIR-1 G,
BCR-2 G, and BHVO-2 G were used as external standards (Liu et al.,
2008). Each analysis incorporated a background acquisition of almost
20–30 s followed by 50 s of data acquisition from the sample. An Excel-
based software program, ICPMSDataCal, was used to perform the off-
line selection and combination of background and examined signals,
time-drift corrections and quantitative calibration for trace-element
study (Liu et al., 2008).

5. Geochemical characteristics of apatites from Luming and LYRB

5.1. Major and trace element compositions of apatite

Variations observed in the apatite chemical compositions are pre-
sented in Tables 1–4. The major constituents of apatite from LYRB and
Luming (LM) comprise SiO2, CaO, P2O5, MnO, FeO, Cl, and F.

The SiO2 contents of apatite from LYRB A-type granites
(0.09–1.69 wt.%, average 0.48 wt.%) are significantly higher in com-
parison to those of apatite from Luming granites (0–0.55 wt.%, average
0.15 wt.%). Apatite from LYRB reveals comparatively lower con-
centrations of CaO (51.67–54.66 wt.%, average 53.80 wt.%), however,
the apatites from Luming have greater contents (53.91–55.23 wt.%,
average 54.48 wt.%). Meanwhile, LYRB and Luming apatites have P2O5

concentrations in the range of (39.83–43.33 wt.%, average 41.91 wt.%)
and (42.26–43.36 wt.%, average 42.63 wt.%) respectively. The
amounts of MnO in apatite from LYRB (0.06–0.75 wt.%, average
0.28 wt.%) are considerably higher in contrast to apatite from Luming

(0.03–0.09 wt.%, average 0.05 wt.%). Apart from these, the FeO
quantities in apatite from LYRB (0.02–0.23 wt.%, average 0.09 wt.%)
are fairly greater in comparison to apatite from Luming (0–0.05 wt.%,
average 0.03 wt.%). As for halogens, apatites in LYRB typically exhibit
higher Cl (0.02–1.45 wt.%, average 0.35 wt.%) and lower F contents
(1.51–3.85 wt.%, average 2.35 wt.%) comparative to apatites from
Luming which represent highest F (3.36–5.29 wt.%, average 3.99 wt.%)
and the lowest Cl concentrations (0–0.04 wt.%, average 0.02 wt.%).

The apatites from Luming express a range of Th (3.6–34 ppm,
average 13 ppm) and U (2.7–38 ppm, average 9.4 ppm), however, LYRB
apatites indicate lack of both Th and U contents. Likewise, the Sr
concentrations from LYRB have a wide range (18.7–457 ppm, average
171.74 ppm) and narrow range (146–187 ppm, average, 164.5 ppm) for
Luming. Meanwhile, Y concentration is lower in apatites from LYRB
(717–7175 ppm, average 1993 ppm) than that of Luming
(1267–3423 ppm, 2123 ppm). The calculated δCe and δEu values in
LYRB are (0.96–1.12, average 1.02) and (0.04–0.43, average 0.21),
however, (0.98–1.09, average 1.04) and (0.12–0.23, average 0.16) for
Luming. The ΣLREE/ΣHREE ratios in apatite grains of LYRB and
Luming exhibit range of (1.0–7.6, average 5.19) and (0.58–7.6, average
1.2) respectively. Both varieties of apatites are enriched in light rare
earth elements (LREEs) compared with heavy rare earth elements
(HREEs) and exhibit strong negative europium (Eu) anomalies. Despite
the REEs distribution patterns, the combination of (La/Sm)N and (Yb/
Sm)N in apatites of Luming and Lower Yangtze exhibit positive corre-
lation. Further, the apatites (La/Yb)N and Eu/Eu* ratios in LYRB and
Luming indicate higher variations.

5.2. Apatite REEs, Sr, SiO2 and MnO contents as indicators of petrogenesis

Europium (Eu) anomaly in apatite is associated with the competi-
tion between plagioclase and apatite in a melt. Earlier crystallization of
abundant plagioclase than the apatite crystallization will produce a
magma depleted in Eu, signifying that late crystallized apatites will
have considerably negative europium (Eu) anomalies. Nevertheless,

Table 1
Major and minor elements (wt.%) of apatite from the Early Cretaceous A-type granites of the LYRB (Jiang et al., 2018a).

Sample No CaO P2O5 MnO SiO2 FeO SrO MgO F Cl Total

BSL9-01 52.33 41.53 0.75 0.31 0.23 0.01 0.09 1.51 1.45 98.21
BSL9-02 53.86 41.57 0.37 0.31 0.1 – 0.05 1.7 1.21 99.17
BSL9-03 53.36 41.88 0.2 0.4 0.08 0.01 0.04 1.57 1.26 98.8
BSL9-04 54.14 40.76 0.23 0.34 0.08 – 0.05 1.76 1.21 98.57
BSL9-05 53.33 42.23 0.37 0.26 0.17 0.01 0.01 1.75 0.95 99.08
HMJ2-03 53.42 42.11 0.2 0.5 0.06 – – 2.31 0.04 98.64
HMJ2-05 51.67 39.83 0.12 1.69 0.11 0.02 0 2.2 0.04 95.68
HMJ2-06 53.73 41.77 0.17 0.73 0.14 0.01 0.05 2.97 0.04 99.61
HMJ2-07 53.59 41.48 0.17 0.48 0.11 0.01 0.01 2.39 0.04 98.28
HMJ2-08 54.04 41.34 0.07 0.62 – 0.01 – 2.2 0.03 98.31
HYG3-01 54.35 42.88 0.13 0.09 0.14 – 0.06 1.86 0.95 100.46
HYG3-02 53.76 42.54 0.41 0.44 0.04 0.02 0.02 2.55 0.03 99.81
HYG3-03 53.62 41.19 0.49 0.93 0.05 0.01 0 2.63 0.02 98.94
HYG3-04 54.16 43.33 0.06 0.12 0.13 0.01 0.08 2.06 1.02 100.97
HYG3-06 54.13 41.81 0.29 0.64 0.11 0 0.02 2.43 0.02 99.45
XSJ9-01 54.4 41.89 0.45 0.36 – 0.01 0.02 2.51 0.1 99.74
XSJ9-02 53.93 41.46 0.41 0.46 0.03 0.01 0.02 2.28 0.09 98.69
XSJ9-03 53.93 41.64 0.3 0.28 0.09 0.01 0.02 2.1 0.11 98.48
XSJ9-04 53.85 41.35 0.46 0.39 0.02 – 0.01 2.22 0.09 98.39
XSJ9-05 54.53 42.23 0.31 0.25 0.04 0.03 0.02 2.08 0.05 99.54
MT12-01 54.25 42.62 0.15 0.31 0.11 – 0.04 2.48 0.05 100.01
MT12-02 54.23 42.25 0.17 0.53 0.16 – 0.06 2.39 0.08 99.87
MT12-03 54.32 42.74 0.23 0.24 0.15 0.03 0.04 2.42 0.07 100.24
MT12-04 54 42.48 0.17 0.3 0.05 0.02 0.05 2.48 0.07 99.62
MT12-06 54.66 42.76 0.07 0.41 0.1 0.03 0.03 2.4 0.06 100.52
HYG1-01 54.22 42.5 0.29 0.6 0.04 0.01 0.01 2.38 0.03 100.08
HYG1-02 53.85 41.82 0.26 0.39 0.02 0.01 0.02 2.5 0.01 98.88
HYG1-03 54.14 42.04 0.25 0.27 0.09 – 0.04 2.61 0.01 99.45
HYG1-04 53.61 41.8 0.36 0.77 0.05 0.01 0.02 2.36 0.05 99.03
HYG1-05 54.06 42.19 0.29 0.43 – – 0.02 2.62 0.02 99.63
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crystallization of apatite before the start of plagioclase crystallization
would be free of these anomalies (Tollari et al., 2008). The critical
understanding of Eu mainly its negative anomaly (Drake, 1975), spe-
cifies that the crystallization of plagioclase decreases europium in the
melt, prompting and producing minor quantities of europium in apatite.
Therefore, the noticeable strong negative europium (Eu) anomalies in
the Luming and Lower Yangtze apatite is inducing from plagioclase
crystallization earlier than apatite. This interpretation is parallel with
the conclusions of Azadbakht et al., 2018. Moreover, all the studied

apatites in Luming granites and A-type granites of Lower Yangtze (BSL,
XSJ, MT, HYG, HMJ) plot in the field of magmatic apatite in SiO2-MnO
diagram deducing that the apatite grains have not subjected to per-
ceptible alteration (Fig. 5); hence, apatites composition reflects the
actual attributes of parental melt. The apatites in the granites of Luming
reveal the common occurrence of idiomorphic crystals as well as the
presence of phenocrysts, whereas, apatites from Lower Yangtze granites
(BSL, XSJ, MT, HYG, HMJ) also exhibit well-developed crystals (Fig. 6).
These textural characteristics of apatites from both granites deduce that

Table 2
Trace elements (ppm) of apatite from the Early Cretaceous A-type granites of the LYRB (Jiang et al., 2018a).

Sample No La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu V Sr Y δCe δEu

BSL9-01 1813 4555 566 2349 472 24.8 401 56.1 326 65.8 174 24.4 152 21.3 14.1 202 1912 1.07 0.17
BSL9-02 1837 5067 643 2714 561 26.7 472 66.8 386 76.4 203 28 177 24.1 13.6 163 2206 1.12 0.15
BSL9-03 3250 6968 786 3100 535 37.3 418 53.9 300 58.2 155 21.4 135 18 19.5 326 1581 1.01 0.23
BSL9-04 2520 5419 621 2555 444 47.3 355 43.3 231 44.1 105 13.1 74.4 10.2 23.9 400 1149 1.01 0.35
BSL9-05 1477 4253 560 2398 526 32 455 65.6 380 76.1 204 29.5 195 26.7 10.2 238 2175 1.12 0.19
HMJ2-03 4829 10661 1265 5119 870 16.8 636 73.6 361 61.2 140 16.9 93 11.6 6.57 54.9 1763 1.01 0.06
HMJ2-05 4282 11693 1582 7182 1768 28.1 1593 233 1329 254 652 91.4 538 62.2 0.53 130 7175 1.08 0.05
HMJ2-06 3725 8320 1022 4215 757 33 589 67.5 337 58.6 134 16.6 94.1 12.2 6.5 152 1648 1.00 0.14
HMJ2-07 4526 10322 1239 5197 908 27.1 711 77.3 377 66 145 17.5 93.4 12.4 5.98 55.1 1746 1.03 0.09
HMJ2-08 3009 7582 933 3871 840 12.8 760 106 599 115 292 39.3 230 30.6 0.12 198 3417 1.08 0.04
HYG3-01 2298 4890 551 2213 376 19.2 276 33.9 180 32.7 81 10.4 62.2 8.1 28.6 260 920 1.01 0.17
HYG3-02 2575 4411 366 1133 146 12.3 127 16.9 108 23.8 73.9 11.3 77.2 11.7 24.7 102 849 0.96 0.27
HYG3-03 4181 8978 951 3536 592 32.9 527 74.6 448 91.1 246 32.2 194 25.5 8.09 18.7 2653 1.04 0.17
HYG3-04 2262 4688 515 2050 339 16.9 245 28.9 150 26.6 64.1 8.09 48.7 6.18 22.5 213 717 1.00 0.17
HYG3-06 4045 8177 740 2373 349 15 317 48.5 325 72.6 212 29.8 187 25 3.71 40.1 2374 1.05 0.13
XSJ9-01 3856 7427 722 2560 377 16.1 325 41.7 238 51.4 149 19.3 126 18.9 17.4 237 1623 1.00 0.13
XSJ9-02 3722 7357 728 2670 406 17 344 44.6 261 56.2 160 21.3 133 19.5 20.6 291 1791 1.01 0.13
XSJ9-03 2787 5567 585 2384 371 18.2 276 32.1 169 33.7 92.4 12.2 79.6 12 38.7 204 1043 0.99 0.16
XSJ9-04 2798 5950 670 2794 450 35.9 331 40.5 209 40.5 103 13.2 79.5 11.2 21.8 107 1180 1.01 0.27
XSJ9-05 2723 5173 506 1859 311 11.2 288 36.3 199 41.9 114 14.4 85.6 12.8 26.1 159 1250 0.99 0.11
MT12-01 2305 5165 621 2542 468 51.5 378 49.6 269 49.1 124 15.3 82.5 10.9 27.7 174 1327 1.02 0.36
MT12-02 3009 6915 852 3563 667 89.1 552 72.4 401 75.1 183 23 128 17.1 15.6 457 1977 1.02 0.43
MT12-03 2293 5211 623 2578 475 48 385 49.5 271 51.1 123 14.7 82.1 10.7 30.9 168 1350 1.03 0.33
MT12-04 2288 5110 612 2525 470 53.6 378 49.3 264 50.2 122 15.2 81.4 10.9 22.8 243 1339 1.02 0.37
MT12-06 2754 5497 606 2464 447 52.9 371 48.2 262 50.8 123 16.2 89.6 12.6 15.6 251 1350 0.98 0.38
HYG1-01 4349 7738 658 1999 263 18.6 223 33 222 52.6 165 25.1 172 24.5 6.89 53.3 1876 0.98 0.22
HYG1-02 4378 7706 638 1936 240 19.7 189 25.6 158 37.2 113 17.7 122 18 6.7 86.7 1314 0.98 0.27
HYG1-03 2608 4654 421 1447 204 16.7 172 21.6 124 26.8 74.9 10.7 69.3 10.2 23.7 99.8 847 0.97 0.26
HYG1-04 4856 9789 962 3241 545 22.1 552 84.4 529 115 306 39.5 236 31.5 3.75 67.8 3300 1.02 0.12
HYG1-05 4166 7692 685 2096 285 17.5 258 38.2 252 61.1 185 27.2 176 25.4 8.26 48.3 2032 0.99 0.19

Table 3
Major and minor oxides (wt.%) of apatites from Luming granites (Chen and Zhang, 2018).

Sample No CaO P2O5 MnO SiO2 FeO Al2O3 MgO Na2O K2O TiO2 BaO SO3 F Cl Total

LM-1 55.23 42.39 0.03 0.15 – – – 0.02 – – – 0.05 3.39 – 101.26
LM-2 54.63 42.27 0.05 0.17 – – 0.02 – – – – 0 3.85 – 100.99
LM-3 54.35 42.7 – 0.12 – – – – – 0.07 0.02 0.06 3.69 0.02 101.03
LM-4 54.3 42.49 – 0.22 – – – – – – – 0.05 3.63 – 100.69
LM-5 54.31 43 0.05 0.17 – – 0 – – – 0.02 0.07 3.64 0.03 101.29
LM-6 54.02 42.98 0.05 0.15 – – 0.03 – – – – 0.02 3.62 – 100.87
LM-7 54.18 42.44 0.06 0.19 0.03 0.02 – 0.04 – – – 0.06 3.36 – 100.38
LM-8 54.41 42.78 0.08 0.18 0.03 – – 0.03 – – – 0.02 3.65 – 101.18
LM-9 54.6 42.3 – 0.09 – – – – – – 0.05 0.07 3.82 – 100.93
LM-10 54.51 42.29 0.06 0.14 – – – – – 0.1 – – 4.9 0.02 102.02
LM-11 55.02 42.62 0.03 0.14 0.04 – – 0.05 – 0.06 – 0.04 3.52 0.03 101.55
LM-12 54.94 42.77 – 0.08 0 0.02 – – – – – 0.02 3.58 0.04 101.45
LM-13 54.59 42.33 0.03 0.13 0.05 – – – – – – 0.08 5.23 – 102.44
LM-14 54.4 42.88 0.06 0.09 – – – – – – – 0 4.69 0.02 102.14
LM-15 54.85 42.41 0.09 0.04 0.05 – – – 0.01 0.08 – 0.03 3.57 0 101.13
LM-16 53.91 42.3 0.04 0.55 – – – – – – – 0.06 3.65 – 100.51
LM-17 54.24 42.26 0.09 0.2 0.03 – – – – – – 0.04 5.29 0.03 102.18
LM-18 54.36 42.34 – 0.15 – – – – – 0.07 – 0.02 3.78 0.02 100.74
LM-19 54.15 43.09 0.05 0.06 – – – – – – – 0.06 4.27 – 101.68
LM-20 54.55 43.36 0.04 0 – – 0.03 0.03 – – – 0.05 3.59 – 101.65
LM-21 55.12 42.34 0.04 0.06 – – 0 0 – – – 0 4.84 – 102.4
LM-22 53.91 42.74 0.09 0.24 – – 0.06 0.06 0.01 – – 0.04 3.82 – 100.97
LM-23 54.55 42.92 0.03 0 – – – – 0.01 0.05 0.02 0.05 3.75 – 101.38
LM-24 54.48 43.1 0.05 0.16 0.03 0.04 – – – – – – 3.54 0.02 101.42
LM-25 54.26 42.54 – 0.23 – – – – – – – – 3.91 – 100.94
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the apatites crystallized at earlier stage during crystallization. There-
fore, the noticed concentrations of major and trace elements in both
apatites were principally governed by their contents in parental melts
and partitioning between apatite/melt or competing minerals.

The apatite composition specifically REEs patterns/ratios, Sr con-
tents, and Eu anomalies deliver strong evidence for geochemical pro-
cesses in silicic magmas. Several researches have confirmed that dif-
ferences in apatite trace elements are associated to the magma varieties,
geological settings, crystallization history, and impacts of other mi-
nerals (Belousova et al., 2002; Chu et al., 2009; Miles et al., 2013;
Zirner et al., 2015). Two chondrite-normalized REEs patterns are pre-
sent in the apatite from Lower Yangtze and Luming respectively, and
both sets of apatites reveal comparable chondrite-normalized REEs
patterns, however, HREEs contents of Luming is higher comparative to
Lower Yangtze (Fig. 7a,b). Apatite grains from Lower Yangtze have

Table 4
Trace elements (ppm) of apatites from Luming granites (Chen and Zhang, 2018).

Sample No La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ga Y Li Ge Th U Sr δCe δEu

LM-1 465 1447 230 1107 343 14.9 378 55.1 347 72.7 202 34.5 192 26.1 27.7 2144 0.16 9.86 11.9 4.98 150 1.05 0.12
LM-2 542 1722 274 1379 468 21.1 557 86.8 558 123 328 54.8 309 43.8 32.7 3423 0.17 13.3 34 38 146 1.06 0.12
LM-3 278 689 101 519 204 15.4 270 43.1 276 58.7 154 24.6 129 19 12.5 1546 0.52 4.74 6.48 5.4 168 0.98 0.20
LM-4 273 926 154 768 279 19.2 341 55.7 346 73.6 191 32.1 182 25.8 17.6 2075 0.32 7.51 9.37 6.76 173 1.06 0.19
LM-5 356 1093 177 912 324 17.7 424 68.5 444 95.5 251 41.6 226 32.4 20 2671 0.25 8.13 17.5 7.32 174 1.04 0.14
LM-6 528 1590 237 1179 367 18.3 411 61.4 388 82.7 222 37.3 205 31.2 28 2366 0.11 9.42 15.8 8.3 149 1.07 0.14
LM-7 225 905 189 1170 507 24.2 610 95.5 566 113 273 42.2 213 28.6 19.5 3102 0.5 10.7 11.2 6.48 162 0.98 0.13
LM-8 292 1010 174 930 360 19.1 454 74.9 494 105 279 46.8 263 36.7 18.6 2993 0.46 8.52 13.6 7.55 174 1.05 0.14
LM-9 469 1210 170 842 255 16.3 300 44.3 276 59.2 161 26.5 144 21.4 19.7 1738 0.15 7.36 17.4 12.2 182 1.03 0.17
LM-10 477 1539 237 1163 335 15.8 353 51.1 316 69.7 191 32.5 184 25.6 25 2063 0.19 11 12.8 7.48 152 1.09 0.13
LM-11 225 933 192 1147 482 28.6 557 85.3 521 101 254 40.5 230 30.2 17.4 2780 0.45 9.27 7.35 3.59 179 1.00 0.16
LM-12 426 1319 201 1005 312 17.4 351 53 334 72.2 194 33.2 188 27.6 20.8 2076 0.2 7.72 12.8 6.44 154 1.08 0.16
LM-13 248 801 123 612 197 11.4 254 36.4 228 48.9 123 17.8 89.1 13.4 12.9 1314 0.51 5.17 6.04 3.68 162 1.09 0.15
LM-14 255 881 149 785 288 15.6 363 56.7 356 75.6 196 30.9 160 22.5 14.9 2080 0.36 6.66 9.28 5.59 165 1.06 0.14
LM-15 336 1011 156 772 217 12.8 244 35 215 45.9 124 20.5 114 16.6 16.6 1349 0.21 6.73 6.64 3.08 160 1.05 0.16
LM-16 434 1064 145 692 227 17.3 295 46.1 292 64.2 169 26.9 148 22.1 15.3 1725 0.28 5.57 18.9 16.6 167 1.01 0.20
LM-17 309 987 163 857 277 24.2 349 53.2 335 73.9 200 35.5 198 29.1 16 2218 0.19 6.86 13.3 8.92 187 1.04 0.23
LM-18 399 1045 146 683 233 13.5 314 46.9 286 58.3 145 21.6 112 16.8 14.8 1473 0.24 5.32 6.28 4.69 159 1.04 0.15
LM-19 466 1506 238 1182 317 15.9 335 45.8 265 54.7 142 22.8 132 18.7 22.5 1614 0.64 9.52 15.5 6.75 159 1.07 0.14
LM-20 322 807 117 566 199 10.3 252 38 227 47.3 121 19 98.5 14.4 11.9 1267 1.78 4.57 3.62 2.73 164 0.99 0.14

Fig. 5. Plot of SiO2 (wt.%) vs MnO (wt.%) for apatites hosted in Luming (LM)
and LYRB granites (BSL, XSJ, MT, HYG, HMJ). The fields are after Chen et al.
(2017).

Fig. 6. CL images of the apatites from the granites of LYRB. (a-c) Presence of phenocrysts and idiomorphic crystal of apatite. (d) Microphotograph indicating well-
developed apatite phenocrysts and occurrence of magnetite and "biotite" in the granitic body of Luming. Abbreviations: Ap–apatite; Mag–magnetite; Bt–"biotite".

T. Zafar, et al. Journal of Geodynamics 136 (2020) 101723

9



higher concentrations of ∑REE (4914.3–31287.7 ppm, average
14737.4 ppm) in comparison to apatite grains from Luming
(2780.8–6466.5 ppm, average 4233.2 ppm). Prowatke and Klemme
(2006) presented that apatite crystallizing in silicic systems can host up
to approximately an order of magnitude more REEs comparative to
apatite from mafic schemes. As displayed in Fig. 8, all of the studied
apatites from Lower Yangtze (BSL, XSJ, MT, HYG, HMJ) and Luming
together confirm that the ∑REE concentrations indicate variation with
the whole rocks SiO2 contents (the calculated data for whole rock SiO2

content in Yangtze granites are from Yang et al., 2017; Jiang et al.,
2018b whereas, Luming granites SiO2 contents are from Hu et al., 2014
and Liu et al., 2014). The ∑REE concentrations of apatite reduce con-
secutively from Lower Yangtze to Luming, implying that the ∑REE
concentrations in apatites are principally governed by the SiO2 in the
melt (Fig. 8).

The apatite grains from Lower Yangtze Belt show right inclined REE
pattern, HREE-depleted, enriched in LREE and have noteworthy strong
negative Eu anomaly on the REEs plots (Fig. 7a). However, apatite
grains from Luming granites are represented by the presence of LREE
enrichment patterns, with relatively flat REE distribution and indicate a
strong negative Eu anomaly (Fig. 7b). The ΣLREE/ΣHREE ratios in
apatite grains of the Yangtze belt range from 1.0–7.6 (average, 5.19). In
contrast, the apatite grains of Luming reveal range of these ratios
0.58–7.6 (average, 1.2). The variations in trace element compositions in
Lower Yangtze and Luming apatite may impart minerals, for instance,

allanite, monazite, hornblende, zircon, titanite, xenotime, and feldspar
which compete for the REE in the evolved magmas when apatite de-
velops (Bea, 1996; Hoskin et al., 2000; Miles et al., 2013). Therefore,
the trace elements in apatite grains of Lower Yangtze are mainly gov-
erned by titanite crystallization (Fig. 9). It also designates that the
zircon crystallization in Lower Yangtze granites was affected by the
apatite and titanite crystallization as well (Fig. 8). This finding is con-
sistent with Xie et al., 2018. The apatite normalized REE patterns from
Lower Yangtze Belt confirm significant LREE enrichment (ΣLREE/
ΣHREE=1.0–7.6, average 5.19) relative to Luming apatite. This con-
sideration can propose that titanite crystallized earlier than apatite in
Lower Yangtze since titanite is famous to hold the HREEs (Hoskin et al.,
2000; Miles et al., 2013). In contrast, the lower ΣLREE/ΣHREE values
(0.58–7.6, average 1.2) in Luming apatite, suggests that titanite crys-
tallization did not take place earlier to or at the equivalent time as
apatite. The trace elements in Luming are predominantly controlled via
crystal fractionation/crystallization of apatite (Fig. 9).

Experiments have confirmed that the apatite/melt partition coeffi-
cients for MREEs are higher relative to LREEs and HREEs (Fujimaki,
1986; Watson and Green, 1981) which triggers the (La/Sm)N values to
be lower in apatite grains comparative to the melt. In this study of
Luming apatite, the (La/Sm)N values of the apatites (0.28–1.2) are
lower than those of the Luming granites (2.71–7.57, the calculated
values are from Liu et al., 2014), which is parallel with the

Fig. 7. a, b. Primitive mantle normalized rare earth elements (REEs) diagrams for apatites of LYRB and Luming plutons indicating strong negative Eu anomalies
respectively (Boynton, 1984).

Fig. 8. Apatite ΣREE concentrations of LYRB and Luming vs whole rock SiO2

contents.

Fig. 9. Binary plot of apatite Yb/Gd and Ce/Sm ratios for plutons of LYRB (BSL,
XSJ, MT, HYG, HMJ) and Luming (LM). Vectors indicate hornblende (Hbl),
titanite (Ttn), apatite (Ap) and zircon (Zr) crystal fractionation.
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experimental results. However, apatite grains from Lower Yangtze have
(La/Sm)N ratios (0.85–11.47) which are greater relative to the host rock
(3.9–4.9; the data for whole rock is calculated from Jiang et al.,
2018a,b). Hence, the whole-rock rare earth element (REE) composition
may signify the REE composition of the magma. Apatite grains from
Luming have greater F/Cl ratios in comparison to Lower Yangtze
(Fig. 10). Prior researches have presented that the exsolution of Cl-
bearing hydrothermal stages can eliminate more LREEs relative to
MREEs and HREEs from the magma. Consequently, the crystallized
apatite grains from the melt after Cl-bearing fluid exsolution will have
greater F/Cl; however, inferior (La/Sm)N values. Apatite grains of the
Luming is also crystallized from the melt after the exsolution of Cl-
bearing fluid, therefore, they comprise higher F/Cl but lower (La/Sm)N
values (Fig. 10) which is consistent with observations of Flynn and
Burnham, 1978; Keppler, 1996. We propose that the apatite grains from
Luming with higher F/Cl may attain this greater ratio from higher F/Cl
melts, while the higher (La/Sm)N values in Lower Yangtze apatite
grains (Fig. 10) are principally governed via titanite that developed
before apatite (Hoskin et al., 2000; Miles et al., 2013).

The apatite Sr concentrations reveal a positive correlation with SiO2

contents of host rocks (Fig. 11). Chu et al. (2009) demonstrated that
apatite generally comprises less Sr concentrations relative to host-rock.
Apatite grains from Luming exhibit contents of Sr in the range of
(146–187 ppm, average 164.5 ppm) which is less comparative to whole
rock (105–587 ppm, average 290.43 ppm; the calculated values are
from Liu et al., 2014). Conversely, the amounts of Sr in apatite grains of
Lower Yangtze (18.7–457 ppm, average 171.74 ppm) are much greater
in contrast to host rock (4.81–46.1 ppm, average 22.39 ppm; the data
for whole rock is calculated from Jiang et al., 2018b). Hence, the
apatite diverse Sr contents are not wholly measured by melt composi-
tion. Chu et al. (2009) presented that the apatite Sr concentrations are
associated with the degree of differentiation and compositional

variation in the melt source region. Belousova et al. (2001) also ex-
hibited that the apatite amounts of Sr indicate consistent variation with
the host rock. Higher contents of Sr in apatite grains from Lower
Yangtze than the whole rock might indicate restricted feldspar crys-
tallization since feldspars favourably hold Sr (Aigner-Torres et al.,
2007) or notable mafic magmatic involvement from mantle sources
(Sha and Chappell, 1999; Chu et al., 2009). Consequently, the magma
origin of Lower Yangtze apatite may incorporate more mafic magma in
contrast to Luming apatite.

5.3. Apatite Ce, Eu and Mn contents as pointer of the redox state of parental
magma

The redox state of magma can be described and assessed by the
occurrence of particular elements in apatite framework such as Mn, Ce,
Eu and S (Pan et al., 2016). The apatite Eu and Ce anomalies are sig-
nificant as proxies to determine the redox state of magma (Cao et al.,
2012; Miles et al., 2014). Two ionic valences are revealed by Eu and Ce
which are Eu3+/Eu2+ and Ce4+/Ce3+ respectively. The Eu3+ indicates
a more equivalent ionic radius with Ca2+ comparative to Eu2+. Ce3+

exhibits similar ionic radius as Ca2+ (Shannon, 1976). This signifies
that apatite favourably comprises Ce3+ and Eu3+ instead of Ce4+ and
Eu2+ (Cao et al., 2012); and Ca2+ in the apatite can readily be sub-
stituted via Eu3+, Ce3+ and Mn2+, therefore, these specific elements
are simply adjusted into apatite structure (Cao et al., 2012). Under the
oxidizing condition, Ce3+, Eu2+, and Mn2+ can be easily changed to
Eu3+, Ce4+, and Mn4+. Higher oxygen fugacity conditions will gen-
erate a melt with greater Eu3+ however, lower Ce3+ quantities and
significant Eu3+ but restricted Ce3+ replacement in apatite produces
slightly positive to negative Ce and moderate negative to positive Eu
anomalies in apatite (MacDonald et al., 2013). In contrast, low oxygen
fugacity conditions will generate greater Ce3+/Ce4+ and Eu2+/Eu3+

ratios as well as lower Eu3+ concentrations ratios in a magma, resulting
in positive Ce and robust negative Eu anomaly in apatite. Based on
these findings, we suggest that strong negative Eu anomalies produced
within apatite of Lower Yangtze and Luming are the result of overall
lower Eu3+ concentrations and greater Ce3+/Ce4+ and Eu2+/Eu3+

ratios. Greater Eu2+/Eu3+, Ce3+/Ce4+ ratios, and lower Eu3+ con-
centrations can be originated under low oxygen fugacity environment,
if the physical conditions especially temperature, pressure, and whole
rock composition remains constant (Sha and Chappell, 1999); and the
apatite crystallization under low oxygen fugacity, yields intense nega-
tive Eu anomaly (Cao et al., 2012). Therefore, we suggest that under the
conditions of low oxygen fugacity, the crystallization of Lower Yangtze
and Luming apatites produce strong negative Eu anomalies. None-
theless, the variability of a single element in apatite may not be valu-
able entirely to delineate magmatic conditions because it can be af-
fected through numerous dynamics at the time of magmatic
crystallization. For instance, plagioclase crystallization influences the
amount of europium (Eu) in magma and the Eu quantity may drop
owing to plagioclase fractionation (Buick et al., 2007). Similarly, the
Mn amount in magma can fluctuate during the crystallization process
(Chu et al., 2009). Hence, in apatite, the multi-variance elements with
opposite partitioning behaviour such as europium (Eu) and cerium (Ce)
can be efficiently important to demarcate discrepancies in the redox
state (Pan et al., 2016).

Pan et al. (2016) presented the apatite geochemistry from granites
of the Sanjiang area, exposed in the southwestern part of China and
inferred that the magma redox state could be influenced based on the
negative correlation of δCe and δEu. In the current study, the apatite
δCe and δEu values are also deduced with negative correlation
(Fig. 12a), proposing that the variations in values of δEu and δCe are
associated to the moderate reduced state of magma. Hence, the strong
negative Eu anomaly in the apatites implies that the magmas of the
Luming granites, as well as Lower Yangtze granites (BSL, XSJ, MT,
HYG, HMJ), have moderately reduced state. This interpretation is

Fig. 10. Plot of (La/Sm)N with F/Cl indicating higher F/Cl in Luming samples
and higher (La/Sm)N in LYRB granites (BSL, XSJ, MT, HYG, HMJ).

Fig. 11. Positive correlation of apatite Sr contents with whole-rocks SiO2

contents.
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similar to the attributes of apatite from Mo deposits exposed in the
Central Kazakhstan (Cao et al., 2012). The Ga contents (11.9–32.7 ppm,
average 19.5 ppm) and δEu values (0.12–0.23, average 0.16) in Luming
samples are worthwhile to determine the nature of parental magma
however, samples of Lower Yangtze indicate lack of Ga contents.

Ga has two states, specifically, Ga2+ and Ga3+ and Ga2+ is more
augmented in apatite owing to its resemblance to Ca2+. Therefore, if
other dynamics, for instance, the Ga content of magma remain constant,
a lower state of oxidation raises the Ga concentration in apatite (Pan
et al., 2016). The apatite plot of δEu vs Ga in the Luming granites in-
dicates negative correlation (Fig. 12b), implying that the parental
magma of the Luming granites showed moderate reduced condition.

The presence of redox-sensitive elements, for example, Eu and Mn in
apatite can also be associated with the redox state of parental magma.
These elements may present in diverse valence states reflecting redox
states. Eu reveals two ionic valences including Eu2+ and Eu3+

(Prowatke and Klemme, 2006) whereas, Mn represents four valences
namely Mn2+, Mn3+, Mn4+ and Mn5+ (Pan and Fleet, 2002). Fur-
thermore, Mn2+ tends to be more augmented in apatite due to its re-
semblance to Ca2+. The combination of δEu and MnO contents are
important and worthwhile to define the redox state of magma, and their
negative correlation can reveal the nature of parental melts (Pan et al.,
2016). In the present study, combined apatite plot of δEu vs MnO in the
Luming and Lower Yangtze granites express negative correlation
(Fig. 12c), deducing that the parental magmas of the Luming and Lower
Yangtze granites are generated under moderate reduced conditions.

5.4. Apatite Sr contents and REE ratios as proxies to trace magmatic
differentiation

The variation in trace elements of apatite can reveal magma com-
positional modification because of the crystallization of other minerals.
For instance, feldspar crystallization, the leading host of Sr in silicic
magma, will reduce strontium in the residual portion of melt. In this
process, apatite crystallizing earlier will have greater Sr concentrations,
however, apatite crystallizing late will comprise lower amounts of Sr.
Therefore, the difference of Sr concentrations in apatite from rocks
group can be significant to trace magmatic fractionation through this
process. Rare earth element rich mineral crystallization from magma
will fractionate these elements and from such magma apatite also
crystallizes. Hence, the Sr concentration in apatite and ratios of REEs
for instance, (La/Yb)N, (Sm/Yb)N and (La/Sm)N are important to assess
the differentiation history of granites.

As presented in Fig. 13, all of the studied apatites from granites of
Lower Yangtze and Luming together confirm discrepancy and decline of
(La/Yb)N, (La/Sm)N and (Sm/Yb)N ratios with Sr concentrations. Ac-
cording to Pan et al., 2016, these ratios of REEs with Sr quantities in-
dicate an important role in magma differentiation. They proposed that
allanite involved in magmatic differentiation causes a decline in REEs
ratios of (La/Yb)N, (La/Sm)N and (Sm/Yb)N in apatite, however, no
allanite have been observed in the Luming and Lower Yangtze samples.
The Luming pluton reveals rather constant amounts of Sr in apatite.
This exhibits that feldspars are not significant primary phases. More-
over, the decline in these REEs ratios with Sr concentration in Luming
and most of the Lower Yangtze samples are not due to differentiation of

Fig. 12. Apatite plots of (a) δEu vs δCe. (b) δEu vs Ga, and (c) δEu vs MnO (wt.%) from granitic bodies of Luming and LYRB.
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other light rare earth-rich minerals, since no monazite or allanite have
been documented under CL images. As an alternative, the exsolution of
Cl-bearing hydrotherm is a promising reason for fall in these REEs ra-
tios. Prior researches have indicated that the exsolution of Cl-bearing
hydrotherm stage might eliminate REEs from the melt (Flynn and
Burnham, 1978; Keppler, 1996). Therefore, apatites formed from such
melt indicate a decline in REEs ratios.

5.5. Significance of apatite halogens to track magmatic volatiles and their
source characteristics

Chlorine and fluorine display dynamic role during magmatic evo-
lution by depolymerizing the melt formation and also show vigorous
character in metal transport and ore deposition in case of hydrothermal
process (Filiberto and Treiman, 2009; Harlov, 2015). Nonetheless,
tracking the evolution of volatiles in the magmatic system is very in-
tricate. The concentrations of Cl and F in whole-rock probably cannot
immediately exhibit primary amounts of volatiles in the parental
magma nevertheless, these can be assessed by minerals which are
augmented in Cl and F for example, apatite (Zhang et al., 2012). Apatite
has a distinctive aptitude to trace the behaviour and concentration of
volatiles in the magmatic system (Webster et al., 2009). The amounts of
Cl and F in the melt can be delineated from the contents of volatiles in
apatite (Doherty et al., 2014). Therefore, apatite present in granitic
rocks is reflected as a powerful tool to reveal the contents of magmatic
volatiles and their source characteristics. In particular, apatite is a
leading mineral to understand the composition of volatiles since it can
concentrate volatiles directly into its crystal lattice (Harlov, 2015). All
varieties of the apatites from granites of Lower Yangtze are enriched in
fluorine hence, classified as fluorapatites since F is more compatible in
silicate melts (Webster, 1990). Conversely, the more active Cl chemistry

shows that Cl is a more perceptive proxy comparative to F and thus can
provide more geological facts. Cl is extremely compatible in apatite
within a chlorine-saturated melt, even if the melt is water-saturated
then chlorine is more compatible in aqueous fluids comparative to si-
licate melts. This indicates that amounts of chlorine do not considerably
reduce during the process of fractional crystallization, representing that
evolved granites can contain similar or augmented quantities of
chlorine than the primary magma (Sun et al., 2007). Consequently,
chlorine quantities in apatite reveal the primary Cl contents of the in-
itial magma (Boyce et al., 2010), signifying that the amounts of vola-
tiles of apatites from Lower Yangtze preserve the halogen compositions
of actual magma.

The chlorine quantity differs in various mantle parts however, it is
not considerably affected through the recycling of chlorine (Lassiter
et al., 2002). Researches on submarine volcanic glasses (Stroncik and
Haase, 2004) and melt inclusions resulting from mantle (Lassiter et al.,
2002) propose that the mantle commonly comprises low quantities of
chlorine (typically< 0.1 wt.%). This specifies that the greater amounts
of chlorine in apatites from the A-type granites (BSL, XSJ, MT, HYG,
HMJ) of LYRB cannot be the product of incorporation of mantle-derived
material. Nevertheless, these greater amounts of chlorine are also
questionable to have been resultant from melting of crustal part, prin-
cipally as sedimentary material would drop more chlorine comparative
to fluorine during weathering and the prior is extremely compatible in
aqueous fluids, dominating to a process that accommodates fluorine in
residue and reduces chlorine (Blevin and Chappell, 1992). This is the
possible cause that apatite varieties in S-type granites exposed in La-
chlan Fold Belt, Australia comprise predominantly< 0.1 wt.% chlorine
(Sha and Chappell, 1999). Hence, the apatites of A-type granites of
LYRB containing higher concentration of chlorine (0.02–1.45 wt.%,
average 0.35 wt.%) must have obtained Cl from certain other fluids,

Fig. 13. Apatite plots of REEs ratios vs Sr contents for magmatic fractionation in LYRB and Luming plutons (arrows indicate variation and decline of (La/Yb)N, (La/
Sm)N and (Sm/Yb)N ratios with Sr concentrations.

T. Zafar, et al. Journal of Geodynamics 136 (2020) 101723

13



most possibly through mantle wedge melting due to fluids introduction
resulting from slab convergence, a process that principally discharges
brines enriched in chlorine (Lassiter et al., 2002). This fluid was most
possible seawater, which amalgamated into the primitive mantle
through slab convergence and discharged by dehydration of serpentine
(Kawamoto et al., 2013; Reynard, 2013), implying that the Cu–Mo
mineralization may be promoted in the Lower Yangtze area which can
obtain an enormous amount of slab-derived fluids that also can be fa-
vourable for development of W mineralization in A-type granites. Me-
tasomatism of the mantle wedge has been documented as an extensive
process during convergence in LYRB (Jiang et al., 2018a, b) since it is
linked with the consecutive release of fluids from slabs. Volatiles spe-
cifically fluorine and chlorine are contained in certain hydrous minerals
and discharged during geological processes.

In A-type granites of LYRB, fluorine probably can be held by
phengite and lawsonite during Paleo-Pacific Plate convergence. The
lawsonite and phengite disintegration can generate fluids fertile in
fluorine, responsible for mantle wedge metasomatism (Pagé et al.,
2016; Schmidt and Poli, 2014). In compare, chlorine can be retained
through serpentine, amphibole and chlorite, ejected prior during plate
subduction (Debret et al., 2013, 2014; Deschamps et al., 2013; Pagé
et al., 2016; Sun et al., 2007; Xiong et al., 2005, 2009). Chlorine can be
added by the disintegration of chlorite and amphibole (Debret et al.,
2014; Pagé et al., 2016; Sun et al., 2007). Likewise, chlorine can also be
contributed by serpentine (Debret et al., 2013, 2014). In addition, al-
teration of chrysotile into antigorite may provide 90 % of chlorine
(Kodolányi and Pettke, 2011) that can be considered as one more
source of Cl. During slab dehydration, chlorine is extremely in-
compatible and favourably partitions into the liquid stage (Stroncik and
Haase, 2004; Sun et al., 2007), and the fluids augmented in chlorine are
crucial for the transfer of metals (Keppler and Wyllie, 1991), indicating
that chlorine can be important for magmas to be capable to induce
Cu–Mo–W deposits.

In summary, the fluorine (1.51–3.85 wt.%, average 2.35 wt.%) and
chlorine (0.02–1.45 wt.%, average 0.35 wt.%) contents of apatites in
granitic rocks from Lower Yangtze deliver confirmation of slab-sub-
duction setting and the fluids derived from slab initiated the mantle
wedge melting (Ding et al., 2015), therefore, the subsequent fluids and
magmas can boost the release and transportation of metals that even-
tually may endorse development of Cu–Mo–W mineralization in this
area. On the contrary, apatites from Luming area comprises low
quantities of Cl (0–0.04 wt.%, average 0.02 wt.%) and high F
(3.36–5.29 wt.%, average 3.99 wt.%), suggesting that the parental
magma of Luming granite is depleted in chlorine. Lower concentration
of Cl and higher fluorine content in Luming apatite implies that the
Luming granites are formed by partial melting of crust material and can
be associated with mineralization (Blevin and Chappell, 1992). Fur-
thermore, ratios of Cl/F of the Lower Yangtze and Luming apatite can
also be pondered as crucial pointer and fingerprint to track the mag-
matic volatiles contents because volatiles concentrations producing
from apatite composition do not fluctuate especially in crystallization
interval (Zhang et al., 2012).

The apatite Cl/F ratios in Luming granites are low (0–0.01) com-
parative to Lower Yangtze plutons (0.007–0.96). It is generally docu-
mented that apatite is not vulnerable to subsolidus halogen exchange
(Candela, 1986). Thus, this Cl/F ratio in Luming as well as Lower
Yangtze apatite demonstrates the actual value in the parental magma
from which they crystallized. Here we provide indirect confirmation for
low Cl/F ratios in the initial magma of Luming granite since possible
reasons of higher Cl contents of Lower Yangtze are discussed above. Li
and Hermann (2015) presented that the low Cl concentrations in apa-
tite represent that the host magma was deficient in chlorine. The prime
reason for low chlorine content in Luming possibly can be source
control. The apatite concentrations of chlorine from Luming granite are
most plausibly linked to melt compositions. We propose that the par-
ental magma of Luming pluton generated on account of partial melting

of juvenile crustal material, a source with a low Cl/F ratio. Conse-
quently, we can suggest that slab-derived fluids containing greater Cl/F
ratios (Meng, 2014); did not contribute to parental magma of Luming
granite. Variations in the Cl/F values of Luming apatite have resulted
from erraticism of degassing which fractionated chlorine and fluorine
(Warner et al., 1998), however, these variations in Lower Yangtze
apatite can be attributed to metasomatic process (Collins et al., 1982).

5.6. Implication for non-adakitic plutons

Based on Defant and Drummond (1990) classification, the Lower
Yangtze and Luming plutons are non-adakite. However, adakitic rocks
are represented by subordinate content of Y, Yb and greater Sr com-
parative to other kinds of silicic rocks, since adakitic magma is pro-
duced in the crust at greater depth where feldspar is unstable. While, at
a shallower depth, magma comprising a higher content of Y, Yb and low
concentration of Eu and Sr will be generated where feldspar indicates
residual stage (Peacock et al., 1994; Rapp et al., 2002; Sen and Dunn,
1995). The Sr/Y and Eu/Eu* ratios of apatite are important to delineate
the properties of primary magma specifically the nature of parental
magma. Pan et al. (2016) presented apatite chemical composition to
distinguish rocks of adakitic and non-adakitic affinity in the Sanjiang
area, NW China. Based on this discrimination, they suggested that the
apatites which indicate adakitic character comprise higher Sr/Y and
Eu/Eu* ratios relative to other apatites that represent non-adakitic
nature. These ratios of apatite can be significant to identify rocks of
adakitic and non-adakitic character predominantly for those who ex-
perience hydrothermal alteration and do not sustain original Sr/Y ra-
tios. Because apatite is not susceptible to alteration process thus can
preserve real ratios of Sr/Y in comparison to feldspar which is prone to
extreme alteration. Nonetheless, it would be very careful to apply this
technique when apatite is not present in the primary stage. Because
when apatite crystallizes due to evolving magma, it is experienced to
vast fractional crystallization which probably will not indicate original
ratios of Sr/Y and Eu/Eu*. These actual ratios of parental magma will
be considered when the formation of apatite is only at earlier stages
(Pan et al., 2016).

The apatites in the granites of Luming indicate the occurrence of
idiomorphic crystals as well as phenocrysts, whereas, apatites from
Lower Yangtze granitic belts also reveal well-developed and exquisite
phenocrysts (Fig. 6). These textural features of apatite imply that both
of these magmatic apatites crystallized at an earlier stage hence, sustain
the original ratios of Sr/Y and Eu/Eu* which can be worthwhile to
assess characteristics of parental magmas. The Sr/Y and Eu/Eu* values
of the Luming and LYRB apatites are low, plotting in the non-adakitic
rock field (Fig. 14a) which suggests that the granites of Lower Yangtze
and Luming are non-adakitic in nature. These interpretations and re-
sults are also consistent with the whole-rock geochemical character-
istics of the Luming and LYRB granites because both are indicating non-
adakitic affinities (Fig. 14b, c). Our explanations suggest that these
ratios of apatite are remarkable to distinguish the adakitic character of
the rock from non-adakitic ones. The non-adakitic affinity of Lower
Yangtze and Luming granites is analogous with the non-adakitic char-
acters of Cretaceous Xiuwacu in the Sanjiang region as well as Cheng-
chao Granites exposed in the Middle Yangtze River Belt.

5.7. Apatite Li vs SO3 and (La/Sm)N vs (Yb/Sm)N ratios as proxies for
mineralization

The combination of ratios of REEs such as (La/Sm)N, (Yb/Sm)N and
Li versus SO3 content in apatite can be significant to define miner-
alization potential of a pluton. The contents and variation of S, Li, (La/
Sm)N, (Yb/Sm)N, (La/Yb)N and Eu/Eu* ratios in apatite are worthwhile
to discriminate ore linked and barren granites. Those with positive
correlation and broader variations can be indicative of fertile granites
however, negative correlation may be suggestive of barren rocks. Our
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results indicate that these particular elements specifically S and Li can
be more valuable to distinguish the fertile granites in a prompt and cost-
effective way, and are more proficient in contrast to REEs. Li con-
centration is lacking in apatites of Lower Yangtze granites; however, its
content in Luming apatites is in the range of 0.11–1.78 ppm in addition
to SO3 (0.01–0.08 wt.%). The positive correlation of SO3 with Li in
Luming apatites implies that granites of Luming are linked with ores
(Fig. 15a). Moreover, (La/Sm)N and (Yb/Sm)N in apatites of Luming are
in the range of (0.28–1.2) and (0.38–0.68) respectively, however, these
ratios in the apatites of Lower Yangtze are (0.85–11.47) and
(0.09–0.61) respectively. The combined plot of (La/Sm)N and (Yb/Sm)N
in apatites of Luming and Lower Yangtze exhibit positive correlation.
The positive correlation of (La/Sm)N and (Yb/Sm)N in apatites of Lu-
ming and Lower Yangtze (BSL, XSJ, MT, HYG, HMJ) suggests these
rocks are ore-associated (Fig. 15b). Hence, we deduce that correlation
of these REEs ratios in apatite can reveal ore potential of plutons and
positive correlation between these ratios is indicative of ore-bearing
rocks, however, their negative correlation is suggestive for barren
rocks. The apatites (La/Yb)N and Eu/Eu* ratios in ore potential grani-
toids may indicate fairly higher variations in contrast to barren rocks.
These ratios in apatites of Luming and Lower Yangtze also reveal ob-
vious variations, suggesting that these rocks are ore-associated
(Fig. 15c). Thus, we propose that the higher variations of these apatite
ratios can also be significant to discriminate ore associated as well as
barren granitoids.

5.8. Geodynamic implications

The melting of mantle wedge material stimulated through slab-de-
rived fluids favourably concentrates Sr linked with Th, essential to the

generation of felsic rocks particularly granitoids with the rise in Sr/Th
ratios (Turner and Foden, 2001; Labanieh et al., 2012). In contrast,
ratios of La/Sm are not considerably affected by partial melting; how-
ever, can be controlled by the melting of subducted oceanic sediments.
The rise in melting of sediments is responsible for increment in La/Sm
ratios and this melting also elevates amounts of Th, inducing stable
ratios of Sr/Th (Turner and Foden, 2001; Labanieh et al., 2012). This
reflects that the melting of marine sediments superimposing the sub-
ducted plate will promote ratios of Sr/Th to remain stable; however, it
will elevate the La/Sm ratios in subsequent magmas. While the in-
volvement of slab-derived fluids will equilibrate La/Sm ratios and raise
the Sr/Th ratios in causing magmas. These two significant schemes can
be recognized in La/Sm vs Sr/Th plot (Fig. 16). At present, there is
ambiguity whether the ratios of La/Sm vs Sr/Th in mother rocks can be
attained by magmatic apatite.

In felsic melts, Sr can enter into crystal lattice of apatite through
replacement of Ca, while REEs and Th are commonly entered into
apatite structure by other replacements, for example: REE3+ +
Na+=2Ca2+; REE3+ + Si4+ =Ca2+ + P5+; Th4+ + 2Si4+ = Ca2+

+ 2P5+ (Sha and Chappell, 1999; MacDonald et al., 2013). These
elements reveal high partition coefficients with the exemption of Th
and are compatible in apatite (Prowatke and Klemme, 2006), implying
that the amounts of these specific elements in apatite exhibit the
quantities in host rock to a certain extent (Chu et al., 2009). The La/Sm
ratios in the Luming apatites are (0.44–1.91, average 1.23). Meanwhile,
Sr/Th ratios (4.29–26.82 average 15.47) of these apatites are lower,
indicating no involvement of slab-derived fluids. The reliability of these
values means that they will not considerably change the trends in
binary plot of Sr/Th vs La/Sm (Fig. 16).

Tectonically, the Luming region was represented by the progression

Fig. 14. (a) Plots of δEu vs Sr/Y for apatites of Luming and LYRB. (b) Sr/Y vs Y for host rocks of Luming. (c) δEu vs Sr/Y for host rocks of LYRB. Fields for apatites and
host rocks are after Pan et al., 2016 and Drummond and Defant, 1990 respectively.
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of the Mongol-Okhotsk Ocean to the NW part and the Paleo-Pacific
Ocean to the eastern part, provoking widespread magmatism during the
Mesozoic (Wu et al., 2011). The convergence of the Paleo-Pacific Plate
is probably responsible for early Jurassic magmatism and metallogenic
specificity in the Luming area. In general, giant porphyry Mo granitic
deposits developed in this area in Mesozoic, making Luming a dynamic
and renowned Mo bearing place in China and worldwide (Chen et al.,
2017; Qin et al., 2017). According to Hu et al., 2014, the magmas of
Luming granites were produced as a result of the partial melting of
depleted lithospheric mantle and metasomatized through subducted
fluids released from the slab. In contradiction with Hu et al., 2014,
based on the apatite plot of Sr/Th and La/Sm, the Mo bearing granites
of Luming provide no evidence of any association with slab-derived
material or sediment melting (Fig. 16). The apatite geochemistry from

Luming exhibits that the parental magma of these granites are Cl de-
ficient (0–0.04 wt.%, average 0.02 wt.%), fairly high F (3.36–5.29 wt.
%, average 3.99 wt.%), high F/Cl ratios (89.5–245), La/Sm (0.44–1.91,
average 1.23) and lower Sr/Th ratios (4.29–26.82 average 15.47),
suggesting strong clues that these granites are developed from magmas,
produced as a result of partial melting of juvenile crustal material. Our
finding is consistent with Chen and Zhang, 2018 who proposed that
based on Nd isotope characteristics, melting of juvenile crustal material
is responsible for the generation of the Luming Mo–W granites.

Another explanation for this evidence is that the apatites within
slab-derived granites normally reveal greater δEu and lower δCe values
in comparison to apatites of other granites (derived from juvenile
crustal material); (Sha and Chappell, 1999; Chu et al., 2009). Apatites
of the Luming granites linked with Mo–W deposits represent low δEu
(0.12–0.23; average 0.16) and high δCe (0.98–1.09; average 1.04) va-
lues (Fig. 12a), representing no association with slab dehydration.
These values provide solid confirmations that these granites are origi-
nated in consequence of the partial melting of juvenile crustal material
(Zhu et al., 2009).

In contrast, A-type granites of Lower Yangtze (BSL, XSJ, MT, HYG,
HMJ) are associated with slab dehydration, and these granites were
emplaced during the same period of 125 Ma. The heterogeneity in
source constituents prompted through the subduction of the Palaeo-
Pacific plate beneath Southeast China, indicated a dynamic role in the
development of coexisting A1 and A2-type granites (Jiang et al., 2018b).
Previous researches explored that these granites are associated with
uranium and gold mineralization, however, in the present study, apatite
geochemistry suggests that these granites are also linked with
Cu–Mo–W mineralization (Fig. 17 and 19).

Here, we relate data of Cu–Mo deposits of Lower Yangtze Belt to
apatites from Cu–Mo deposits of the Central Asian Orogenic Belt
(CAOB); (Cao et al., 2012). Apatites in both areas have parallel

Fig. 15. Apatite binary plots for ore associated plutons of Luming (LM) and LYRB. (a) Li (ppm) vs SO3 (wt.%). (b) (La/Sm)N vs (Yb/Sm)N. (c) (La/Yb)N vs Eu/Eu*.
(Arrows indicate positive correlation between (La/Sm)N vs (Yb/Sm)N and SO3 with Li).

Fig. 16. Plot of Sr/Th and La/Sm ratios for apatites of Luming indicating no
association with sediment melting and slab dehydration. The fields are after
Ding et al. (2015).
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compositions in terms of halogens (F, Cl) and Eu anomalies (Cao et al.,
2012). The apatites of the CAOB express slab dehydration phenomena
which is comparable to that of apatites from LYRB, suggesting that both
of these deposits developed in parallel styles. On the contrary, apatites
from W deposits of CAOB also deliver confirmation of sediments
melting, a characteristic that is absent in apatites from Lower Yangtze
Belt, signifying that the prior incorporated surplus melts resulting from
marine sediments (Heinhorst et al., 2000). These marine sediments are
not present in LYRB since this region was influenced by roll-back of the
Paleo-Pacific Plate during the late Mesozoic era, creating an intraplate
extensional setting that was free of these marine sediments. In addition,
the creation of this intraplate extensional environment was prompted
by lithospheric thinning and uplifting of the asthenospheric mantle
during the late Mesozoic era, which assisted to yield the Cu–Mo–W
mineralization in this area.

In summary, we suggest that the crustal thinning, upwelling of
asthenospheric mantle and associated Cu–Mo–W mineralization in
LYRB induced from the mutual impacts of the Paleo-Pacific plate sub-
duction and intraplate extension (Fig. 17). The mineralization potential
and tectonic settings of A-type granites of Lower Yangtze River Belt are
comparable to Jurassic Cu–Mo–W bearing A-type granites exposed in
the central Nanling region, South China.

The LYRB indicates a natural laboratory for exploration into tec-
tonism and the generation of Cu–Mo and W deposits in this region.
Linking the apatite geochemistry deliberated here with formerly at-
tained geochemical data implies that the convergence of Paleo-Pacific
Plate, triggered partial melting of mantle wedge by means of in-
troduction of fluids released from the slab. Based on geochemical sig-
natures of apatite enrichment of Cl (0.02–1.45 wt.%, average 0.35 wt.
%), less F (1.51–3.85 wt.%, average 2.35 wt.%) as well as F/Cl ratio
(1.04–131.5, average 46.14) and stable La/Sm ratios (2.42–18.24,
average 7.84), in contrast to Luming suggests that the magmas of these
rocks are associated with slab dehydration.

Apart from these aspects, magmas of A-type granites are commonly
being linked with slab dehydration whereas, magmas of S-type granites
are related with crustal partial melting (Ishihara, 1981; Blevin and
Chappell, 1992, 1995; Bryant et al., 2007). Apatites within A-type
granites normally reveal greater δEu and lower δCe values in compar-
ison to apatites of S-type granites (Sha and Chappell, 1999; Chu et al.,
2009). Apatites within the Yangtze A-type granitic rocks associated
with Cu–Mo–W mineralization indicate higher δEu values (0.04–0.43;
average 0.21) and lower δCe values (0.96–1.12; average 1.02; Fig. 12a),
proposing another strong clue that these granites have an association
with slab dehydration.

In light of these findings, we suggest that the apatite chemistry is a
valuable and powerful proxy to evaluate the geodynamic evolution of
granites.

5.9. Apatite as vigorous tool to pinpoint polymetallic mineralization and
fingerprint for ore varieties

As indicated above that the chemistry of apatite mainly its trace
elements and halogen composition typically represent magmatic con-
ditions. This, together with the fact that apatite is less vulnerable to the
process of hydrothermal alteration, is measured as the main aspect of
fertile granites and making apatite as an important and dynamic tool
for evaluating the mineralization perspective of Lower Yangtze and
Luming granites. Moreover, its geochemical depiction can be vital to
assess the degree of magmatic fractionation. For instance, Fig. 18 shows
obvious variation and positive correlation between F/Cl ratios and F
contents which is representation of magmatic differentiation supported
through silica content of whole rock of Luming and Yangtze ranging
from 67.78 to 82.14 wt.%; and 64–76.6 wt.% respectively (the calcu-
lated data for whole rock SiO2 content in Yangtze granites are from
Yang et al., 2017; Jiang et al., 2018b whereas, Luming granites SiO2

values are from Hu et al., 2014 and Liu et al., 2014). This clarification
about magmatic fractionation is comparable to the findings of (Cao
et al., 2012). In addition, the rise in fluorine content in fluorapatites of
the Yangtze as well as Luming is mainly due to fractionation (Nash,
1984). Similarly, the negative correlation of Sr vs Y and (La/Yb)N vs Sr

Fig. 17. Cartoon indicating tectonic evolution of A-type granites and mineralization in the LYRB.

Fig. 18. Plot of F/Cl ratio vs F (wt.%) for apatites of Luming (LM) and Lower
Yangtze Belt (BSL, XSJ, MT, HYG, HMJ).
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in apatite displays differentiation (Fig. 19 a, c). Various natures of ore
deposits are linked to distinct differentiated magma of Lower Yangtze
and Luming together with moderately reduced state of magma, hence
different categories of deposits show diverse characters of Sr, δEu, Y
and (La/Yb)N in apatite (Fig. 19).

The magmatic apatites of Lower Yangtze and Luming have several
geochemical features, important to discriminate their associated mi-
neral deposits. Through apatite geochemistry and portrayal of binary
plots, we recognized two forms of ore deposits in Lower Yangtze and

single economic deposit in the Luming area. Apatite plot of Y (ppm) and
Sr (ppm) shows that Mo–W deposits of Lower Yangtze (BSL, XSJ, MT,
HYG, HMJ) are characterized by slightly higher Y and greater Sr in
comparison to Luming. Further, certain samples from Lower Yangtze
granites (BSL, MT) also suggest occurrence of Cu mineralization with
higher content of Sr. Apatite plot of Sr vs δEu and (La/Yb)N vs Sr (ppm)
exhibits that Mo–W and Cu deposits of Lower Yangtze are distinguished
by higher Sr, δEu and (La/Yb)N in contrast to Luming Mo–W deposits.
The F% and Sr (ppm) plotting displays that Mo–W and Cu deposits of

Fig. 19. Apatite discrimination plots from granites of Luming (LM) and LYRB. (a) Y(ppm) vs Sr (ppm). (b) δEu vs Sr (ppm). (c) (La/Yb)N vs Sr (ppm). (d) F (wt.%) vs
Sr (ppm). The fields are after Cao et al. (2012).

Fig. 20. Apatite plot of (Eu/Eu*)N and (Ce/Ce*)N from granites of Luming (LM) and Lower Yangtze Belt (BSL, XSJ, MT, HYG, HMJ). The fields are after Cao et al.
(2012).
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Lower Yangtze are represented by higher Sr and lower F content in
comparison to Luming Mo–W deposits. Hence, based on these inter-
pretations, we can propose that the contents of Sr, δEu, Y, F and (La/
Yb)N in apatite can be worthwhile to prove the degree of fractionation
and pinpoint varieties of ore deposits (Figs. 18 and19).

Granitic rocks linked with Cu mineralization commonly form from
oxidized nature of magmas, however, can be produced from moderate
reduced magma (Cao et al., 2012). The granites associated with Mo–W
mineralization can be generated from either oxidized or reduced felsic
magmas (Meinert et al., 2005; Cao et al., 2012; Sun et al., 2013). In the
present study, the geochemistry of apatites indicates that the granitic
rocks of Lower Yangtze are associated with Cu–Mo–W however, gran-
ites of Luming are linked with Mo–W mineralization (Fig. 19). Based on
strong negative europium anomaly and plot of (Ce/Ce*)N and (Eu/
Eu*)N (Fig. 20), we suggest that the mineralization and ore varieties in
granites of Lower Yangtze and Luming developed in moderated reduced
states of magma under lower oxygen fugacity which is consistent with
the findings of (Cao et al., 2012). Our interpretation contradicts the
observation of Jiang et al., 2018a who proposed that A-type granites of
Lower Yangtze are developed under oxidized as well as reduced states
of magma.

5.10. Implications for exploration of Cu–Mo–W deposits

Prior geological researches in the LYRB revealed that A-types
granites are associated principally with uranium and gold mineraliza-
tion, however, except this mineralization, the present study first time
explores Cu–Mo–W deposits in this belt and propose a new tectonic
model of the deposits based upon apatite geochemistry which is com-
parable to widely exposed Jurassic A-type granites of Central Nanling
region in term of mineralization and tectonic settings. Previous geolo-
gical investigations focused on geochemistry and regional metallogenic
features in the Luming granitic rocks and revealed that these granites
are Mo bearing (Chen et al., 2017). In this study, based on apatite
geochemistry, we further confirm that these rocks contain Mo–W de-
posits and exhibit similar characteristics of Jurassic Mo deposits of
Luming. This research work confirms that Sr, δEu, Y, F and (La/Yb)N, Li
versus SO3 and (La/Sm)N ratio versus (Yb/Sm)N in apatite are im-
portant to distinguish ore-bearing and barren granitic rocks in the Lu-
ming as well as Lower Yangtze Belt. This, together with the char-
acteristic that apatite is less vulnerable to alteration process, can be
reflected as primary feature of mineralized granites. Therefore, these
might be broad-spectrum attributes of mineralized plutons in the
Yangtze Belt as well as the Luming area, however, it still awaits con-
firmation from data on other deposits of Yangtze and Luming, which
are present in same geological settings. Additionally, our study displays
(Eu/Eu*)N ratios (0.20), higher Cl contents and greater Cl/F ratios of
Yangtze apatite, which can be reflected as characteristics of mineralized
rock. Although the rocks of Luming are represented by low chlorine
content, these are mineralized indicating that volatiles are not con-
sidered as powerful proxies to discriminate mineralized and un-
mineralized plutons. If these outcomes are confirmed by further re-
search works, then the evaluation of concentrations of apatite will
deliver a valuable tool not only in differentiating fertile and barren
rocks at an early phase of exploration but also in assessing the pro-
spective mineralization varieties for particular plutons.

6. Concluding remarks

Most significant findings from this research can be summarized in
the following orders:

(1) The apatites of Luming and Lower Yangtze can be characterized as
fluorapatites and based on their textural features, fluorapatites
characteristic and SiO2-MnO plot; we can advocate that these are
magmatic apatites, free from perceptible alteration and significant

to reflect the actual attributes of parental melts.
(2) The apatites indicate strong negative Eu anomalies that are in-

ducing from plagioclase crystallization earlier than apatite. The
noticed concentrations of major and trace elements in both apa-
tites were predominantly controlled by their contents in parental
melts and partitioning between apatite/melt or competing mi-
nerals. Moreover, the combined plot of ∑REE with host rocks SiO2

contents suggests that the ∑REE amounts in apatites are princi-
pally governed by SiO2 in the melt.

(3) The trace elements in apatites of Lower Yangtze and Luming are
controlled by titanite crystallization and crystal fractionation of
apatite respectively. Exsolution of Cl-bearing fluid is the main
cause of lower (La/Sm)N values in Luming apatite while the higher
(La/Sm)N values in Lower Yangtze apatites are due to titanite
governance. We suggest that the incorporation of more mafic
magma and restricted feldspar crystallization in Lower Yangtze
apatite in contrast to Luming are promising cause of higher con-
tents of Sr.

(4) The negative correlation of δEu vs Mn, δEu vs δCe and δEu vs Ga,
as well as the presence of strong negative Eu anomalies, advocate
that the parental magmas of the Luming and Lower Yangtze
granites are generated under moderately reduced conditions.

(5) Apatite Sr contents and REE ratios particularly (La/Yb)N, (Sm/
Yb)N and (La/Sm)N are documented as significant proxies to trace
the differentiation history of both granites.

(6) Contents of apatite volatiles can reveal the halogens augmentation
or paucity in the host rocks, those apatites comprising more
chlorine and less fluorine are linked with slab dehydration while
apatites with lower Cl and higher F contents implies association
with partial melting of lower crust material.

(7) The apatites composition suggests that both granites are non-
adakitic in nature, consistent with the host rocks non-adakitic
affinities.

(8) The contents of SO3 and Li in apatites can be more valuable to
distinguish the fertile granites in a prompt and cost-effective way
and are more proficient in contrast to REEs. The positive corre-
lation of SO3 with Li, (La/Sm)N vs (Yb/Sm)N and obvious varia-
tions of (La/Yb)N vs Eu/Eu* implies that the host rocks are ore-
associated.

(9) High F/Cl ratios, stable La/Sm ratios, highest δEu and lowest δCe
values in Lower Yangtze apatites suggest solid clues that the
magmas of these granites have association with slab dehydration.
Based on apatite geochemistry, we propose that the crustal thin-
ning, upwelling of asthenospheric mantle and associated
Cu–Mo–W mineralization in Lower Yangtze is induced from the
mutual impacts of Paleo-Pacific plate subduction and intraplate
extension. However, fairly high F/Cl ratios, stable La/Sm, lowest
δEu, highest δCe, and Sr/Th ratios of Luming apatites imply that
Mo–W bearing granites are originated in consequence of partial
melting of juvenile crustal material.

(10) Apatite contents of Sr, δEu, Y, F and (La/Yb)N are worthwhile to
pinpoint polymetallic mineralization and fingerprint for ore vari-
eties. Strong negative Eu anomalies and plot of (Ce/Ce*)N and
(Eu/Eu*)N suggest that the Cu–Mo–W mineralization developed in
moderate reduced states of magma under low oxygen fugacity.
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