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Abstract
Obtaining reliable petrochronological and geochemical data from metamict zircon may be challenging. Metamict zircon and 
crystalline apatite from the Meiwu granodiorite and its microgranular enclaves from the Paleo-Tethys belt are examined to 
constrain their crystallization ages and the genetic mechanism of related skarn mineralization. The metamict zircon yields 
highly disturbed 206Pb/238U dates. Transmission electron microscopy shows that radiation damage forms nanoscale-banded 
damaged zones, leading to spurious dates. The coexisting apatite has not accumulated radiation damage, and apatite crystals 
from the granodiorite and its enclaves yield reasonably precise LA-ICPMS U–Pb Tera–Wasserburg concordia lower inter-
cept dates of 240.2 ± 3.8 and 239.9 ± 4.0 Ma (2σ), with MSWDs of 1.0 and 2.1. Considering the fast cooling of the granite, 
the U–Pb dates effectively represent crystallization ages for these rocks. Compositional analysis shows that there are no Ce 
anomalies in apatite in either the granodiorite or enclave, indicating low oxygen fugacities. Apatite crystals from enclaves 
have weaker negative Eu anomalies, higher Sr, and lower HREE and Y contents than those in granodiorite. The compositions 
confirm enclaves as products of water-rich melts, resulting in amphibole fractionation and suppression of plagioclase crystal-
lization. The hydrous magma induced production of hydrothermal-fluids that mobilized metals dispersed in dry magma and 
concentrated them into mineralization traps, which contributed to the formation of widespread skarns in Paleo-Tethys belt. 
This study demonstrates that apatite is effective in tracing the evolution of magmatic systems containing metamict zircon.

Keywords Apatite petrochronology and geochemistry · Zircon radiation damage · Magma mixing · Skarn mineralization · 
Paleo-Tethys

Introduction

There have been considerable advances in the field of 
in-situ U–Pb geochronology since the first laser abla-
tion–inductively coupled plasma mass spectrometry system 

(LA–ICPMS) was developed (Gray 1985). These systems 
offer rapid acquisition of large datasets compared to isotope 
dilution-thermal ionization mass spectrometry or ion micro-
probe U–Pb methods, and have led to significant advances in 
placing temporal constraints on geological processes (Chew 
et al. 2014; Spencer et al. 2016). Zircon is undoubtedly 
the most popular U–Pb geochronometer, in part due to its 
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extremely high closure temperature and negligible common 
Pb contents (Spencer et al. 2016; Rubatto 2017). Although 
zircon represents generally a very U–Pb robust chronometer, 
metamictization of the zircon lattice from radioactive decay 
of U and Th, may be particularly pronounced in older zircon 
and/or in zircon with high actinide abundances. Metamicti-
zation may disrupt the U-(Th)-Pb isotope system and lead to 
Pb loss or gain, increasing the uncertainty and imprecision 
on a U-(Th)-Pb date (Corfu et al. 2003; Nasdala et al. 2004; 
Utsunomiya et al. 2004; Gao et al. 2014; Li 2016). Zircon 
with high U and Th contents, therefore, present many chal-
lenges as a geochronometer (Kogawa et al. 2012).

Apatite is another ubiquitous accessory mineral in many 
rocks, especially Ca-rich igneous and metamorphic rocks, as 
 P2O5 has a low solubility in silicate melts and only a small 
amount of phosphorus may enter the crystal lattices of other 
rock-forming minerals (Chew et al. 2011; Cao et al. 2012; 
Chew and Spikings 2015; Pochon et al. 2016; Szopa et al. 
2020). The abundance of apatite and its ability to incor-
porate some U and rare earth elements (REEs) make it is 
widely employed in U–Pb, Lu–Hf, and low-temperature 
thermochronology studies (Chew et al. 2011; Chew and 
Spikings 2015; Cao et al. 2019; Konecke et al. 2019). The 
typical high abundances of REEs along with Sr, and other 
trace elements, make it a powerful tool for tracing the source 
and evolution of geological systems (Gregory et al. 2009; 
Mao et al. 2016; Hughes et al. 2018; O'Sullivan et al. 2018; 
Hu et al. 2020; Yu et al. 2020a). The challenges of U–Pb 
dating of apatite include high common Pb/radiogenic Pb 
ratios and, in addition to volume diffusion at significantly 
lower temperatures than zircon, Pb mobilization mecha-
nisms can be associated with fluids and ‘fast pathway’ dif-
fusion through cracks/fractures and dislocations (Kirkland 
et al. 2018). Strategies to minimize the impact of these chal-
lenges include enhanced common Pb correction procedures 
and detailed textural observations via cathodoluminescence 
(CL) and back-scattered electron (BSE) imaging to improve 
laser-spot placement and data interpretation (Chew et al. 
2011; Kirkland et al. 2018).

Granitoids with abundant microgranular enclaves and 
related skarns are widespread in the Paleo-Tethys belt. Pre-
vious researchers have proposed that they were derived from 
magma mixing between mafic and felsic magmas (Luo et al. 
2015). Such processes also caused extensive skarn minerali-
zation and are associated with elevated oxygen fugacity as 
evidenced by zircon oxygen fugacity determinations from 
microgranular enclaves (Qiu and Deng 2017). Neverthe-
less, zircon from microgranular enclaves may not be suit-
able for calculations of oxygen fugacity because the exact 
composition of the parental magma, which is necessary for 
constraining magma oxygen fugacity, is unknown due to 
the assimilation of surrounding rocks (Yu et al. 2019; Zou 
et al. 2019). In addition, light rare earth elements (LREEs) 

are preferentially incorporated into damaged lattice sites of 
zircon during subsequent geological events, restricting the 
application of metamict zircon as an oxy-barometer (White-
house and Kamber 2002). As a result, the role of magma 
mixing in skarn mineralization in Paleo-Tethys rocks in the 
West Qinling is unknown. Metamict zircon and crystalline 
apatite from the Meiwu granodiorite and its microgranular 
enclaves in the West Qinling, central China, were subjected 
to LA-(MC)ICPMS U–Pb isotope dating. The crystal struc-
tures of zircon and apatite were identified by Raman spec-
troscopy and transmission electron microscopy (TEM). In 
addition, trace element abundances of apatite were analyzed 
for tracing the evolution of magmatic systems. The main 
contributions of this paper are twofold. First, we suggest 
apatite as an alternative petrochronometer in igneous rocks 
containing metamict zircon; and second, this study increases 
our knowledge of the petrogenetic processes responsible for 
the genesis of the Triassic granitoids and their contributions 
to skarn mineralization in the Paleo-Tethys belt.

Regional geology

The West Qinling orogen in central China between the 
North China and the South China blocks, including the 
North Qinling and South Qinling terranes, has a complex 
geological history (Fig. 1a; Dong et al. 2011a, b; Deng and 
Wang 2016). In the Paleozoic, oceanic crust of the Shang-
dan ocean underwent northward subduction beneath the 
North Qinling terrane at ca. 540 Ma, which is constrained 
by U–Pb zircon geochronology from subduction-related 
rocks (Dong et al. 2011b). It is inferred that the Shangdan 
ocean finally closed in the Early Devonian based on the 
widespread unconformity between the middle Devonian 
and older strata in the South Qinling terrane (Yang et al. 
2015a; Dong and Santosh 2016; Yu et al. 2019; Deng et al. 
2021). The Mianlue ocean, a branch of the Paleo-Tethys 
started spreading in the Silurian resulting in separation 
of the South Qinling terrane from the South China block 
(Dong and Santosh 2016; Deng et al. 2018). LA-ICPMS 
U–Pb ages of 300 to 250 Ma from arc-related anorthosite, 
andesite, and diabase have been interpreted to date the onset 
of subduction of the Mianlue ocean along the Animaqing-
Mianlue suture (Fig. 1a; Dong et al. 2016). Upper Triassic 
or Upper Triassic to Jurassic foreland molasse basins and 
NW-oriented fold and thrust fault systems mark the final 
closure of the Mianlue ocean (Fig. 1a; Yang et al. 2015b; 
Dong and Santosh 2016). This model is also supported by 
the widespread emplacement of granitoids (Fig. 1a; Li et al. 
2015; Yu et al. 2019). I-type granites with ages of ca. 250 
to 235 Ma show arc-related geochemical features, corre-
sponding to a subduction setting (Li et al. 2015; Qiu and 
Deng 2017). The granitoids ranging from 228 to 215 Ma 
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are enriched in large ion lithophile elements and the LREE 
and depleted in the high field-strength elements Nb and Ta, 
indicating they derived from thickened crust, likely in a 
syn-collisional setting (Dong and Santosh 2016; Geng et al. 
2017). Post-Triassic intercontinental deformation, orogenic 

collapse and subsidence occurred from ca. 215 to 185 Ma 
(Yu et al. 2020b). Rapakivi granitoids emplaced from 215 
to 185 Ma show features of I- to A-type granites, suggesting 
an extensional setting during the post-collision stage (Dong 
and Santosh 2016).

Fig. 1  a Major tectonic domains of the West Qinling in China. The 
inset shows the location of the study area (modified after Qiu et  al. 
2020). b Simplified geological map of the Xiahe–Hezuo polymetal-

lic district, showing the distribution of Triassic granitoids and mineral 
systems (modified after Qiu and Deng 2017)
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Petrology and related Skarn mineralization

The Xiahe–Hezuo polymetallic district is situated in the 
northwesterly part of the West Qinling orogen (Fig. 1). 
Widespread granitic bodies are typically elliptical in map 
view and define a total exposed area of approximately 
700  km2 (Fig. 1b). They generally consist of medium- to 
fine-grained biotite granodiorite, biotite quartz diorite and 
biotite quartz diorite porphyry, and intrude Carboniferous 
to Triassic greenschist-facies slate and carbonate rocks. 
Numerous studies have shown that these granitoids were 
mainly emplaced at 250–235 Ma during northward subduc-
tion of the Paleo-Tethys oceanic slab and are discontinuously 
distributed in a NW–SE direction (Li et al. 2015; Qiu and 
Deng 2017; Yu et al. 2019).

The Damai stock is located 20 km east of the city of 
Xiahe adjacent to the NW–SE trending Xiahe-Hezuo and 
Guanyindashan-Lishishan faults (Fig. 1b). It was intruded 
into Permian slates with a total outcrop area of about 30  km2 
(Fig. A.1a). The pluton is mainly composed of granodiorite 
(Fig. A.1b) that is fine- to medium-grained with a massive 
structure. It is mainly composed of quartz (10–50%), pla-
gioclase (20–50%), biotite (10–25%), amphibole (10–20%), 
and K-feldspar (5–20%) (Fig. A.1c, d), with apatite, zircon, 
and monazite as minor constituents.

The Meiwu batholith, with an area of 423  km2, is located 
20 km east of the Hezuo city. It crops out adjacent to the 
Xinpu-Lishishan anticline and intruded Carboniferous and 
Permian metasediments (Figs. 1, 2). The pluton is mainly 
composed of medium-grained monzogranite, granodiorite, 
biotite quartz diorite, and microgranular enclaves. The gran-
odiorite constitutes the major phase of the Meiwu batho-
lith, and contains plagioclase (30–45%), quartz (20–35%), 
K-feldspar (10–15%), biotite (5–15%), amphibole (5%) 
(Fig. 3a). Microgranular enclaves ranging from 5 to 50 cm 
in diameter occasionally occur in the biotite granodiorite. 
The granodiorite becomes porphyritic near the enclaves 
(Fig. 3b). The quartz is fine-grained and accounts for up 
to 30% of the matrix. Quartz phenocrysts in the granodior-
ite are comprised of rounded cores, surrounded by rims in 
optical continuity with the core but with fine-grained quartz 
inclusions (Fig. 3c). Enclaves are abundant in the granodi-
orite, ranging from a few centimeters to tens of meters in 
diameter, with sharp contacts (Figs. 2a–d, 3d). They some-
times contain back veins and capture quartz and plagioclase 
xenocrysts (Fig. 2b–f). Quartz megacrysts surrounded by 
amphibole and biotite are common in the enclaves (Fig. 3e). 
Euhedral to subhedral plagioclase xenocrysts show sieved-
textured cores filled with fine-grained biotite, amphibole, 
and apatite, and smooth rims with resorption bounda-
ries between cores and rims (Fig. 3d, f). In some cases, 

glomerocrysts of amphibole and biotite give the rocks a 
glomeroporphyritic texture (Fig. 3g). Apatite is a common 
accessory mineral in the enclaves, occurring as columnar 
and acicular crystals (Fig. 3f, h).

Several skarn deposits genetically related to the Meiwu 
batholith occur along the margins of the batholith in the 
Permian carbonate, including the Meiren, Shanglanggang, 
and Riduoma iron deposits and the Xiaheijiangang, Nike-
jiang, and Xiazhalu copper deposits (Fig. 1). The Meiren 
iron deposit is located in the northeastern part of the Meiwu 
batholith (Fig. 1; Luo et al. 2015; Qiu et al. 2021a). The 
skarns are generated by contact metamorphism from the 
thermal effects of the intrusion (Li et al. 2019; Hu et al. 
2020). Four stages of skarn and ore formation in the Meiren 
deposit associated with the Meiwu batholith were: (I) pro-
grade skarn (garnet-diopside-wollastonite); (II) retrograde 
skarn (amphibole-epidote-phlogopite-magnetite); (III) 
sulfide (chalcopyrite-pyrite-quartz); and (IV) carbonate (cal-
cite) (Qiu and Deng 2017; Sui et al. 2017). The prograde 
skarn stage is intensely developed within the granodiorite 
and sedimentary rocks. It formed under higher tempera-
ture and has a generally anhydrous mineral assemblage that 
contains diopside, garnet, and wollastonite. The retrograde 
skarn stage is characterized by a lower temperature and gen-
erally hydrous minerals (Meinert et al. 2005; Qiu and Deng 
2017). The main Fe mineralization phase is associated with 
the retrograde skarn stage, and magnetite is the predominant 
mineral in the massive ores (Qiu et al. 2021a). The sulfide 
stage is represented by widely distributed quartz-pyrite 
veins, which were then cut by calcite veins associated with 
the carbonate stage.

Sampling and analytical procedures

Sample description and mineral separation

One granodiorite sample of the Damai pluton was collected 
(Fig. A.1d). Two representative samples of the granodiorite 
and the microgranular enclaves of the Meiwu pluton were 
also investigated (Fig. 2e, f). The sample locations and 
petrography are summarized in Table 1. The three samples 
were crushed and disaggregated to 40–60 mesh and zircon 
and apatite crystals were separated using conventional siev-
ing, and magnetic and heavy liquid separation methods at 
the Langfang Regional Geological Survey, Hebei Province, 
China. Zircon and apatite separates were handpicked from 
the mineral separates under a binocular microscope on the 
basis of size, color, and morphology. The handpicked sepa-
rates were then mounted in epoxy resin and polished down 
to near half sections to expose internal structures. Polished 
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mounts were carbon coated for CL and BSE imaging. The 
CL and BSE images for zircon and apatite were obtained 
using a Tescan MIRA3 field-emission scanning electron 
microscope under operating conditions of 10 kV and 20 nA 
at Langfang Tuoxuan Rock and Mineral Testing Service Co., 
Ltd., China. The imaging techniques were used to identify 
domains within zircon and apatite grains without inclusions 
or cracks for micro-analysis.

Zircon and apatite LA–(MC)–ICPMS U–Pb dating

Zircon and apatite U–Pb isotope analyses were conducted 
by LA–(MC)–ICPMS at the Isotopic Laboratory, Tianjin 
Center, China Geological Survey. Zircon dating was per-
formed by a Neptune double focusing multiple-collector cou-
pled to a NEW WAVE 193 nm-FX ArF Excimer laser-abla-
tion system. Apatite dating was performed using an Agilent 
7900 ICPMS coupled to a RESOlution-LR 193 nm-FX ArF 

Fig. 2  a Outcrop of the Meiwu batholith. b–d Sharp contact between granodiorite and hosting microgranular enclaves. e Hand specimen of 
granodiorite (17MR02). f Hand specimen of microgranular enclaves capturing quartz and plagioclase xenocrysts (17MR16)
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Excimer laser-ablation system. The detailed operating condi-
tions and data reduction procedures follow those described 
in Geng et al. (2017) and Yu et al. (2020a), and are listed in 
Table A.1 in the format proposed by Horstwood et al. (2016). 
Zircon and apatite analyses were conducted with a beam 

diameter of 30 and 40 μm respectively and an 8 Hz repetition 
rate. Each analysis incorporated a background acquisition 
of 20 s (gas blank) followed by data acquisition from the 
sample. Off-line selection and integration of background and 
analyte signals, and time-drift correction and quantitative 

Fig. 3  a Granodiorite at Meiwu contains plagioclase, quartz, K-feld-
spar, biotite, and amphibole. b Texture of granodiorite turns por-
phyritic near the enclaves. c The quartz phenocryst in granodiorite 
contains fine-grained quartz grains in the square quartz rim and a 
medium-grained round quartz core. d Sharp contact between grano-
diorite and hosting microgranular enclaves. e Quartz megacryst is 

surrounded by amphibole and biotite in the enclave. f Plagioclase 
xenocrysts show sieved textural cores filling with fine-grained biotite, 
amphibole, and apatite, and smooth rims, with resorption boundaries 
between cores and rims in the enclave. g Glomerules of amphibole 
and biotite in the enclave. h Columnar and acicular apatite. MME 
microgranular enclave, Apt apatite, Kfs K-feldspar
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calibration for U–Pb dating were performed using in-house 
software ICPMSDataCal 11.8 (Liu et al. 2010). Standard 
bracketing and linear fitting of adjacent standards are applied 
to correct the isotopic fractionation. Uncertainty propagated 
from external standard are also performed by the software 
(Liu et al. 2010). Plešovice zircon (primary; weighted mean 
206Pb/238U date at 336.9 ± 1.88 Ma; Sláma et al. 2008) and 
91500 zircon (secondary; weighted mean 206Pb/238U date at 
1064.0 ± 5.6 Ma; Wiedenbeck et al. 1995) were used as the 
age reference materials for zircon U–Pb geochronology anal-
yses. Plešovice zircon (primary; weighted mean 206Pb/238U 
date at 336.6 ± 3.4 Ma; Sláma et al. 2008), Otter Lake apatite 
(primary; Tera–Wasserburg concordia lower intercept date 
at 911 ± 48 Ma; Barfod et al. 2005) and MAD2 apatite (sec-
ondary; Tera–Wasserburg concordia lower intercept date at 
476.2 ± 7.8 Ma; Cochrane et al. 2014) were used as the age 
reference materials for apatite U–Pb geochronology analy-
ses. The NIST SRM 610 and 612 reference material glasses 
were used as an external standard to calculate U, Th, and 
Pb concentrations of zircon and apatite, respectively. The 
internal element standard isotope was 43Ca for apatite trace 
element analyses. The typical analytical uncertainty ranges 
from 10% for light rare earth elements (LREE) to 5% for 
other trace elements. Zircon U–Pb data were not corrected 
for common Pb. Common Pb correction of apatite U–Pb 
data employed a Tera–Wasserburg Concordia approach, 
which involved projecting a straight line through the uncor-
rected data on a Tera–Wasserburg Concordia to determine 
the common Pb-component on the 207Pb/206Pb axis and the 
238U/206Pb age can then be calculated as a lower intercept 
238U/206Pb age on the concordia (Chew et al. 2014). Age cal-
culations and concordia plots were reported at the 2σ uncer-
tainty level and were processed using the Isoplot software 
(version 3.75; Ludwig 2012).

Zircon radiation damage calculations

The degree of radiation damage is quantitatively described 
as a time-integrated α-fluence (Dα) and is estimated using 

U and Th contents, and the apparent age (Ewing et al. 2003; 
Gao et al. 2014). Following Ewing et al. (2003), Dα is cal-
culated by the following formula:

where  N238,  N235, and  N232 are the numbers of atoms/g of 
238U, 235U and 232Th; τ238, τ235, and τ232 are the half-lives of 
238U, 235U and 232Th and t is the apparent age (Ewing et al. 
2003; Gao et al. 2014).

Raman spectroscopy

Raman spectra were collected to determine the relation-
ship between crystal structure, Dα, and 206Pb/238U appar-
ent age. Raman micro-analysis was performed using the JY 
Horiba LabRam HR Evolution microprobe with a 532 nm 
Ar laser excitation at the Analytical Laboratory of the Bei-
jing Research Institute of Uranium Geology, Beijing, China. 
Spectra were acquired at room temperature using a 2 μm 
laser beam. The Raman spot was placed in the same tex-
tural zones identified by CL-imaging, and immediately 
adjacent to the ablation pit created by the LA–MC–ICPMS 
measurement, facilitating comparison against a known Dα 
(White and Ireland 2012; Gao et al. 2014). The full width at 
half-maximum of the ν3(SiO4) Raman band at ∼1000  cm–1 
(FWHMν3) was calculated by band fits assuming Gaussian 
shapes using the ORIGIN 2018 software.

Transmission electron microscopy

Zircon grain of 17MR02.1 was selected for focused ion 
beam (FIB) sampling at the Center for Lunar and Planetary 
Sciences, Institute of Geochemistry, Chinese Academy of 
Sciences. The ion-milled and thinned sample was analyzed 
using a TEM FEI Talos F200S, operating at 200 kV at the 
CAS Key Laboratory of Mineralogy and Metallogeny and 
Guangdong Provincial Key Laboratory of Mineral Physics 

(1)

D� = 8 ∗ N238[exp(t∕�238 − 1)]+7 ∗

N235

[

exp(t∕�235 − 1)
]

+6 ∗ N232

[

exp(t∕�232 − 1)],

Table 1  Summary of sample information

No Location Lithology Texture Mineral assemblage Analytical contents

17DM06 Damai stock, 
102° 42′ 02″ E, 
35° 13′ 28″ N, 2760 m

Granodiorite Fine- to medium -grained 
hypidiomorphic-
granular

Qz (35%), Pl (35%), Bt 
(15%), Amp (10%), and 
Kfs (5%)

Zircon U–Pb; Zircon 
Raman

17MR02 Meiwu batholith, 
103° 10′ 39″ E, 
35° 03′ 38″ N, 3560 m

Granodiorite Medium -grained hypidi-
omorphic-granular

Pl (40%), Qz (30%), Kfs 
(15%), Bt (10%), and 
Amp (5%)

Zircon U–Pb; Zircon 
Raman; Apatite U–Pb 
and trace element; 
TEM; Biotite EPMA

17MR16 Meiwu batholith, 
103° 10′ 39″ E, 
35° 03′ 38″ N, 3560 m

Microgranular enclave Fine-grained hypidiomor-
phic-granular

Bt (35%), Amp (25%), Pl 
(25%), and Qz (15%)

Zircon U–Pb; Zircon 
Raman; Apatite U–Pb 
and trace element; 
Biotite EPMA
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and Materials, Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences. The detailed operating condi-
tions and data reduction follow that previously described 
in Gu et al. (2018), Xu et al. (2018) and Xian et al. (2019).

The FIB milling was conducted with a Zeiss Auriga Com-
pact dual beam instrument equipped with an Omniprobe 
AutoProbe 200 micromanipulator. Ion beam conditions for 
the final thinning and polishing were 5–30 kV high voltage 
with beam currents of 43 pA–5 nA. The FIB sections were 
prepared to ∼100 nm thickness and ∼10 × 3 μm2 in area. 
Phase structures were analyzed by high resolution TEM 
imaging (HRTEM) and selected area electron diffraction 
(SAED).

Electron probe micro‑analysis of biotite

The major element compositions of biotite in thin sec-
tion from the Meiwu granodiorite (17MR02) and MME 
(17MR16) was undertaken using a JXA-8230 electron-probe 
micro-analyser at the Analytical Laboratory of the Beijing 
Research Institute of Uranium Geology, Beijing, China. 
The instrument was operated with an accelerating voltage 
of 15 kV, a probe current of 20 nA, and a 5 μm focused 
electron beam size. Detailed operating conditions, calibra-
tion standards, and data correction follow those described 
in Qiu et al. (2019). The crystallo-chemical formulae were 
calculated on the basis of 22 oxygens.

Biotite geothermobarometer

The Al and Ti contents of biotite in granitoids may be used 
to estimate the crystallization pressure and temperature. The 
crystallization pressure of biotite was estimated as follows 
(Uchida et al. 2007):

where  AlT is the number of atom per formula unit (apfu) nor-
malized on the basis of 22 oxygens. Crystallization tempera-
ture of biotite is expressed as follows (Henry et al. 2005):

(2)P (kbar) = 3.03 × AlT − 6.53(±0.33),

(3)T (◦C) =
((

ln(Ti) − a − c ×
(

XMg

)3
)

∕b
)0.33

(±12◦C),

where Ti is the number of apfu, the XMg is Mg/(Mg + Fe), 
a = − 2.3594, b = 4.6482 ×  10–9, and c = 1.7283. The appli-
cation conditions for this biotite geothermometer are Ti 
(apfu) = 0.04–0.60, XMg = 0.275–1.000, and T = 480–800 °C 
(Henry et al. 2005).

Analytical results

Zircon morphology and LA–MC–ICPMS U–Pb ages

Zircon crystals separated from Damai and Meiwu samples 
show variable morphologies and internal textures in CL 
images (Fig. 4a). Most zircon grains from Damai grano-
diorite (17DM06) are pristine, euhedral and display well-
developed oscillatory, lengthwise, and sector growth zon-
ing (Fig. 4a). The crystals have lengths of 100–180 μm 
and aspect ratios of 2:1 to 3:1. Zircon crystals from Meiwu 
granodiorite (17MR02) and the microgranular enclave 
(17MR16) are euhedral, exhibit low CL responses, but show 
oscillatory growth zoning (Fig. 4a). They vary from 110 to 
220 μm in length, with aspect ratios between 2:1 and 3:1. 
Fine-grained mineral inclusions are visible in most crystals 
in CL images from the Meiwu granodiorite and microgranu-
lar enclave samples. Most of the inclusions are zircon and 
apatite, and a few are feldspar and thorite (Fig. 4a).

The results of the LA–MC–ICPMS zircon U–Pb dating 
are presented in Table A.2 and illustrated in Fig. 4. The age 
of the Damai granodiorite is determined by 20 dates from 
20 grains from sample 17DM06, yielding a weighted mean 
206Pb/238U date of 241.8 ± 2.6 Ma (2σ) (MSWD = 0.86) 
(Fig. 4c). They show Th and U contents of 42–307 ppm 
and 196 to 1101 ppm respectively. The Th/U ratios range 
from 0.14 to 0.36, most of which are between 0.20 and 0.35 
(Table A.1; Fig. 4b).

Sixty-two analyses on 61 grains were undertaken on 
Meiwu granodiorite (17MR02). Twelve analyses yielded 
large discordance (>15%) and are excluded from age cal-
culations (Table A.2). The measured Th and U contents of 
the remaining 49 analyses ranges from 100 to 772 ppm and 
193 to 4876 ppm, with Th/U ratios ranging from 0.10 to 
0.52 (Table A.2; Fig. 4d). They yield disturbed 206Pb/238U 
dates ranging between 221 and 264 Ma (Fig. 4e). Of the 96 
analyses on 94 zircon grains from the Meiwu microgranu-
lar enclave (17MR16), 44 analyses recorded significant 
discordance (>15%) and one zircon is inherited in origin 
(207Pb/206Pb age of 1833 Ma) and is omitted from the age 
calculations. The remaining 51 spots yield 181–738 ppm 
Th, 1009–3688 ppm U, Th/U ratios of 0.10 to 0.30 and show 
significant disturbance of the U-Pb isotope system (Fig. 4f). 
They have highly scattered 206Pb/238U dates ranging from 
222 to 276 Ma (Fig. 4g).

Fig. 4  a CL images showing variable morphologies and internal 
textures in zircon separated from Damai and Meiwu samples. b, c 
Wetherill concordia and 206Pb/238U age plots for zircon U–Pb analy-
ses of the Damai granodiorite (17DM06). The weighted mean date 
represents the crystallization age of the Damai granodiorite. d–g 
Wetherill concordia and 206Pb/238U age plots for zircon U–Pb anal-
yses of Meiwu granodiorite (17MR02) and microgranular enclave 
(17MR16). Wide range of zircon 206Pb/238U dates could be attrib-
uted to metamictization caused by radiation damage. Data-point error 
ellipses and bars are at the 2σ uncertainty level

◂



 Contributions to Mineralogy and Petrology (2021) 176:68

1 3

68 Page 10 of 19

Zircon Dα values

The Dα values of zircon that crystallized in the granodior-
ites and the microgranular enclave are presented in Table 
A.3 and illustrated in Fig. 5. The Damai zircon crystals 
(17DM06) yield Dα values at 0.17 to 0.93  (1015/mg), with 
a mean value of 0.56  (1015/mg). The Meiwu granodiorite 
(17MR02) zircon crystals show high Dα values, ranging 
from 0.17 to 3.80  (1015/mg), with a mean value of 1.83 
 (1015/mg). The 51 zircon crystals from Meiwu microgranu-
lar enclave (17MR16) exhibit high Dα values, ranging from 
0.87 to 2.87  (1015/mg), with a mean value of 1.71  (1015/mg) 
(Table A.3; Fig. 5).

Zircon Raman spectra

Following the LA–ICPMS U–Pb dating, Raman spectra of 
magmatic zircon crystals were measured. The results of the 
Raman analyses are shown in Fig. 6. Seven dominant peaks 
occur at ca. 205, 212, 220, 353, 437, 973, and 1004  cm−1 
with the most intense peak being 1004  cm−1 in the majority 

Fig. 5  206Pb/238U ages versus Dα for zircon U–Pb analyses of the 
Damai granodiorite (17DM06) and Meiwu granodiorite (17MR02) 
and microgranular enclave (17MR16). Data-point error bars are at the 
2σ uncertainty level

Fig. 6  a Representative Raman spectra of the Damai granodiorite 
(17DM06) and Meiwu granodiorite (17MR02) and microgranular 
enclave (17MR16). b–d Raman spectra versus Dα of the Damai and 
Meiwu zircon. Compared with distinct, narrow internal and external 

vibrational modes in Raman spectra of the Damai zircon, the Raman 
bands from Meiwu decrease in intensity, increase in half-width 
height, and show a notable shift towards lower wavenumbers
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of the zircon crystals from the Damai granodiorite (Table 
A.3; Fig. 6a, b). However, the spectral bands for the zir-
con crystals from the Meiwu granodiorite and enclave are 
broader, with some peaks disappearing completely. Gener-
ally, five dominant peaks occur at ca. 206 (covering two 
adjacent peaks), 346, 436, 965, and 995  cm−1 and some-
times the 965 peak is covered by the broader 995  cm−1 
peak (Table A.3; Fig. 6a, c, d). Of the bands representing 
internal vibrations of  SiO4 tetrahedra, the v3(SiO4) Raman 
band (frequency about 1000  cm−1) is the most sensitive and 
its intensity becomes weaker in the zircon from the Meiwu 
granodiorite and enclave.

Zircon and apatite transmission electron microscopy

Detailed examination by TEM of foils taken from Meiwu 
zircon (17MR02.1) (see Fig. 4a for location) reveals that the 
grain contains banded damaged zones (Fig. 7). The zones 
are a few hundred nanometers wide and parallel to the oscil-
latory zoning (Fig. 7a, b). The crystalline zircon shows an 
almost perfect crystalline structure (Fig. 7c), while HRTEM 
and SAED images of the damaged zones show amorphous 
domains (Fig. 7d, e). The apatite inclusion shows a perfectly 
crystalline structure (Fig. 7f).

Fig. 7  a, b TEM images showing banded damaged zone in zircon. c–f HRTEM images of crystalline zircon, damaged zircon, damaged zircon, 
and crystalline apatite with insets of the SAED
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Apatite morphology, composition and LA–ICPMS U–
Pb dating

Apatite crystals separated from Meiwu granodiorite 
(17MR02) are pristine and euhedral without obvious frac-
tures and inclusions. They vary from 80 to 200 μm in length, 
with aspect ratios between 2 and 3. The crystals are dark 
in CL images and display fine oscillatory growth zoning 
(Fig. 8a). Thirty-one analyses on 31 grains define a well-
constrained mixing line between the radiogenic and the 
common Pb components, yielding a U–Pb Tera–Wasserburg 
concordia lower intercept date of 240.4 ± 3.8 Ma with an 
MSWD = 1.0 (2σ) (Table A.4; Fig. 8a). The lower intercept 
was anchored using a 207Pb/206Pb value of 0.852 derived 
from the Stacey and Kramers (1975) terrestrial Pb evolu-
tion model. The Tera–Wasserburg U–Pb unanchored lower 
intercept date is 240.4 ± 8.0 Ma with an MSWD = 1.0 (2σ). 
The apatite crystals have Th contents of 9–235 ppm, U con-
tents of 14–235 ppm, with Th/U ratios of 0.27–1.22. Apatite 
crystals from the Meiwu microgranular enclave (17MR16) 
are anhedral and pristine without obvious fractures and 

inclusions. All grains are between 80 and 120 µm in size, 
with elongation ratios ranging between 1 and 1.5. These 
apatite crystals are CL bright and display faint zoning pat-
terns (Fig. 8b). Twenty-nine analyses on 29 grains yielded 
a U–Pb Tera–Wasserburg concordia lower intercept date 
of 239.9 ± 4.0 Ma (2σ) with an MSWD of 2.1. The lower 
intercept was anchored using a 207Pb/206Pb value of 0.852 
(Stacey and Kramers 1975). The Tera–Wasserburg U–Pb 
unanchored lower intercept date is 240.0 ± 10.8 Ma with an 
MSWD = 2.1 (2σ). They have Th content of 35–139 ppm, U 
content of 23–191 ppm, with Th/U ratios ranging from 0.38 
to 1.74 (Table A.2; Fig. 8b).

Most of the apatite crystals from the Meiwu grano-
diorite (17MR02) yield relatively uniform abundances 
on trace element plots (Fig. 9a), except for two analy-
ses 17MR02.19 and 17MR02.22. The rest of them have 
Sr contents ranging from 161 to 271 ppm, Y contents 
ranging from 854 to 3976  ppm, and Sr/Y ratios from 
0.04 to 0.32 (Table A.5). The chondrite normalized val-
ues show slight enrichment in the LREE (mean LREE/
HREE = 2.79), no Ce anomaly (mean Ce/Ce* = 1.19), and 

Fig. 8  Tera-Wasserburg concordia plots for apatite U–Pb analyses of the Meiwu granodiorite (17MR02, a) and microgranular enclave (17MR16, 
b), representing their crystallization ages. Data-point error ellipses are 2σ uncertainty level

Fig. 9  Chondrite-normalized rare earth element patterns for apatite of the Meiwu granodiorite (17MR02, a) and microgranular enclave 
(17MR16, b). The REE concentrations are normalized to the chondrite composition reported by McDonough and Sun (1995)
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a pronounced negative Eu anomaly (mean Eu/Eu* = 0.03) 
(Fig. 10a). The apatite crystals from Meiwu microgranu-
lar enclave (17MR16) also exhibit a minimal scatter in 
the trace element compositions (Fig. 9b). They have Sr 
contents ranging from 677 to 975 ppm, Y contents rang-
ing from 221 to 863 ppm, with Sr/Y ratios from 0.79 to 
4.41 (Table A.3). Plots of chondrite normalized REE val-
ues are characterized by distinct enrichment in the LREE 
(average of LREE/HREE = 18.79), no Ce anomaly (mean 
Ce/Ce* = 1.18), and a negative Eu anomaly (mean Eu/
Eu* = 0.54) (Fig. 10b).

Biotite composition and estimations 
of crystallization pressure and temperature

The EPMA results of biotite grains are presented in 
the Table A.6. Biotite grains from the Meiwu granite 
(17MR02) and MME (17MR16) have similar major 
element compositions. The Meiwu granite biotite 
yields  SiO2 of 37.17–38.46%, MgO of 11.94–12.74%, 
 Al2O3 of 13.96–14.46%, and  TiO2 of 2.87–3.35%. The 
Meiwu MME biotite has  SiO2 of 35.41–39.28%, MgO 
of 11.89–14.46%,  Al2O3 of 13.55–15.05%, and  TiO2 of 
2.94–3.55%. Crystallization pressures for granite range 
from 0.99 to 1.27 kbar, with an average at 1.08 ± 0.17 
kbar, equivalent to a depth of 4.1 ± 0.6 km. The MME 
show similar crystallization pressures ranging from 
0.73 to 1.50 kbar, with an average at 1.08 ± 0.17 kbar, 
equivalent to a depth of 4.1 ± 0.6 km. Crystallization 
temperatures for the granite vary from 694 to 710 °C, 
with a mean value of 697 ± 6 °C, similar to those for 
MME that vary from 703 to 725 °C, with a mean value 
of 712 ± 6 °C.

Discussion

Radiation damage of zircon from the Meiwu 
batholith

Zircon crystals from Damai granodiorite and Meiwu grano-
diorite and enclaves show oscillatory zoning or lengthwise 
zoning, all of which suggest a magmatic origin (Fig. 4a; 
Corfu et al. 2003; Yu et al. 2020a). The Damai zircon crys-
tals yield 206Pb/238U dates ranging from 239 to 248 Ma 
and a weighted mean 206Pb/238U date at 241.9 ± 2.6 Ma, 
which is interpreted as the crystallization age for the intru-
sion (Fig. 4c). Compared with the Damai zircon crystals, 
the crystals from Meiwu granodiorite and enclaves yield a 
wide range of 206Pb/238U dates from 221 to 264 Ma and 222 
to 276 Ma respectively (Fig. 4e, g). Generally, such a wide 
range of apparent zircon crystallization dates is unreason-
able for a simple igneous crystallization history and could 
be attributed to metamictization caused by radiation damage 
(Nasdala et al. 2003; Kusiak et al. 2013; Gao et al. 2014; 
Spencer et al. 2016; Widmann et al. 2019; Deng et al. 2020a; 
Fu et al. 2021). The Raman spectra of Damai zircon grains 
are similar to those of non-metamict zircon, with distinct, 
narrow internal and external vibrational modes, indicating 
that the Damai zircon is crystalline (Fig. 6a, b; Nasdala 
et al. 2003). However, the ν3(SiO4) Raman bands for zir-
con from Meiwu decrease in intensity, increase in FWHM 
(~ 17  cm−1 for Meiwu compared to ~ 7  cm−1 for Damai), and 
show a notable shift towards lower wavenumbers compared 
with the Raman spectra of the Damai zircon (~ 996  cm−1 
for Meiwu compared to ~ 1004  cm−1 for Damai) (Fig. 6). 
Such Raman spectra confirm that all the zircon from Meiwu 
are significantly more metamict (Nasdala et al. 2003). In 
addition, a banded texture is observed in TEM images of 
the Meiwu zircon (Fig. 7a). The mosaic texture shown by 

Fig. 10  Plots of Ce/Ce* versus Eu/Eu* (a) and Sr versus Y (b) for apatite of the Meiwu granodiorite (17MR02, a) and microgranular enclave 
(17MR16, b)
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elliptical distortion of the diffraction spots indicates that 
damage accumulates along the oscillatory zoning, even-
tually creating banded damaged zones (Utsunomiya et al. 
2004). HRTEM and SAED images show that the damaged 
zones near the mineral inclusions have the lowest crystallin-
ity, suggesting that significant radiation damage takes place 
preferentially at the mineral interface (Fig. 7d, e).

Metamorphic zircon with an irregular redistribution of 
Pb due to mobilization of radiogenic Pb leading to spurious 
dates is commonly reported in zircon studies (Kusiak et al. 
2015; Valley et al. 2015; Ge et al. 2019; Lyon et al. 2019). 
In some cases, the apparent zircon dates are much younger, 
which is attributed to either episodic Pb loss during later 
geological events or longer-term diffusive radiogenic Pb loss 
(e.g.,Kusiak et al. 2013; Peterman et al. 2016; Widmann 
et al. 2019). If Pb is mobilized within zircon grains, it accu-
mulates and as a result causes either Pb clusters (Kusiak 
et al. 2013; Valley et al. 2015) or Pb nanospheres (Kusiak 
et al. 2015; Whitehouse et al. 2017; Lyon et al. 2019). The 
intra-crystalline radiogenic Pb accumulation would result in 
a high radiogenic Pb content in an analysis and therefore pro-
duce spurious isotopic ratios and old dates (e.g.,Utsunomiya 
et al. 2004; Valley et al. 2015; Peterman et al. 2016; White-
house et al. 2017; Ge et al. 2019). Our U–Pb results show 
that 206Pb/238U dates for zircon with Dα > 1.04  (1015/mg) 
are disturbed, exhibiting not only much older dates, but also 
much younger dates than those with Dα < 1.04  (1015/mg) 
(Fig. 5). It reinforces explicitly the idea that U–Pb dating 
of metamict zircon like those from Meiwu is commonly 
complicated by both apparent Pb loss and gain (Kusiak 
et al. 2015; Ge et al. 2019; Lyon et al. 2019; Widmann et al. 
2019). Significantly, the 206Pb/238U date decreases as Dα 
increases (Fig. 5), implying that Pb loss is a more important 
control on disturbance of the zircon U–Pb age system in the 
Meiwu samples. As such, the radiation damage of zircon 
limits its accuracy as a geochronometer.

Apatite petrochronological constraints on the age 
of the Meiwu batholith

The apatite crystals from the Meiwu granodiorite and 
enclave yield U–Pb Tera–Wasserburg concordia lower inter-
cept dates of 240.4 ± 3.8 and 239.9 ± 4.0 Ma, with MSWDs 
of 1.0 and 2.1 (Fig. 8). Whether these dates can represent 
crystallization ages for the Meiwu batholith needs to be esti-
mated by the closure temperature for apatite U–Pb and cool-
ing duration of the batholith (Zhang et al. 2010). Simulated 
and experimental results indicated the closure temperature 
for Pb diffusion in apatite has a wide range varying from 
350 to 550 °C, and even up to 770 to 870 °C (Cherniak et al. 
1991; Chew and Spikings 2015; Pochon et al. 2016). It is 
therefore necessary to estimate the closure temperature of 

the studied apatite crystals for evaluating the significance of 
the apatite U–Pb dates (Pochon et al. 2016). The Pb diffu-
sion parameters were controlled by effective diffusive radius 
and cooling rate (Dodson 1973; Cherniak et al. 1991). The 
apatite crystals from the Meiwu batholith are typically > 100 
microns in length (Fig. 8). The cooling rate is estimated at 
over 100 °C/Ma by Ar–Ar dates of coexisting amphibole 
(243.34 Ma) and biotite (244.05 Ma) (unpublished data). 
The apatite U–Pb closure temperature is thus calculated at 
530 °C (Cherniak et al. 1991; Chamberlain and Bowring 
2001). Zhang et al. (2010) proposed a mathematical model 
to constrain the cooling duration of the pluton on the basis 
of the geothermic model (Buntebarth 2012):

where erf (x) = (2/
√

� ) ∫ x

0
exp

(

−t2
)

dt , D is the radius (km), 
k is the thermal diffusivity  (10–3  cm2s−1), t is the cooling 
time (Ma), Tf is the cooling temperature of pluton (°C), Tw 
is the temperature of wall rock (°C), Ti is the initial tem-
perature of pluton (°C). In this study, D = 5 km based on the 
sample location; k is 2.92 (Zhang et al. 2010); Tf is 530 °C; 
Tis of granodiorite and MME are 697 °C and 712 °C, Tw is 
calculated as 82 °C based on the paleo-surface temperature 
of 0 °C, the paleo-geothermal gradient of 20 °C/km, and 
the paleo-depth of 4.1 km. The cooling durations from the 
crystallization temperature to the apatite U–Pb closure tem-
perature of the granodiorite and MME obtained following 
these calculations are both 1.6 Ma.

Given the high closure temperature (530 °C) and rapid 
modeled cooling duration (1.6 Ma), the U–Pb dates obtained 
on apatite can effectively be represented as the crystal-
lization ages for the granodiorite and MME, although the 
semi-quantitative estimates bear large uncertainties and 
are indicative values only. These results confirm that the 
Meiwu batholith belongs to the main phase of magmatism 
(250–235 Ma), associated with subduction of the Paleo-
Tethys ocean (Luo et al. 2015; Yu et al. 2020a). The data are 
reasonably precise (2%) considering the young date of the 
samples in part because of the relatively higher U content of 
the apatite from Meiwu (9–235 ppm, Table A.1) than typical 
apatite (c. 12.5 ppm; O’Sullivan et al. 2018). The radia-
tion damage in zircon caused by the emission of α-particles 
from the decay chains of U and Th accumulates, disrupts 
the lattice, and eventually leads to disturbances of appar-
ent 206Pb/238U dates (Fig. 5). By contrast, apatite crystals 
from Meiwu are not metamict as observed in TEM images 
(Fig. 7f). The lower U and Th contents along with anneal-
ing processes that heal radiation damage, result in apatite 
remaining crystallographically intact and less likely to lose 
or gain Pb (Engi 2017). Apatite with high U content thus 
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offers a convenient alternative to dating igneous rocks host-
ing metamict zircon.

Apatite geochemistry constrains the contribution 
of magma mixing to skarn systems 
in the Paleo‑Tethys belt

Arc magmas formed along convergent plate margins are 
driven to more evolved and hydrous compositions by frac-
tional crystallization, assimilation, and melting in the lower 
crust (e.g., Nathwani et al. 2020). The evolved and hydrous 
arc magmas may result in the formation of economically 
valuable magmatic-hydrothermal ore deposits (Sillitoe 2005; 
Qiu et al. 2021b). Magma mixing processes are considered 
to play important roles in facilitating volatile accumula-
tion and enrichment in ore-forming components (e.g., Qiu 
and Deng 2017; Deng et al. 2020b). However, unraveling 
the process of magma mixing using bulk-rock composi-
tions alone can be challenging because of the crustal con-
tamination processes (Richards 2011). In addition, loss of 
elements in zircon by diffusion and bulk dissolution may 
proceed rapidly in radiation damaged domains, which may 
make the trace elements of metamict zircon an unreliable 
petrogenetic tracer (Finch and Hanchar 2003). Microgran-
ular enclaves are commonly distributed within dozens of 
granitoids in the Xiahe–Hezuo polymetallic district, such 
as the Meiwu, Damai, Dewulu, and Xiahe granitoids, which 
host the Dewulu, Gangyi and Nanban skarn Cu deposits, 
and the Meiren and Riduoma skarn Fe deposits (Fig. 1; Luo 
et al. 2015; Qiu and Deng 2017). A magma mixing origin for 
these enclaves is shown by the wide variety of morphologies 
and contact interfaces with their hosts (Figs. 2, 3). Felsic 
back-veins penetrate or rise into enclaves, indicating rapid 
crystallization and solidification of the enclaves as the high-
temperature mafic melt entered the relatively low-tempera-
ture granitic magma (Fig. 2b–d, f). Abundant megacrysts 
of feldspar and quartz surrounded by fine-grained plagio-
clase, biotite, and hornblende within the enclaves may be 
the result of the mechanical transfer of crystals (Figs. 2f, 3e, 
f). The porphyritic texture of granodiorite near the enclaves 
(Fig. 3b) and acicular apatite in quartz within the enclaves 
(Fig. 3h) indicate quenching. Plagioclase showing corrosion 
and overgrowths and glomerules of amphibole and biotite in 
the enclaves further show intimate mixing (Luo et al. 2015; 
Qiu and Deng 2017). Qiu and Deng (2017) proposed that 
the enclaves in the Dewulu granitoids near Meiwu were 
derived from partial melting of enriched sub-continental 
lithospheric mantle. The melt with a relatively high oxida-
tion state (ΔFMQ =  + 3.3) plays an important role in form-
ing the Xiahe–Hezuo skarn Cu system (Qiu and Deng 2017). 
To better understand the contribution of mixing with con-
temporaneous mafic melts, the apatite geochemistry in the 
Meiwu granodiorite and enclave is investigated.

The main substitution mechanisms involving REE in apa-
tite are (Cao et al. 2012; Engi 2017):

These substitution mechanisms suggest that  Eu3+ and 
 Ce3+ should be incorporated preferentially into apatite rela-
tive to  Eu2+ and  Ce4+, making apatite an indicator of oxygen 
fugacity. Although the apatite of the Meiwu granodiorite 
shows much stronger negative Eu anomalies (mean Eu/
Eu* = 0.03) than those in the enclave (mean Eu/Eu* = 0.56), 
no Ce anomalies are found in either the granodiorite and 
enclave apatite (mean Ce/Ce* = 1.19 and 1.19), indicating 
similar and low oxygen fugacity in the Meiwu granodiorite 
and enclave (Fig. 10a; Cao et al. 2012). The pronounced Eu 
anomalies are thus more likely influenced by the crystalliza-
tion of feldspars (Belousova et al. 2001). The Sr content of 
apatite is independent of the oxidation state, and the much 
lower Sr of the granodiorite apatite (194 ppm) than that of 
the enclave apatite (893 ppm) also supports the crystalliza-
tion of plagioclase in the granodiorite (Fig. 10b; Table A.3). 
Amphibole is known to concentrate HREE (Cao et al. 2012). 
By considering HREE abundances in amphibole, the data 
reveal that the enclave apatite with higher (La/Yb)N (23.58) 
are likely produced by earlier or coeval crystallization of 
amphibole, which is supported by the depletion in Y in the 
enclave apatite (407 ppm) (Fig. 10; Table A.3). As a result, 
the different REE patterns of the two types of apatite indi-
cate the different crystallization sequence of amphibole and 
plagioclase in the granodiorite and enclave. Experimental 
petrology constraints have shown that the crystallization 
sequence of amphibole and plagioclase in arc magmas are 
influenced by water concentration, the total alkali content, 
temperature, and the oxidation state (Sisson and Grove 1993; 
Zimmer et al. 2010; Richards 2011; Loucks 2014; Scaillet 
et al. 2016; Tollan and Hermann 2019). Previous studies 
show that the Meiwu granodiorite and enclave share similar 
total alkali contents, ranging from 6.55 to 7.31 wt% and 
6.24 to 7.68 wt% respectively (Luo et al. 2015). Ti-in-zircon 
thermometry implies the granodiorite crystallized at 672 °C 
and the enclave crystallized at a slightly higher temperature 
(759 °C) (Luo et al. 2015). Our apatite REE results and pre-
vious geochemical studies show that the granodiorite and 
enclave have a similar oxygen fugacity. Phase relationships 
of metaluminous silicic magmas indicate that  H2O desta-
bilizes plagioclase and therefore increases the proportion 
of Fe–Mg silicates that crystallize early (Sisson and Grove 
1993; Scaillet et al. 2016). Moreover, higher temperature 
requires higher water content to maintain amphibole stabil-
ity (Scaillet et al. 2016). Amphibole and plagioclase frac-
tionation from the Meiwu granodiorite and enclave therefore 

(5)REE3+ + Na+ = 2Ca2+,

(6)REE3+ + SiO4−
4

= Ca2+ + PO3−
4
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reflect variable water contents in arc magmas. Loucks (2014) 
pointed out that the crystallization sequence of silicates from 
dry melt is plagioclase, olivine orthopyroxene and then 
augite. However, when there is > 6.5 wt%  H2O dissolved in 
the melt amphibole would be the first of those silicates to 
crystallize and plagioclase would crystallize last (Loucks 
2014). As a result, the fractional crystallization of plagio-
clase in granodiorite as reflected by the strong apatite Eu 
anomaly and the relatively high content of Sr suggests a 
dry melt, while the relative depletion in HREE confirms 
the enclave as a product of a water-rich melt, resulting in 
amphibole fractionation and the suppression of plagioclase 
crystallization (Richards 2011).

Our apatite composition data imply that the arc magmas 
at Meiwu are relatively reduced and may have rendered the 
magma infertile for later porphyry deposit formation. Rich-
ards and Şengör (2017) proposed that the Paleo-Tethys ocean 
basin anoxia suppressed arc magma fertility for porphyry 
Cu formation because the reduced seafloor materials that 
were subducted for extensive periods of time are unlikely 
to generate fertile arc magmatic systems and secondary 
reduction of otherwise oxidized arc magmas may occur 
during ascent through crust containing chemically reduced 
lithologies. Compared with porphyry deposits that require 
relatively oxidized and hydrous magmas to form (Richards 
2011; Loucks 2014; He et al. 2016; Richards and Şengör 
2017; Yu et al. 2019), large-scale metasomatic transfer plays 
a critical role in most economically important skarn deposits 
(Meinert et al. 2005; He et al. 2015; Gao et al. 2020). Iso-
topic investigations and fluid inclusion studies have demon-
strated the importance of magmatic waters in the evolution 
of the skarns, particularly in the prograde skarn stage (Mein-
ert et al. 2005; Chang and Meinert 2008; Li et al. 2019). 
Multiple episodic incursions of magmatic-hydrothermal flu-
ids released from the granitoids are considered as a critical 
factor for controlling the formation of giant skarn deposits 
(He et al. 2016; Qiu and Deng 2017; Li et al. 2019). Previ-
ous works showed that the widespread reduced intrusions 
and their associated skarns in West Qinling were geneti-
cally related to the subduction of the Paleo-Tethys ocean 
(e.g., Sui et al. 2017; Li et al. 2019). The occurrence of 
contemporaneous enclaves in host granitoids in West Qin-
ling suggests magma mixing in the Early Triassic. The fluid 
exsolution would take place during the ascent of the water-
rich magmas and the resultant decrease of water solubil-
ity with decreasing pressure (He et al. 2016). We therefore 
conclude that although the low oxidation state may decrease 
the metal endowment and metal ratios in ores precipitated 
by the hydrothermal system, the high magmatic water con-
tents resulted in the exsolution of an aqueous volatile phase 
and is the key to the formation of the skarn systems in the 
Paleo-Tethys belt.

Conclusions

In this study, metamict zircon with Dα > 1.04  (1015/mg) 
yield highly disturbed 206Pb/238U dates and cannot provide 
reliable LA–ICPMS U–Pb ages. Radiation damage accumu-
lates along zircon oscillatory zoning and forms nanoscale 
banded damaged zones. These nanoscale zones make it 
impossible to correct these dates effectively. By contrast, 
apatite coexisted with the metamict zircon do not become 
metamict and show near perfect crystalline structure under 
transmission electron microscopy. Apatite therefore is effec-
tive in tracing the evolution of magmatic hydrothermal sys-
tems containing metamict zircon. A case study of Meiwu 
granodiorite and its microgranular enclaves reveals that they 
are contemporaneous and were emplaced at ca. 240 Ma. 
Apatite compositions confirm that the mixing of the hydrous 
and dry magmas induced production of hydrothermal-fluids 
that were enriched in metals, which contributed to the for-
mation of widespread skarns in West Qinling.
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