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Abstract
The Daye district represents one of the largest concentrations of skarn deposits in eastern China. There are two major types of skarn 
deposits (Fe skarn vs. Cu skarn) within this district, both genetically related to late Mesozoic high-K calc-alkaline granitoids. In this 
study, we present in situ compositional and Sr–Nd isotopic investigations of apatite from granitoids associated with Fe skarn and Cu 
skarn deposits to put constraints on the magma source, evolution, and volatile composition, which provide significant new insights 
into the genesis of the two contrasting mineralization styles in the Daye district. Apatite from granitoids related to Cu skarns and 
Lingxiang Fe skarn has εNd(t) values of − 8 to − 4, similar to that of the contemporaneous mafic rocks in the Daye district, which 
were dominantly derived from an enriched lithospheric mantle source. Apatite in granitoids associated with the Chengchao Fe skarn 
has lower εNd(t) values of − 15 to − 9, suggesting larger degrees of contaminations from ancient lower crust materials. Fractionation 
models based on apatite Sr/Y and Eu/Eu* ratios, suggest that magmas related with the Cu skarns have experienced amphibole-
dominated fractionation under high pressure and hydrous conditions, whereas those associated with Fe skarns have undergone 
plagioclase-dominated fractionation at relatively low pressure and dry conditions. Based on results of apatite compositional analysis 
and apatite-melt partitioning data, the estimated magma Cl contents for the Fe skarn range from 3260 to 13,940 ppm, significantly 
higher than those for the Cu skarn (Cl = 430–5990 ppm). Apatite from Fe skarn-related intrusions has (87Sr/86Sr)t ranging from 0.7073 
to 0.7082, whereas the variety from Cu skarn-related intrusions displays lower (87Sr/86Sr)t of 0.7054–0.7061. These Sr isotope data, 
combined with whole-rock S isotopes of this study and previous investigations suggest that the Fe skarn-related intrusions have 
assimilated larger amount of evaporite-bearing carbonate during magma ascent and emplacement. The assimilation process may 
have not only promoted magmatic water exsolution but also provided sufficient amount of  Cl− and SO2−

4
 , which facilitated effective 

complexation and transportation of  Fe2+ and subsequent oxidization of ferrous Fe to precipitate magnetite, respectively. We sug-
gest that evaporite assimilation into the granitoid magmas has played a crucial role in the large-scaled Fe skarn mineralization in 
the Daye district. This study highlights that apatite is a sensitive petrogenetic-metallogenic indicator for granitoids and thus can be 
useful in mineral exploration.
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Introduction

Apatite  [Ca5(PO4)3(F, OH, Cl)] is a ubiquitous accessory 
mineral in magmatic rocks (Belousova et al. 2002; Bruand 
et al. 2014). It is an important host for rare-earth elements 
(REEs) and contains relatively high concentration of Sr, Y, 
Th, and U (Sha and Chappell 1999; Prowatke and Klemme 
2006; Xiao et al. 2021). The trace element compositions 
of apatite are sensitive to physicochemical parameters of 
magmas such as temperature, oxygen fugacity, water con-
tent, and melt composition (Bruand et al. 2016; Konecke 

et al. 2017; Li and Costa 2020), and, therefore, can be a use-
ful tool in petrogenetic studies of magmatic rocks. Apatite 
also incorporates significant amounts of volatile elements 
and can be used to investigate the F, Cl, and S budgets of 
magmas, which are crucial in the formation of magmatic-
hydrothermal ore systems (Streck and Dilles 1998; Parat 
et al. 2011; Duan and Jiang 2018; Sun et al. 2019; Duan 
et al. 2021). Over the past decade, there has been increased 
interest in apatite geochemistry applied to petrogenetic and 
metallogenic problems of porphyry Cu–Au(–Mo) systems 
(Streck and Dilles 1998; Xing et al. 2019; Cao et al. 2022). 
To date, few studies have been undertaken to use apatite 

Fig. 1  Geological map showing the distribution of skarn deposits and ages of the major intrusions in the Daye district (modified from Shu et al. 
1992; the intrusion ages are from Li et al. (2008, 2009, 2010a, b) and Xie et al. (2011a, b))
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geochemistry to better understand the genetic link between 
granitoid intrusions and skarn systems, which are mined for 
a large variety of metals such as Fe, Cu, Pb, Zn, W, Mo, Au, 
and Sn.

The Daye ore district, located in eastern China, hosts 
more than 50 skarn deposits (Fig. 1) that are genetically 
associated with intrusive rocks ranging in composition from 
gabbroic diorite to granite intruding late Paleozoic to early 
Triassic marine carbonates and clastic rocks (Shu et al. 
1992). Iron-only skarns and Cu-rich polymetallic skarns are 
the two major types of mineralization in this district, here-
after termed as Fe skarn and Cu skarn, respectively. The Fe 
skarns are primarily related to diorite with magnetite being 
the only recoverable commodity, whereas Cu skarns are 
associated with granodiorite and quartz diorite and variably 
contain appreciable Au, Mo, Fe, W of economic significance 
(Li et al. 2008, 2010a, 2014a; Xie et al. 2015; Deng et al. 
2015). Previous whole-rock Sr–Nd isotopic studies suggest 
that the granitoids associated with Fe skarns and Cu skarns 
are largely derived from an enriched mantle source with 
variable degrees of crustal contamination (Li et al. 2009; 
Li et al. 2013a; Xie et al. 2015; Chu et al. 2020; Zhang et al. 
2021). More recently, a zircon geochemistry study shows 
that the granitoids associated with Cu skarns are generally 
more oxidized and more hydrous than those associated with 
Fe skarns (Wen et al. 2020a). However, few constraints 
have been placed on the petrological processes and vola-
tile compositions of the ore-related granitoids, limiting the 
understanding of the major controls of the contrasting skarn 
mineralization styles (Fe vs. Cu skarn) in the Daye district.

In this paper, we present in situ compositional data and 
Sr–Nd isotopes of apatite from granitoid intrusions asso-
ciated with two Fe skarn (Chengchao and Lingxiang) and 
three Cu skarn deposits (Tongshankou, Tonglushan, and 
Ruanjiawan) to constrain the magma source, evolution, and 
volatile compositions. The main objective of this study was 
to reveal the possible major controls of magmatic processes 
on the two distinct skarn mineralization styles in the Daye 
district. We demonstrate that apatite chemistry is a sensitive 
indicator for petrogenetic-metallogenic processes and can be 
useful in ore exploration.

Geological background

The Daye ore district located in the westernmost part of 
the Middle-Lower Yangtze River Valley metallogenic belt 
(MLYMB) (Li et al. 2009; Fig. 1a). Stratigraphic units in 
Daye ore district mainly consist of Cambrian to Middle 
Triassic marine carbonate and clastic rocks, late Trias-
sic to Cenozoic continental sedimentary rocks and Cre-
taceous terrestrial volcanic assemblages (Fig. 1b). Most 
of the skarn deposits in the district are hosted by the 

Triassic carbonate rocks (Fig. 1b). The Triassic strata can 
be divided, from the base upward, into the Daye, Jialingji-
ang, and Puqi Formations (Fms.; Fig. 2). The 200–1600 m 
thick Daye Fm. is composed of shales and limestones in 
its lower member, dolostones, dolomitic limestones, and 
minor interbedded evaporites in the middle member and 
dolostones in the upper member. The Jialingjiang Fm., 
with a total thickness of 20–400 m, is dominated by dolo-
mitic limestones with many intercalations of evaporites 
and host numerous economic gypsum deposits and Sr 
deposits (Shu et al. 1992; Zeng et al. 2020). Dissolution 
breccias and sulfate-rich evaporites are widespread in the 
Jialingjiang Formation (Shu et al. 1992). The Puqi Fm. 
consists of 450–1000 m of purple silty claystone and clay 
siltstone (Fig. 2). Early Cretaceous volcanism resulted 
in more than 2000 m of volcanic associations consisting 
of basalt, basaltic andesite, trachyandesite, trachydacite, 
and rhyolite in the Jinniu volcanic basin at the western 
part of the region (Xie et al. 2011a). From the base to the 
top, these volcanic associations are composed of Maji-
ashan, Lingxiang, and Dasi Formations. SHRIMP zir-
con U–Pb dating of the volcanic rocks yielded weighted 
mean 206Pb/208U age from 130 to  125  Ma (Xie et  al. 
2011a). These volcanic rocks were formed contempora-
neously with the Chengchao Fe skarn deposits with age 
of 132–128 Ma (Xie et al. 2012; Hu et al. 2017). The 
zircon Hf isotope and whole-rock Sr–Nd–Pb isotope of 
the basalts in the Jinniu basin are similar with those of 
the early Cretaceous basalts in other volcanic basins from 
the MLYMB, which were derived from an enriched lith-
ospheric mantle (Xie et al. 2011a, b).

The Daye region contains six major granitoid plutons 
emplacing into the Devonian to early Triassic sedimen-
tary rocks (Fig. 1b). These include, from north to south, 
Echeng complex consisting of diorite, quartz monzonite 
and granite, Tieshan complex consisting of quartz diorite 
and a small volume of gabbro-diorite, Jinshandian dior-
ite, Lingxiang diorite, Yinzu and Yangxin complex con-
sisting of granodiorite, quartz diorite, and gabbro-diorite 
(Fig. 1b). In addition, there are numerous granodiorite 
stocks and dikes surrounding or intruding the major plu-
tons. Recent geochronological studies have identified two 
episodes of magmatism (Li et al. 2009; Xie et al. 2011b; 
Hu et  al. 2020). The first episode (ca.150–136 Ma) is 
represented by plutonic magmatism of granodiorite and 
quartz diorite, which are associated with more than 30 
Cu skarns. The second episode (ca. 133–127 Ma) mainly 
formed diorite and quartz monzonite intrusions that are 
in association with more than 10 Fe skarns (Fig. 1b). Iron 
oxide-apatite mineralization was recently identified in 
Wangbaoshan Fe skarn deposit in the Jinniu volcanic basin 
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(Hu et al. 2020). It is genetically associated with subvol-
canic diorite porphyries beneath the skarn ores, with ore-
related titanite and apatite U–Pb ages of 132.5 ± 2.4 Ma 
and 128.4 ± 3.0 Ma, respectively (Hu et al. 2020).

Geology of the ore deposits

Five deposits including three Cu skarn deposits (Tong-
shankou, Ruanjiawan, Tonglushan) and two Fe skarn depos-
its (Lingxiang, Chengchao) are investigated in this study 
(Fig. 1). The major geological characteristics of these Cu 
and Fe skarn deposits have been described by previous 

Fig. 2  Stratigraphic column of the Daye district showing marine sedi-
mentary rocks into which the ore-related intrusions emplaced. The 
green band and square represent the gypsum layer and gypsum pseu-
docrystal, respectively. Note that the intrusions associated with the 

two Fe skarn deposits investigated in this study are emplaced into the 
Jialingjiang Formation that contains abundant evaporites (modified 
from Shu et al. 1992; Xie et al. 2020)
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studies (e.g., Li et al. 2008, 2010a, 2014a, 2019; Deng et al. 
2015) and are briefly described below.

Tongshankou skarn Cu–Mo deposit

The Tongshankou deposit is situated in the south part of 
the Daye district (Fig.1) and has proven reserves of 0.52 Mt 
Cu at a grade of 0.9–1.0 wt% and 2000 t Mo at a grade of 
0.02–0.07 wt% (Li et al. 2008). Roughly east-northeast and 
northwest-striking faults are well developed, which have 
facilitated emplacement of the ore-related Tongshankou 
granodiorite stock and localization of the ore bodies (Li 
et al. 2008). The Cu mineralization is dominantly distributed 
along the contact between the Tongshankou granodiorite and 
the Lower Triassic Daye Formation, whereas the Mo miner-
alization occurs within the granodiorite (Shu et al. 1992; Li 
et al. 2008). Appreciable W mineralization (scheelite) was 

recently found in the skarn assemblage in the contact zone in 
this deposit (Han et al. 2020). The ore-related granodiorites 
have porphyritic texture and are rich in phenocrysts consist-
ing of plagioclase (30–50 vol%), K-feldspar (10–15 vol%), 
quartz (15–20  vol%), amphibole (10–15  vol%), biotite 
(~ 5 vol%) (Fig. 3a–c) with the groundmass of quartz, pla-
gioclase, and biotite (Fig. 3b, c). The accessory minerals 
include apatite, zircon, titanite, and magnetite (Fig. 3b, c).

Tongshankou deposit has abundant skarn with exo-
skarn volumetrically more significant than endoskarn. 
The exoskarn consists of prograde skarn and retrograde 
skarn assemblages (Shu et al. 1992; Li et al. 2008). The 
former mainly comprises garnet, diopside, and K-feldspar 
with minor titanite and is locally overprinted by the retro-
grade skarn assemblage consisting of epidote, actinolite, 
phlogopite, chlorite, fluorite, and quartz. The endoskarn 
consists mainly of garnet with minor diopside and epidote 
that occurs as irregular veins typical of a few centimeters 

Fig. 3  Hand specimens and photomicrographs of igneous rocks asso-
ciated with Cu skarn. a–c for Tongshankou granodiorite, d–f for 
Ruanjiawan quartz diorite and g, h for Tonglushan quartz diorite. a 
Granodiorite mainly composed of K-feldspar, plagioclase, amphi-
bole, biotite, and quartz. b, c Granodiorite porphyry with plagioclase, 
K-feldspar, and amphibole as phenocrysts and quartz as groundmass. 
d, e Quartz diorite composed of amphibole, plagioclase, biotite, and 

quartz. f Euhedral apatite grains coexisting with anhedral amphibole 
and subhedral-anhedral biotite. g Quartz diorite mainly composed of 
amphibole, plagioclase, biotite, and quartz. h Prismatic apatite coex-
isting with euhedral K-feldspar and plagioclase. i Columnar apatite 
occurring as inclusions in euhedral amphibole. Amp amphibole, Ap 
apatite, Bt biotite, Kfs K-feldspar, Mag magnetite, Pl plagioclase, Qz 
quartz, Ttn Titanite



 Contributions to Mineralogy and Petrology (2022) 177:23

1 3

23 Page 6 of 21

within the Tongshankou granodiorite. The metallic miner-
als, such as magnetite, molybdenite, pyrite, bornite, and 
chalcopyrite, are mainly associated with the retrograde 
skarn assemblage. The phlogopite 40Ar/39Ar plateau dat-
ing and molybdenite Re–Os isochron dating from previous 
studies indicate the Tongshankou deposit was formed at 
ca. 143 Ma (Li et al. 2008).

Ruanjiawan W–Cu–Mo skarn deposit

The Ruanjiawan W–Cu–Mo deposit, containing of 23,356 t 
 WO3, 17,320 t Cu, and 2439 t Mo, is situated in the south-
eastern part of Daye (Fig. 1b; Shu et al. 1992; Deng et al. 
2015). The deposit comprises three major ore bodies, the 
geometries of which are controlled by East–West trend-
ing faults (Deng et al. 2015). The No. I ore body is the 
most significant one accounting for 60% of the total W 
reserves of the deposit. The No. III ore body is dominated 
by ores of Cu and Mo without W (Shu et al. 1992; Deng 
et al. 2015). The mineralization is related to a quartz dior-
ite stock that intrudes Ordovician carbonates and Silurian 
clastic rocks (Fig. 2). The Ruanjiawan quartz diorite stock 
is located in the south-eastern portion of the Yangxin com-
plex intrusion (Fig. 1b). The stock is in lentoid shape occu-
pying an area of about 1.286  km2 with length of 3450 m 
and width of 80–670 m. The quartz diorite is medium to 
coarse-grained and composed of plagioclase (50–60 vol%), 
quartz (10–15 vol%), amphibole (5–10 vol%), and biotite 
(5–10 vol%) (Fig. 3d–f), with apatite, titanite, zircon, and 
magnetite as accessory phases (Fig. 3e, f).

Exoskarn is massive in this deposit, which is dominated 
by a prograde skarn assemblage consisting of garnet, diop-
side, and K-feldspar with minor titanite. The retrograde 
skarn composed of phlogopite, actinolite, epidote, chlorite, 
and quartz locally replace the prograde skarn. Endoskarn 
consisting of garnet with minor diopside commonly occurs 
as irregular veins within the quartz diorite. Massive gar-
net endoskarn is locally observed at the intrusive contact. 
Scheelite, chalcopyrite, and molybdenite are the dominant 
ore minerals. Dating of hydrothermal titanite from skarn 
ore yields U–Pb age of 142 ± 2 Ma (Deng et al. 2015), 
in agreement with molybdenite Re–Os isochron age of 
143.6 ± 1.7 Ma (Xie et al. 2007), which are consistent with 
the zircon U–Pb age of 144 ± 1 Ma for the ore-related quartz 
diorite (Deng et al. 2015).

Tonglushan Cu–Au–Fe skarn deposit

The Tonglushan Cu–Au–Fe deposit, containing 1.34 Mt 
Cu @ 1.78 wt%, 83 t Au @ 0.38 g/t, and 65 Mt Fe @ 41% 
wt%, is located in the central part of the Daye district (Li 
et al. 2010a). There are three major Cu–Au–Fe ore zones 
in this deposit. The most important ore zone extends 

NNE-SSW and consists of eight ore bodies. The min-
eralization mainly distributes along the contact between 
the quartz diorite stock and dolomitic limestones of the 
Lower Triassic Daye Formation (Fig. 2). The Tonglushan 
quartz diorite stock is 4 km long and 3.5 km wide with 
an area of about 11  km2, which is located in the north-
western portion of the Yangxin intrusive complex. The 
quartz diorite is grey-white in color and medium to coarse 
grained (Fig. 3g–i). It contains plagioclase (50–60 vol%), 
K-feldspar (10–20 vol%), quartz (5–10 vol%), amphibole 
(5–10 vol%), and biotite (~ 5 vol%), with accessory apa-
tite, magnetite, titanite, and zircon (Fig. 3h, i).

The Tonglushan deposit is characterized by extreme 
development of massive exoskarn that is composed of pro-
grade and retrograde assemblages. The prograde assemblage 
mainly consists of garnet, diopside, and wollastonite which 
is variably replaced by retrograde actinolite, epidote, phlo-
gopite, and chlorite. Endoskarn consisting of diopside, gar-
net, and epidote is abundant in the quartz diorite. Massive 
endoskarn is observed near the intrusive contact. Ore miner-
als comprise dominantly magnetite, chalcopyrite, bornite, 
and hematite, followed by chalcocite, azurite, molybdenite, 
pyrite, and native gold and gangue minerals are dominated 
by garnet, diopside, phlogopite, actinolite, chlorite, quartz, 
and calcite. SIMS and LA-ICP-MS zircon U–Pb dating yield 
reproducible age of 139.8 ± 0.9 Ma and 138.8 ± 1.9 Ma (Li 
et al. 2010a; Wen et al. 2020a), respectively, for the Ton-
glushan quartz diorite. LA-ICP-MS U–Pb dating of hydro-
thermal titanite in the skarn ore yields age of 135.9 ± 1.3 Ma 
(Li et al. 2010a), which approximates to the zircon U–Pb age 
of the quartz diorite.

Lingxiang Fe skarn deposit

The Lingxiang Fe deposit is situated in the southwestern 
part of the Daye region, with reserves of 49 Mt ores grad-
ing 25–65 wt%. The ore bodies are located in the contact 
between carbonate xenoliths of Middle Triassic Jialingji-
ang Formation and the diorite intrusion (Shu et al. 1992). 
The diorite is fine to medium-grained, consisting of amphi-
bole (15–20 vol%), plagioclase (25–30 vol%), and biotite 
(5–10 vol%) (Fig. 4a–c) together with accessories of mag-
netite, zircon, apatite, and titanite (Fig. 4b, c).

The Lingxiang deposit consists of three ore segments and 
they have approximately isometric distribution. Iron orebod-
ies in the deposit appear as irregular columnar, saddle or 
lenticular shapes. Exoskarn is massive in this deposit, con-
sisting of diopside with minor garnet, phlogopite, actinolite, 
and chlorite. Endoskarn consisting of diopside, epidote, and 
chlorite occurs mostly as disseminations and veins that are 
widespread in the diorite. Magnetite is the dominant ore 
mineral and hematite; limonite and pyrite are locally abun-
dant. SIMS and LA-ICP-MS zircon U–Pb dating yield ages 
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of 145.5 ± 1.1 Ma (Li et al. 2010b) and 146.1 ± 1.2 Ma (Wen 
et al. 2020a) for the Lingxiang diorite, respectively.

Chengchao Fe skarn deposit

The Chengchao Fe deposit, containing 280 Mt Fe ores @ 
36.1–51.4% wt% Fe, is one of the largest Fe skarn deposits 
in China (Xie et al. 2012). It is situated in the northern part 
of the Daye district. The mineralization is mainly associated 
with diorite and quartz monzonite intruding the evaporite-
bearing carbonate of the Middle Triassic Jialingjiang For-
mation (Fig. 2). Both the diorite and quartz monzonite have 
been suggested to be genetically associated with the Fe min-
eralization (Li et al. 2019). The diorite is medium grained, 
predominantly composed of plagioclase (35–40  vol%), 
amphibole (20–25 vol%), and minor biotite (5–10 vol%) 
(Fig. 4d–f), with apatite, zircon, titanite, and magnetite 
as accessory minerals. The quartz monzonite is medium 
grained rock which contains plagioclase (40–50 vol%), 

quartz (30–35 vol%), and minor amphibole (~ 5 vol%). The 
accessory minerals include apatite, zircon, magnetite, and 
titanite (Fig. 4g–i).

Both exoskarn and endoskarn are abundant in the 
Chengchao Fe skarn. The exoskarn consists of diopside with 
minor garnet, which is overprinted by retrograde phlogo-
pite, tremolite, serpentine, and chlorite. Magnetite is closely 
associated with retrograde assemblage in the exoskarn and 
becomes massive toward the marble. The endoskarn occurs 
as mostly irregular veins that are extensive in the diorite and 
quartz monzonite. The veins are generally a few centimeters 
in wide, chiefly consisting of diopside with lesser amounts 
actinolite, garnet, epidote, and chlorite. U–Pb dating of 
hydrothermal titanite from skarn ore sample yields an age 
of 131.2 ± 0.2 Ma (Hu et al. 2017) consistent with 40Ar/39Ar 
age of 133 ± 2 Ma for phlogopite from magnetite ore (Xie 
et al. 2012). These ages are broadly in agreement with the 
zircon U–Pb age of 131.6 ± 0.7 Ma and 128.1 ± 1.2 Ma for 

Fig. 4  Hand specimens and photomicrographs of igneous rocks asso-
ciated with Fe skarn. a–c for Lingxiang diorite, d–f for Chengchao 
diorite and g, h for Chengchao quartz monzonite. a Fresh diorite 
mainly composed of plagioclase, amphibole, and biotite. b Euhedral 
plagioclase coexisting with subhedral–anhedral amphibole define the 
major mineral assemblages. c Euhedral subhedral amphibole coex-
isting with columnar apatite. d Diorite predominantly composed of 

amphibole, plagioclase, and biotite. e, f Columnar apatite occurring 
as inclusions in euhedral plagioclase, subhedral–anhedral amphibole, 
and biotite. g Quartz monzonite mainly composed of K-feldspar, pla-
gioclase, and quartz. h, i Prismatic apatite coexisting with subhedral–
anhedral amphibole and euhedral plagioclase. See Fig. 3 for minerals 
abbreviations
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the diorite and quartz monzonite, respectively (Wen et al. 
2020a).

Samples and analytical procedures

Samples

Samples of the ore-related intrusive rocks were collected 
from surface outcrops and drill cores with sampling loca-
tions shown in Fig. 1. The Jinniu basin basalts represent the 
most primitive igneous rocks in Daye district, which were 
also collected for the purpose of apatite trace element mode-
ling (see below). The fresh granitoids samples were selected 
for apatite separation and whole-rock analyses as well as thin 
section production. Two types of thin sections were made. 
The normal thin sections (30–40 μm) were used for petro-
graphic observation and the thick sections (100–120 μm) 
were used for laser ablation analysis. Apatite grains were 
separated from fresh granitoid whole-rock samples using 
standard heavy-liquid and magnetic methods and then these 
grains were examined under a binocular microscope to select 
clear grains. Next, the selected apatite grains were mounted 
in epoxy and polished to the core center. Prior to in situ anal-
yses, apatite was identified using optical microscopy, and 
then imaged by backscattered electron (BSE) and cathodolu-
minescence (CL) (Fig. 5). Apatite grains hosted in the thick 
sections and epoxy are used for in situ compositional and 
isotopic analyses.

Electron microprobe (EMP) analysis

Quantitative EMP analyses were conducted using a JEOL 
JXA-8230 superprobe equipped with wavelength-dispersive 
spectrometers at the Center for Material Research and Anal-
ysis, Wuhan University of Technology, China. The operating 
condition was set at 15 kV accelerating voltage, probe cur-
rent of 20 nA, and a beam diameter of 5 μm. The analysis 
points preferentially selected apatite grains oriented with the 
c-axis parallel to the incident electron beam, to minimize the 
effects of EMP-operating conditions on the halogen intensi-
ties (Stock et al. 2015). The F, Cl and Ca were measured first 
with counting times of 10 s for peak after 5 s for background 
to minimize the effects of EMP-operating conditions on 
halogen intensities. The remaining elements were analyzed 
subsequently with longer counting times on the peak posi-
tions (40 s for La, Ce and S; 20 s for P, As, V, Si, Ti, Al, Ca, 
Mg, Mn, Fe, and K; and 10 s for Na). The standard materials 
used were  Ca5(PO4)3F (Ca, P), CaF (F),  Fe3Al2Si3O12 (Al, 
Si),  NaAlSi3O8 (Na),  KAlSi3O8 (K),  Fe2O3 (Fe),  MnSiO3 
(Mn),  BaSO4 (S),  SrSO4 (Sr),  Na4AlBeSi4O12Cl (Cl), (Mg, 
Fe)2SiO4 (Mg), (Ce, La, Y, Th)PO4 (La, Ce). Durango and 
Madagascar apatite were analyzed as a secondary standard, 
and the data agree well with the recommended values and 

the precision was better than 5% for most of the elements. 
The major element concentrations of Durango and Madagas-
car apatite are listed in Supplementary Table 1. Method from 
Ketcham (2015) was used to calculate the apatite chemical 
formula.

LA‑ICP‑MS trace element analysis

The trace elements in apatite were measured with a laser 
ablation-inductively coupled-plasma mass spectrometry 
(LA-ICP-MS) at the Wuhan SampleSolution Analytical 
Technology Co., Ltd., Wuhan, China. The detailed ana-
lytical procedure was described by Zong et al. (2017). An 
Agilent 7700e ICP-MS instrument with helium as the car-
rier gas was used to acquire ion-signal intensities. The laser 
ablation spots and frequency were set to 44 μm and 10 Hz. 
Each group of 8 apatite analyses was bracketed by analyses 
of glass NIST 610 to correct signal drift. The international 
basalt glass standards NIST BCR-2G, BHVO-2G and BIR-
1G were used as external standards. Element concentrations 
were calibrated against multiple-reference materials with-
out applying internal standardization (Liu et al. 2008). To 
determine experimental accuracy and precision, Madagascar 
and Durango apatite were analyzed as a secondary standard. 
These apatite data agree well with the recommended values. 
Data reduction was performed using the in-house software 
ICPMSDataCal (Liu et al. 2008). The trace element concen-
trations of NIST SRM 610, Durango and Madagascar apatite 
during this study are listed in Supplementary Table 2.

LA‑MC‑ICP‑MS Sr–Nd isotopic analysis

In situ Sr–Nd isotope analysis of apatite was measured by 
a Neptune Plus MC-ICP-MS connected with Geolas HD 
excimer ArF laser ablation system at the State Key Labora-
tory of Geological Processes and Mineral Resources, China 
University of Geosciences, Wuhan. Helium was used as 
the carrier gas to transport the ablated materials and then 
mixed with purified argon and nitrogen before entering the 
ICP torch. For in situ apatite Sr isotope, the spot diameter 
of the laser was 90 and 120 μm, which is dependent on Sr 
signal intensity and apatite granular size. The pulse fre-
quency was 10 Hz and the laser fluence was kept constant 
at ~ 10 J/cm2. For in situ apatite Nd isotope measurements, 
the spot diameter of the laser was 60 and 90 μm depend-
ing on Nd signal intensity and apatite granular size. The 
pulse frequency was 8 Hz and the laser fluence was ~ 8 J/
cm2. Two natural apatites, Durango and Madagascar were 
used as the second standard to verify accuracy of the calibra-
tion method for in situ Sr and Nd isotope analysis of apatite. 
The Sr and Nd isotopic compositions of Durango and Mada-
gascar have been reported by Yang et al. (2014). All data 
reduction for the MC-ICP-MS analysis of Sr and Nd isotope 
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ratios was conducted using “Iso-Compass” software (Zhang 
et al. 2020a). In situ apatite Sr–Nd isotopic composition are 
listed in Supplementary Table 3. The Durango apatite in 
this study yielded a weighted mean of 87Sr/86Sr = 0.706317 
and 143Nd/144Nd = 0.512477, respectively. The Mada-
gascar apatite in this study yielded a weighted mean of 

87Sr/86Sr = 0.711805 and 143Nd/144Nd = 0.511348, respec-
tively. The Sr–Nd isotopic compositions of standards of 
Durango and Madagascar apatite in this study are listed 
in Supplementary Table 3. The analytical uncertainties 
were < 0.015% for 87Sr/86Sr and < 0.005% for 143Nd/144Nd, 
respectively.

Fig. 5  Representative BSE and CL images of apatite grains from 
the Cu- and Fe-related granitoids and Jinniu basalt. a BSE image of 
prismatic apatite in Tongshankou granodiorite, coexisting with the 
amphibole and quartz. b Prismatic apatite from Tongshankou grano-
diorite showing oscillatory zoning textures under CL. c Euhedral apa-
tite crystals from Ruanjiawan quartz diorite are homogeneous under 
BSE and some have zircon inclusions. d CL image of apatite crystals 
from Ruanjiawan quartz diorite showing zoning texture. e Euhedral 
apatite crystals from Tonglushan quartz diorite are homogeneous 

under BSE. f CL image showing zoning texture of apatite crystal 
from Tonglushan quartz diorite. g Euhedral apatite coexisting with 
plagioclase and amphibole in Lingxiang diorite. h Apatite crystal 
from Lingxiang diorite showing zoning texture under CL. i Euhedral 
apatite hosted in amphibole in Chengchao diorite. j CL image show-
ing zoning texture of columnar apatite in Chengchao quartz monzo-
nite. k BSE images showing zoning texture of apatite crystals from 
Jinniu basalt. l CL image showing zoning texture of apatite in Jinniu 
basalt. See Fig. 3 for minerals abbreviations
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Whole rock S isotopes

The fresh intrusive rocks were selected for whole-rock S 
isotopes analyses. The whole-rock sulfur isotopes were 
measured by vacuum-line conversion to  SO2, followed by 
elemental analyzer (EA)-IRMS in the Analytical Labora-
tory of Beijing Research Institute of Uranium Geology. 
Details of the analytical procedures have been described 
in Liu et al. (2013). The results are reported in standard δ 
notation in ‰ relative to Canyon Diablo troilite (CDT). 
The reproducibility of δ34S values was ± 0.2 ‰.

Results

Apatite petrography

Representative microscopic, BSE and CL images of apa-
tite from the Cu- and Fe-related intrusions and Jinniu 
basin basalts are presented in Figs. 3, 4 and 5. Apatite 
grains from Cu skarn-related intrusions are euhedral to 
subhedral and mostly 50–500 μm in size, which com-
monly occur as inclusions hosted in other major phase 
such as amphibole, plagioclase, and biotite (Fig. 3). The 
majority of the apatite crystals show homogenous texture 
in the BSE images and oscillatory zoning textures in CL 
images (Fig. 5a–f). Some of the apatite grains have frac-
tures developing along the grain edges or close to mineral 
inclusions (e.g., zircon) within the gain (Fig. 5a, c, e). 
Apatite from the Tongshankou granodiorite is colum-
nar and prismatic, with aspect ratios ranging from 6:1 to 
2:1 and size up to 500 μm (Figs. 3b, c, 5a, b). Apatite 
crystals from the Ruanjiawan quartz diorite have aspect 
ratios of 5:1–1:1. They are mostly in columnar shape and 
200–300 μm in size (Figs. 3e, f, 5c, d). Apatite grains from 
the Tonglushan quartz diorite show aspect ratios ranging 
from 3:1 to 1:1, which are mostly columnar crystals with 
size of 100–300 μm (Figs. 3h, i, 5e, f).

Apatite grains from Fe skarn-related intrusions are 
mostly columnar crystals 50–200 μm in size. They mostly 
occur as inclusions hosted in the plagioclase, amphibole, 
and biotite (Fig. 4). Majorities of apatite crystals show 
oscillatory zonation in the BSE and CL images and some 
of the crystals are homogenous in BSE images (Fig. 5g–j). 
Mineral inclusions are absent in the apatite grains. Apatite 
from the Lingxiang diorite is prismatic and 100–200 μm 
in size with aspect ratios ranging from 6:1 to 1:1 (Figs. 4b, 
c, 5g, h). Apatite from the Chengchao diorite and quartz 
monzonite is columnar and 50–200 μm in size with aspect 
ratios in the range of 4:1–1:1 (Figs. 4e, f, 5i; Figs. 4h, i, 5j).

Apatite grains from Jinniu basin basalts are euhedral to 
subhedral and mostly columnar crystals 50–100 μm in size 

with aspect ratios of 10:1–2:1 (Fig. 5k, l). They are mostly 
present in the groundmass of the basalt with minor crystals 
hosted in plagioclase (Fig. 5k, l). The majority of apatite 
crystals were observed to be zoned in BSE and CL images 
(Fig. 5k, l).

Major and trace element compositions

Results of major and trace element analysis of apatite from 
the ore-related intrusions and basalts in Jinniu basin are 
listed in Supplementary Tables 1 and 2, respectively. All 
the apatite grains from ore-related intrusions have relatively 
high  SiO2 and low MnO concentrations, which are plotting 
in the magmatic apatite field in the  SiO2 vs. MnO diagram 
(Chen and Zhang 2018; Fig. 6). The apatite grains from 
Cu skarn-related intrusions have higher P + Ca contents 
than those from the Fe skarn-related intrusions (Fig. 7a). 
The P and Ca display a negative correlation with the Si, 
Na, La, and Ce (Fig. 7a), which probably indicates the sub-
stitutions  REE3+ +  Si4+ =  Ca2+ +  P5+ in apatite (Sha and 
Chappell 1999; Mao et al. 2016). The La, Ce, and S show 
a positive correlation with the Na and Si (Fig. 7b), which 
may reflect the substitutions:  REE3+ + SiO4−

4
 =  Ca2+ + PO3−

4
 , 

SO
2−

4
 + SiO4−

4
 = 2PO3−

4
 and SO2−

4
 +  Na+ = PO3−

4
 +  Ca2+ 

(Rouse and Dunn 1982; Parat and Holtz 2004). Apatite 
from Cu-related Tongshankou granodiorite contains F, Cl 
and  SO3 contents of 2.58–3.23 wt%, 0.11–0.28 wt%, and 
0.11–0.22 wt%, respectively. The concentrations of F, Cl, 
and  SO3 in apatite from Cu-related Ruanjiawan quartz 
diorite range from 2.45 to 3.00 wt%, 0.04 to 0.13 wt%, and 
0.12 to 0.17 wt%, respectively. Apatite from quartz dior-
ite associated with Tonglushan Cu skarn contains F, Cl, 
and  SO3 concentrations of 2.35–3.19 wt%, 0.17–0.60 wt%, 

Fig. 6  Apatite  SiO2–MnO plot. The fields of magmatic and hydro-
thermal apatite are from Chen and Zhang (2018)
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and 0.12–0.24 wt%, respectively (Supplementary Table 1). 
The apatite F, Cl, and  SO3 concentrations are more vari-
able for the Fe-related relative to the Cu-related intrusions 
(Fig. 8). Apatite from diorite associated with Liangxiang Fe 
skarn contains F, Cl, and  SO3 concentrations in the range 
of 2.09–3.07 wt%, 0.53–1.24 wt%, and 0.14–0.62 wt%, 
respectively. Apatite from intrusions (diorite and quartz 
monzonite) associated with Chengchao Fe skarn contain 
F concentrations of 1.93–3.22 wt%, Cl concentrations of 
0.33–1.39 wt%, and  SO3 contents of 0.03–0.60 wt% (Supple-
mentary Table 1). In general, apatite from Fe skarn-related 
intrusions has Cl and  SO3 concentrations that are higher 
than those of apatite from the granitoids associates with Cu 
skarn (Fig. 8a). All the apatite crystals are compositionally 
dominated by fluorapatite. There is no significant difference 
in apatite F and calculated OH contents between granitoids 
related to Fe skarns and Cu skarns (Fig. 8).

Apatite from Cu skarn-related granitoids has a wide range 
in total REE concentrations (ΣREE) but shows similar chon-
drite-normalized REE patterns with weak to moderate Eu 
negative anomalies (Fig. 9a–c). The ΣREE of apatite from 
Cu-related Tongshankou granodiorite, Ruanjiawan quartz 
diorite, and Tonglushan quartz diorite varies from 2856 
to 3670 ppm, 3148 to 5121 ppm and 4788 to 9129 ppm, 
respectively. In comparison, apatite from Fe skarn-related 
Lingxiang diorite, Chengchao diorite and quartz monzonite 
has higher ΣREE concentrations of 4973–14,516 ppm, 5111 
to 12,855 ppm, 7331 to 15,351 ppm, respectively. All the 
apatite grains are depleted in large-ion lithophile element 
(Rb, Ba,) and high-field-strength element (Nb, Ta, Zr, Hf) 
relative to whole-rock samples (Fig. 10). The apatite grains 
from the Cu skarn-related intrusions have Sr concentrations 
of 446–1139 ppm (764 ppm on average) and Y contents 
of 161–416 ppm (261 ppm on average), with Sr/Y ratio of 

Fig. 7  Apatite compositions calculated to chemical formula (method proposed by Ketcham 2015). a (Si + Na + La + Ce) vs. (P + Ca); b 
(La + Ce + S) vs. (Na + Si)

Fig. 8  Binary plots showing the volatile compositional variation of apatite. a Apatite  SO3 versus Cl diagram; b Apatite F–Cl–OH plot. Apatite 
F–Cl–OH chemical formula calculated using the method in Ketcham (2015)
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1.16 to 5.71 (Fig. 11). In comparison, the apatite grains 
from the Fe skarn-related intrusions have lower Sr contents 
(216–428 ppm, 308 ppm on average) and higher Y (278 to 

1944 ppm, 945 ppm on average) and much lower Sr/Y ratio 
(0.11–1.12) (Fig. 11). The apatite grains from Cu skarn-
related intrusions display relatively high Eu/Eu* ratio (Eu/

Fig. 9  Chondrite-normalized REE patterns of the apatite and whole-rock samples from the ore-related granitoids in the Daye region. Normaliz-
ing values are from McDonough and Sun (1995). Data sources for the whole rocks are from Yan et al. (2012) and Wen et al. (2020a)

Fig. 10  Primitive mantle-normalized trace elements spider diagrams 
of the apatite and whole-rock samples from the ore-related grani-
toids in the Daye region. Normalizing values are from McDonough 

and Sun (1995). Data sources for the whole rocks are from Yan et al. 
(2012) and Wen et al. (2020a)
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Eu* =  EuN/(sqrt(SmN*GdN), where “N” refers to chondrite-
normalized value). Apatite Eu/Eu* ratios from Cu-related 
Tongshankou granodiorite, Ruanjiawan quartz diorite, and 

Tonglushan quartz diorite range from 0.68 to 0.77 (0.73 on 
average), 0.61 to 0.67 (0.64 on average), 0.40 to 0.61 (0.48 
on average), respectively (Fig. 11). The apatite grains from 
Fe skarn-related Lingxiang diorite, Chengchao diorite, and 
quartz monzonite have much lower Eu/Eu* ratios, rang-
ing from 0.21 to 0.38 (0.28 on average), from 0.16 to 0.27 
(average of 0.21), and from 0.17 to 0.36 (0.22 on average), 
respectively (Fig. 11).

Apatite from Jinniu basin basalts has CaO and  P2O5 
concentrations ranging from 52.91 to 55.78 wt% and from 
39.04 to 41.87 wt%, respectively. It contains F, Cl, and 
 SO3 concentrations of 2.59–3.52  wt%, 0.04–0.39  wt%, 
and 0.01–0.29 wt%, respectively (Supplementary Table 1). 
The concentrations of ΣREE, Sr, and Y in the apatite are 
in the range of 8495–17,623  ppm, 779–987  ppm, and 
819–1696 ppm, respectively. It has Sr/Y and Eu/Eu* ratios 
of 0.58–1.05 and 0.51–0.60, respectively (Supplementary 
Table 2; Fig. 11).

Sr and Nd isotopic compositions

Strontium and Nd isotopic compositions of the apatite are 
listed in Supplementary Table 3. The initial Sr isotopic 
ratios (ISr) and εNd(t) values of apatite grains are calculated 
using the zircon U–Pb age of the apatite-hosting intrusions 
from previous studies (Wen et al. 2020a; Deng et al. 2015). 
The apatite grains from the Cu-related intrusions have 
relatively homogenous Sr–Nd isotopic compositions. The 
apatite grains from Cu-related granitoids at Tongshankou, 

Fig. 11  Apatite Sr/Y and Eu/Eu* ratios and trace element fractional 
crystallization (FC) models. Labeled values indicate the percent-
age of crystallization of the mineral assemblage in each model. The 
start of each fractionation path and percentage of crystallization are 
from Nathwani et al. (2020). The square with black border shows the 
location of the apatite from basalts in the Jinniu basin. To reduce the 
complexity of Eu/Eu* in the modeling, we assume the magmatic oxi-
dation state is at FMQ + 2, where FMQ is the fayalite—magnetite—
quartz buffer

Fig. 12  87Sr/86Sr ratio of apatite 
and whole-rock samples. Data 
sources for the whole rocks are 
from Li et al. (2009, and refer-
ences therein), and Xie et al. 
(2015, and references therein). 
Middle Triassic seawater 
87Sr/86Sr ratios are from Song 
et al. (2015)
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Ruanjiawan and Tonglushan have calculated (87Sr/86Sr)t val-
ues of 0.7059–0.7061 (0.7060 on average), 0.7058–0.7060 
(0.7059 on average), 0.7055–0.7059 (0.7057 on average), 
respectively (Fig. 12). The calculated εNd(t) values for apa-
tite from Tongshankou, Ruanjiawan and Tonglushan range 
from − 5.97 to − 5.35 (− 5.13 on average), from − 6.54 to 
− 5.52 (− 6.02 on average) and from − 7.12 to − 5.98 (− 6.57 
on average), respectively (Fig. 13). The apatite grains from 
Fe-related Lingxiang diorite, Chengchao diorite, and 
Chengchao quartz monzonite have comparable (87Sr/86Sr)t 
values, which range from 0.7074 to 0.7082 (0.7078 on aver-
age), from 0.7076 to 0.7082 (0.7079 on average), and from 
0.7072 to 0.7075 (0.7074 on average), respectively (Fig. 12). 
The apatite εNd(t) values are − 7.50 to − 5.45 (− 6.39 on 
average), − 14.11 to − 12.45 (− 13.23 on average), and 
− 12.04 to − 11.18 (− 11.57 on average) for Lingxiang dior-
ite, Chengchao diorite and Chengchao quartz monzonite, 
respectively (Fig. 13).

Whole rock sulfur isotope data

The result of whole-rock sulfur isotopic analyses from this 
study together with previous published sulfur isotopes of 
sulfide are summarized in Supplementary Table 4 and shown 
in Fig. 14. The Cu-related Tongshankou granodiorite, Ruan-
jiawan quartz diorite and Tonglushan quartz diorite have 
δ34SV-CDT values of + 3.4 to 4.7‰, + 2.8 to + 5.8‰, and 
+ 5.2 to + 7.4‰, respectively. The Fe skarn-related igneous 
rocks have much higher δ34SV-CDT values than the Cu-related 
equivalents. The diorite and quartz monzonite associated 
with Chengchao Fe skarn have δ34SV-CDT values ranging 
from + 8.3 to + 11.9‰ and from + 10.9 to + 13.7‰, respec-
tively. The diorite related with Lingxiang Fe skarn displays 
δ34SV-CDT values of + 15.2 to + 16.3‰.

Discussion

Magma source revealed from apatite Sr–Nd isotopes

Apatite Sr and Nd isotope compositions have been increas-
ingly utilized as a useful tool to trace magma source (Sun 
et al. 2019, 2021; Zhang et al. 2020b; Cao et al.  2021). Apa-
tite from the ore-related intrusions under investigation has 

Fig. 13  Apatite and whole-rock initial 87Sr/86Sr versus εNd(t) plot. Data sources for the whole rocks are from Li et  al. (2009, and references 
therein), and Xie et al. (2015, and references therein)

Fig. 14  Histogram of sulfur isotopic compositions for whole rocks 
and sulfides from the skarn deposits of the Daye district. Data sources 
for sulfides are listed in the Supplementary Table 4
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(87Sr/86Sr)t and εNd(t) values ranging from 0.7055 to 0.7085 
and from − 15 to − 5, respectively, which are well consistent 
with previous published Sr–Nd isotope data of whole-rock 
samples of the apatite-hosting intrusions (Fig. 13a). The 
Sr–Nd isotopes of apatite from the ore-related intrusions 
is significantly different from that of the lower crust of the 
Yangtze craton (Fig. 13a), precluding the possibility that the 
ore-related intrusions were directly derived from the ancient 
lower crust. The granitoids associated with Cu skarn and 
Lingxiang Fe skarn have apatite and whole-rock εNd(t) val-
ues similar to that of the contemporaneous basaltic andesite 
and mafic dike in Daye and adjacent areas in the MLYMB 
(Fig. 13a), which were derived from an enriched lithospheric 
mantle (Xie et al. 2008; Li et al. 2009, 2013a). The dior-
ite and quartz monzonite associated with Chengchao Fe 
skarn, have lower apatite and whole-rock εNd(t) values of 
− 14 to − 11 and − 15 to − 9 (Fig. 13b), respectively, prob-
ably reflecting greater contributions from the ancient lower 
crustal materials. Both apatite and whole-rock samples of 
Fe skarn-related granitoids have (87Sr/86Sr)t values that are 
systematically higher than those of Cu skarn-related coun-
terparts (Fig. 13), suggesting additional input of upper crust 
components that enriched in radiogenic Sr for the Fe skarn-
related granitoids. The evaporite-bearing Middle Triassic 
carbonate of Jialingjiang Formation is the main host of the 
Fe skarn deposits in Daye district, which contains high Sr 
contents (2332 ppm on average; Li et al. 2014b) with rela-
tively high (87Sr/86Sr)t ratios (Fig. 12). The relative enriched 
Sr isotopic composition for the Fe skarn-related granitoids 
may be attributed to larger extents of wall rock assimilation 
during the time of magma emplacement into the evaporite-
bearing Middle Triassic Jialingjiang Formation.

Apatite Sr/Y and Eu/Eu* ratios record magma 
evolution path

Apatite in magmatic systems responds compositionally to 
changing melt composition and preserve a wealth of infor-
mation on magma evolution history (Sha and Chappell 1999; 
Bruand et al. 2014, 2016; Nathwani et al. 2020). Fractional 
crystallization is one of the dominant magmatic processes 
shifting melt compositions, which can be readily recorded 
by apatite (Bruand et al. 2016; Nathwani et al. 2020; Zhang 
et al. 2020b). It is noteworthy that temperature and melt 
composition affect apatite-melt partition coefficients, but 
they exert much less influence on partition coefficient ratios 
(Prowatke and Klemme 2006). Thus, apatite element ratios 
are considered as a more robust tool in tracing magma evolu-
tion process (Nathwani et al. 2020).

Hydrous magma with high Sr/Y and Eu/Eu* ratios likely 
has experienced fractionation of amphibole and/or garnet, 
but suppressed of plagioclase crystallization in the deep 
crust (Defant and Drummond 1990; Richards and Kerrich 

2007). Apatite grains crystalizing from such magma gener-
ally inherit the elevated Sr/Y and Eu/Eu* ratios (Nathwani 
et al. 2020). The apatite from the Cu skarn has significantly 
higher Sr/Y and Eu/Eu* ratios than that of the apatite from 
the Fe skarn (Fig. 11), which is consistent with previous 
published whole-rock data that the Sr/Y and Eu/Eu* ratios 
for intrusions associated with Cu skarn are generally higher 
than the Fe skarn-related counterparts (Xie et al. 2008; Li 
et al. 2009; Wen et al. 2020a). The elevated whole-rock Sr/Y 
(> 60) and Eu/Eu* (> 0.8) have been attributed to high ratios 
of amphibole/plagioclase fractionation for the Cu skarn-
related intrusions (Li et al. 2009; Wen et al. 2020a).

To further investigate the magma evolution through 
apatite Sr/Y and Eu/Eu* ratios, we apply the trace element 
fractionation modeling from Nathwani et al. (2020), which 
includes deep (high pressure) and shallow (low pressure) 
evolution models distinguished by different fractionation 
assemblages used for the modeling. The fractionation assem-
blage consisting of 66% amphibole and 34% clinopyroxene 
is set for the deep evolution model; for the shallow evo-
lution model, the fractionation/crystallization assemblage 
composed of 30% clinopyroxene, 10% olivine, and 60% 
plagioclase is used (Nathwani et al. 2020). It has been sug-
gested that the ore-related intrusive rocks in Daye district 
are sourced from basaltic melts that were derived from an 
enriched lithospheric mantle (Li et al. 2009). Therefore, 
we use the compositions of apatite from the basalts in Jin-
niu basin to approximate the composition of apatite crys-
talized from the parental melt of the ore-related intrusive 
rocks, which represent the starting points in the modeling 
(Fig. 11). Though this is a simplified approach, the mod-
eling may qualitatively illustrate the magma evolution paths 
for ore-related intrusions. The apatite from the Cu-related 
granitoids displays a compositional trend consistent with 
that predicted from the deep evolution model, in which 
amphibole is a dominant fractionation phase (Fig. 11). The 
amphibole fractionation process is also evidenced by the 
elevated zircon Yb/Dy (3.5–8.6, 6.2 on average) and Eu/Eu* 
(0.29–0.87, 0.64 on average) ratios for the Cu-related grani-
toids (Wen et al. 2020a). In contrast, the apatite from the 
Fe skarn-related granitoids has composition following that 
predicted from the shallow evolution model, in which pla-
gioclase dominates the fractionation/crystallization assem-
blage, consistent with relatively low zircon Yb/Dy (2.6–5.6, 
3.8 on average) and Eu/Eu* (0.27–0.44, 0.36 on average) 
ratios for the intrusions associated with the Fe skarn (Wen 
et al. 2020a). The apatite trace element modeling is con-
sistent with previous whole rock and zircon geochemistry 
studies indicating that the magmas associated with the Cu 
mineralization may have experienced amphibole-dominated 
fractionation in the deep crust, whereas those responsible for 
the Fe skarns have undergone plagioclase-dominated frac-
tionation/crystallization in shallower level.
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Magma volatile compositions

Volatile compositions (S, Cl, and F) play an important 
role for metal productive magmas, because they can facili-
tate hydrothermal mobilization and concentration of met-
als (Holland 1972; Yardley 2005), and halogens (Cl, F 
in particular) can effectively reduce solidus temperatures 
(Manning 1981; Keppler 1993), the viscosity and ion dif-
fusivity of melts (Dingwell et al. 1985; Giordano et al. 
2004). However, primary volatile (S, Cl, and F) composi-
tions in magmas are not be directly reflected by whole-
rock volatiles (S, Cl, and F) contents, as these elements 
strongly partition into the volatile phases and likely to be 
lost during magma degassing (Webster et al. 2009; Parat 
et al. 2011; Wang et al. 2018). Previous studies have suc-
cessfully used apatite to investigate the volatile budget of 
magmas based on experimentally constrained apatite-melt 
partitioning (Webster et al. 2009; Parat et al. 2011; Chelle-
Michou and Chiaradia 2017; Cao et al. 2022). To make 
an estimation on melt halogen composition, we apply the 
partition coefficients of F and Cl between apatite and fel-
sic melts at ~ 200 MPa and 900–924℃ from experiments 
of Webster et al. (2009), the P–T condition of which are 
assumed to approximate that of the ore-related melts at 
the time of apatite crystallization. We further apply the 
methods from Peng et al. (1997) and Parat et al. (2011), 
respectively, to calculate melt S contents for the ore-
related granitoids.

The calculated melt volatile compositions are listed 
in Table 1. The Cu-related intrusions have calculated F 
concentrations ranging from 1553 to 2136 ppm, which 
are similar to that of the Fe-related intrusions (1277 to 
2134 ppm). The calculated S concentration, based on the 
method of Peng et al. (1997), ranges from 145 to 354 ppm 
and from 20 to 529 ppm for the Cu-related and Fe-related 
intrusions, respectively. While using the method of Parat 
et  al. (2011), the calculated S concentration is lower, 
ranging from 16 to 36 ppm and 9 to 406 ppm for the Cu-
related and Fe-related granitoids, respectively. The reason 
for this discrepancy is not clear but both the calculations 
indicate a much wider range of magma S contents for 
the Fe-related granitoids relative to the Cu-related coun-
terparts (Table 1). The calculated Cl concentration for 
intrusions associated with the Cu skarn ranges from 430 
to 5990 ppm (2711 ppm on average), which is comparable 
to that of Cu porphyries (230–5420 ppm) in the Tethyan 
metallogenic belt (Xu et al. 2021) as well as that of basal-
tic magmas from the arc and back-arc (100–4100 ppm) 
(Wallace 2005). The Fe skarn-related intrusions have 
calculated Cl concentration ranging from 3260 to 
13,940 ppm, with an average of 8386 ppm, significantly 
higher than that of the Cu skarn-related equivalents. This 
observation suggests that magmatic-hydrothermal fluids 

exsolved from the Fe skarn-related intrusions may have 
provided sufficient Cl, which facilitates effective trans-
portation of Fe to form magnetite ores. This consideration 
is based on existing knowledge that Fe is predominantly 
complexed by chloride at magmatic-hydrothermal condi-
tions (Simon et al. 2004; Bell and Simon 2011; Scholten 
et al. 2019).

Potential role of wall rock assimilation

Iron skarn deposits in the Daye district are mostly hosted 
by the Middle Triassic Jialingjiang Fm., which contains 
abundant evaporitic rocks mainly composed of gypsum and/
or anhydrite, halite, and other salts minerals (Cai 1980; Li 
et al. 2013b; Xie et al. 2020). Previous sulfur isotopic stud-
ies have shown that sulfides from the Cu skarn deposits 
have δ34S values ranging from − 6.2 to + 8.7‰ (averaging 
+ 1.2‰) whereas the values are + 10.3 to + 20.0‰ (aver-
aging + 16.2‰) for Fe skarn deposits (Supplementary 
Table 4; Fig. 14). This contrasting sulfur isotopic composi-
tions can be best interpreted in terms of significant contri-
bution of sulfur from the evaporite sulfate in the process of 
Fe skarn mineralization (Xie et al. 2015; Zeng et al. 2020). 
Such a process, however, was absent or weak in the for-
mation of Cu skarn deposits. Our new whole-rock sulfur 
isotope data further demonstrate that the Fe-related intru-
sions may have assimilated greater amount of evaporite-
bearing Middle Triassic carbonate (Supplementary Table 4; 
Fig. 14). This view is further supported by apatite Sr isotope 
data, with much higher initial Sr isotopic ratios for the gran-
itoids related to Fe skarn than the Cu skarn (Fig. 12). The 
evaporites are also enriched in Cl, magmatic assimilation 
of which must have increased Cl contents in the magmas. 
Such a scenario is consistent with the higher calculated Cl 
contents for intrusions associated with Fe skarn relative to 
Cu skarn (Table 1).

The Sr/Y and Eu/Eu* ratios of apatite and modeling 
results (Fig. 11) reveal that the Cu skarn-related intrusions 
may have experienced significant amphibole fractionation 
and suppression of plagioclase crystallization under high 
pressure and hydrous conditions  (H2O > 4 wt%) (Richards 
2011; Wen et al. 2020a), whereas those Fe skarn-related 
counterparts are dominated by plagioclase fractionation at 
relative low pressure and dry conditions. This inference 
is consistent with zircon geochemistry that the intrusions 
associated with Fe skarn have relatively low zircon Yb/Dy 
(< 0.56) and Eu/Eu* (< 0.44) ratios indicative of relatively 
dry magmas (Lu et al. 2016; Wen et al. 2020a). In skarn 
systems, assimilation of carbonate rocks by magmas and 
related decarbonation reactions could have enhanced the 
 CO2 contents in the silicate melts (Meinert et al. 2005), 
which promoted  H2O to be partitioned into the exsolved 
fluids (Holloway 1976; Meinert et al. 2005). Assimilating 
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evaporite-bearing carbonate rock by Fe skarn-related 
magmas may, therefore, not only have contributed to the 
generation of large amounts of magmatic fluid but also 
have provided sufficient Cl and SO2−

4
 so that  Fe2+ could 

be effectively transported and subsequently oxidized to 
form magnetite ores (Bell and Simon 2011; Scholten et al. 
2019; Li et al. 2013b; Wen et al. 2017, 2020b). Assimila-
tion of evaporite-bearing wall rocks has also been identi-
fied in magmas associated with Fe oxide-apatite deposits 
in the Ningwu district of the MLYMB, by an integrated 
fluid inclusion and sulfur isotope investigation of Li et al. 
(2015). The whole-rock geochemical and Sr–Nd-Pb iso-
topic study of intermediate intrusions in the Luxi district, 
North China Craton also revealed significant assimilation 
of Ordovician evaporitic carbonate by the ore-related mag-
mas that generated a dozen of Fe skarn deposits (Lan et al. 
2019).

Apatite as an indicator for mineral exploration

Apatite has been considered as a useful tool in discriminat-
ing between barren and fertile intrusions at an early stage of 
exploration (e.g., Belousova et al. 2002; Mao et al. 2016). 
The apatite crystals from the Cu-related intrusions in the 
Daye district have relatively high Sr/Y (1.2–5.7) and Eu/
Eu* (0.40–0.77) ratios, which are comparable to those of 
apatite from the Cu-fertile porphyries in the Sanjiang met-
allogenic belt in southwestern China (Sr/Y = 0.38–5.57; 
Eu/Eu* = 0.41–0.88, Pan et al. 2016), Xiongcun district in 
the southern Tibet (Sr/Y = 0.23–0.92; Eu/Eu* = 0.36–0.90, 
Xie et  al. 2018) and Baguio district of the Philippines 
(Sr/Y = 0.35–2.28; Eu/Eu* = 0.62–1.21, Cao et al. 2021). 
The Fe skarn-related intrusions in the Daye district have 
relatively low apatite Sr/Y and Eu/Eu* ratios ranging from 
0.11 to 1.12 and 0.16 to 0.38, respectively, which are com-
parable to the Cu-barren granitoids in the Sanjiang metal-
logenic belt in southwestern China (Sr/Y = 0.05–0.60; Eu/
Eu* = 0.10–0.33, Pan et al. 2016). Our results, therefore, 
suggest that the low apatite Sr/Y and Eu/Eu* signature is 
not necessarily associated with barren intrusions (though 
Cu-barren is true, this study), but it can be associated with 
intrusions related to Fe mineralization. The Fe skarn-related 
intrusions in the Daye district have apatite Cl and  SO3 con-
centrations mostly higher than 0.5 and 0.1 wt%, whereas the 
apatite from barren intrusions in Sanjiang region has Cl and 
 SO3 concentrations generally lower than 0.1 and 0.05 wt%, 
respectively (Pan et al. 2016). Considering the importance 
of Cl in hydrothermal mobilization of Fe (Simon et al. 2004; 
Bell and Simon 2011; Scholten et al. 2019) and sulfate in 
oxidizing ferrous Fe to form magnetite (Li et al. 2013b; Wen 
et al. 2017), magmatic apatite with low Sr/Y and Eu/Eu* but 
high Cl and  SO3 contents may be indicative for Fe-fertile 
intrusions.

Conclusions

In situ geochemical and isotopic investigations of apatite 
from granitoid intrusions associated with Cu and Fe skarn 
deposits in the Daye district provide new insights into the 
source, evolution and volatile composition of the ore-related 
magmas. The apatite Sr–Nd isotopes demonstrate that the 
granitoids associated with Cu skarn were sourced from an 
enriched lithospheric mantle source, whereas those asso-
ciated with Fe skarn were derived from a similar source 
but experienced significant crustal contaminations. The 
Fe skarn-related intrusions may have assimilated signifi-
cant amount of evaporite-bearing carbonate rocks upon 
emplacement, evidenced by their elevated whole-rock δ34S 
and apatite (87Sr/86Sr)t values. Fractionation modeling based 
on apatite Sr/Y and Eu/Eu* ratios suggests that magmas 
for the Cu skarn have experienced amphibole-dominated 
fractionation in the deep crust, whereas those for Fe skarn 
are dominated by plagioclase fractionation in the shallower 
environment. The Fe-related granitoids have calculated Cl 
higher than those associated with Cu skarn, which prob-
ably resulted from assimilating larger amount of evaporites. 
This assimilation process could have facilitated exsolution 
of large amounts of Cl and sulfate-rich fluids that scavenge 
Fe from the cooling magma and further oxidize ferrous Fe 
to form magnetite ores. This study highlights that apatite 
is a sensitive petrogenetic-metallogenic indicator in skarn 
systems and can be useful in exploration.
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