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ARTICLE INFO ABSTRACT

Keywords: Apatite commonly contains abundant halogens and trace elements, which can occur in both the magmatic and
Apatite hydrothermal stages, becoming favorable for recording the magmatic-hydrothermal properties and processes.
Halogens

Skarn-type iron deposits associated with high-Mg diorites are widespread in the Luxi Block, eastern North China
Craton. Their ore-forming processes, especially how the different wallrocks (limestones and dolomites)
controlled the formation of high-grade iron ores, have been poorly constrained. To unravel the mechanisms, in
this contribution, in-situ textural, geochronological (U-Pb dating) and geochemical (halogens and trace ele-
ments) analyses by SEM, EPMA and LA-ICP-MS were conducted on apatite from the representative Fe skarn
deposits (Jinling and Zhangjiawa deposits) in the Luxi Block. Three generations of apatite were identified in the
Jinling deposit, which occur in the feldspathization (Ap1), garnet-pyroxene skarns (Ap2) and massive magnetite
ores (Ap3), respectively. One generation of apatite occurring in the massive magnetite ores (Ap-3) was identified
in the Zhangjiawa deposit. The Ap2 and Ap-3 apatite grains show patchy textures composed by residual bright
zones (Ap2a and Ap-3a) and newly-formed grey to dark zones (Ap2b and Ap-3b), which indicate fluid meta-
somatism. LA-ICP-MS U-Pb dating shows that the Apl, Ap2a and Ap3 apatite in the Jinling deposit formed at
130.4 + 0.9 Ma (20), 128.5 + 2.4 Ma and 128.3 + 9.2 Ma, respectively, whereas the Ap-3a in the Zhangjiawa
deposit formed at 128.1 + 4.2 Ma. These ages are well consistent with the intrusive ages of the spatially asso-
ciated high-Mg diorites within errors, corroborating the ore-forming fluids originating from the high-Mg rocks.
All the studied apatite grains show F/Cl ratios higher than 1, especially in the early-stage apatite (e.g., 5-19 in
Ap1l), indicating that the originally exsolved fluids were enriched in F. The high F contents probably played a
significant role in leaching Fe from the high-Mg rocks by enhancing rock porosities. The Eu/Eu* ratios of apatite
increase from Ap2a to Ap3 while the Ce/Ce* ratios decrease. This suggests an increase of oxygen fugacity. The Sr
concentrations in Ap3 are much higher than those in Ap-3a, correlating well with the wallrocks that limestones
are developed in the former while dolomites in the latter. The above features indicate that fluid-rock interaction
likely led to the increase of oxygen fugacity, which controlled the massive Fe deposition. In the Jinling deposit,
the altered apatite grains (Ap2b) show much lower REE + Y but higher F contents than those of the unaltered
(Ap2a), not only indicating the REEs being easily mobilized during metasomatism, but also suggesting that the
high F contents likely contributed to the formation of high-grade ores by leaching additional Fe from the pre-
viously formed Fe-rich skarns. In the Zhangjiawa deposit, the altered apatite grains (Ap-3b) shows lower Cl
contents than those of the unaltered (Ap-3a). This probably indicates the mixing of low-salinity fluids (e.g.,
recycling meteoric water), leading to the loss of Fe and thus lowering the Fe grade. The above results indicate
that metasomatism is common in the skarn deposits, which can either elevate or lower the metal grade. The
processes can be well recorded by apatite.
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Fig. 1. Tectonic subdivision of China (A) and geological map of the Luxi block (B). (A) and (B) are modified from Mao et al. (2011) and Lan et al. (2019),

respectively.
1. Introduction

Skarn deposits are the important producers of economic metals such
as Fe, Cu, Pb, Zn, W and Au (Meinert et al., 2005). Taking the Fe skarn
deposits for example, they account for ~ 57% of the high-grade (>50 wt
% Fe) iron resources in China (Zhang et al., 2021). Long-lasting or
multistage hydrothermal fluids commonly occur in skarn deposits (e.g.,
Meinert et al., 1997; Chang and Meinert, 2008; Chelle-Michou et al.,
2017; Lietal., 2019; Park et al., 2019), leading to the confusions of how
the metals are transported and deposited. To better understand the ore-
forming mechanisms, in-situ investigations on microtextures, elemental
and isotopic compositions of associated minerals are necessary. Apatite
can occur in both the magmatic and hydrothermal stages, which is
favorable to record the entire information from the magmas to the hy-
drothermal fluids (Belousova et al., 2002; Cao et al., 2012; Bouzari et al.,
2016; Mao et al., 2016; Roy-Garand et al., 2022). In addition, apatite
commonly contains halogens (e.g., F and Cl) and abundant trace ele-
ments with multistage growth, facilitating to constrain the properties of
the fluids and the specific ore-forming processes. In recent years, the
geochemistry of apatite has been widely applied to study the ore-
forming processes of magmatic-hydrothermal deposits, such as
carbonatite-related REE deposits (Broom-Fendley et al., 2016; Chakh-
mouradian et al., 2017; Song et al., 2018; Andersson et al., 2019; Hu
et al., 2019; Ying et al., 2020), iron-oxide apatite (IOA) deposits (Harlov
etal. 2016; Zeng et al. 2016; Palma et al., 2019), and iron-oxide copper
gold (IOCG) deposits (Li and Zhou, 2015; Krneta et al., 2017; Cherry
et al., 2018; Xiao et al., 2021; Liao et al., 2022). Apatite is also ubiqui-
tous in Fe skarn deposits, but has been less concerned (Zhou et al.,

2022).

Numerous Fe skarn deposits associated with high-Mg diorites
occurred in the Luxi Block, eastern North China Craton during the early
Cretaceous (Lan et al., 2019). The Jinling and Zhangjiawa iron deposits
are the two representative Fe skarn deposits in this region, accounting
for about 200 and 290 million tons of iron ores with Fe grades of ~ 52%
and ~ 45-50% (Jin et al., 2015; Duan and Li, 2017), respectively. The
carbonatic wallrocks in the above two deposits are characterized by
limestones and dolomites, respectively. The different wallrocks resulted
in distinct Fe skarn ores, which have been poorly studied. In addition,
because of multistage hydrothermal activities, fluid metasomatism
widely occurred in the two deposits. Fluid metasomatism can signifi-
cantly elevate the metal grades in REE and gold deposits (Broom-
Fendley et al., 2016; Broom-Fendley et al., 2017; Hastie et al., 2020;
Ying et al., 2020; Petrella et al., 2021), which might also contribute to
the formation of high-grade iron ores (Hu et al., 2014). To unravel the
mineralization mechanisms associated with different wallrocks (lime-
stones and dolomites) and the effects of metasomatism on Fe grade, in
this contribution, we conducted in-situ textural, geochronological (U-Pb
dating) and geochemical (halogens and trace elements) analyses on
apatite from different hydrothermal stages in the Jinling and Zhang-
jiawa Fe skarn deposits by scanning electron microscope (SEM), electron
probe microanalyzer (EPMA) and laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS).

2. Geological setting

The North China Craton is the largest and oldest craton in China
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Fig. 2. Geological maps of the Jinling (A) and Zhangjiawa (B) iron deposits (modified from Lan et al., 2019).

(Fig. 1A), which is mainly constituted by a basement with Archean to
Paleoproterozoic tonalitic-trondhjemitic-granodioritic (TTG) gneisses
and greenschist to granulite facies volcano-sedimentary rocks and a
cover with Mesoproterozoic to Neoproterozoic volcano-sedimentary

rocks, Cambrian to Ordovician epicontinental carbonate rocks,
Carboniferous to Permian alternating marine and terrestrial sequences
and Mesozoic-Cenozoic basin sediments (Lu et al., 2008; Yang et al.,
2017). It began cratonization before the Mesoproterozoic by

e

Zhangjiawa V ' ‘ ngjiawa

Fig. 3. Representative samples of different hydrothermal stages from the Jinling (A-D) and Zhangjiawa iron deposits (E-F). (A) Feldspathization of the ore-forming
rock, which is cut by magnetite vein. The magnetite vein is overprinted by sulfide locally. (B) Garnet-diopside skarn from the prograde stage. (C) Massive magnetite
ore from the retrograde stage, containing abundant phlogopite. (D) Massive magnetite ore cut by calcite-sulfide vein. (E) Massive magnetite ore, containing abundant
apatite and showing porous texture. (F) Pyrite and calcite from the carbonate-sulfide stage, cutting and metasomatizing the massive magnetite ore. Abbreviations: Py
= Pyrite; Mag = magnetite; Ap = Apatite; Cal = Calcite; Grt = Garnet; Di = Diopside, Ccp = Chalcopyrite; Phl = Phlogopite.
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Fig. 4. Micrographs of apatite from the Jinling (A-F) and Zhangjiawa (G) iron deposits. (A) Ap1 apatite grains disseminated in the altered diorite (feldspathization)
and coexisting with albite, K-feldspar, grandite garnet and clinopyroxene. (B) Euhedral Apl apatite grains intergrown with garnet, pyroxene and titanite. (C)
Abundant fluid inclusions developed in the Ap1 apatite. (D) Ap2 apatite grains intergrown with garnet, diopside and minor magnetite. (E) Euhedral Ap2 apatite grain
containing abundant allanite inclusions. (F) Ap3 apatite grains hosted in magnetite. (G) Ap-3 apatite grains intergrown with magnetite. (A), (C) and (D) are under
transmitted light. (B), (E), (F) and (G) are under reflected light. Abbreviations: Px = Pyroxene; Kfs = K-feldspar; Tt = Titanite; Aln = Allanite; Others as in Fig. 3.

amalgamation among several Archean micro-continental blocks (Zhai
and Santosh, 2011; Zhao et al., 2012) and after that, it remained largely
stable until the Mesozoic, prior to the remarkable craton destruction at
its central-eastern domains (Zhu et al., 2012). Large-scale mafic to felsic
magmatic activities and various mineralization types (e.g., Au, Fe and

Cu mineralization) were induced during the craton destruction (Li and
Santosh, 2014).

The Luxi Block is located at the eastern part of the NCC, which is
bounded by the Tan-Lu fault to the east, the Liaocheng-Lankao fault to
the west, the Fengpei fault to the south and the Qihe-Guangrao fault to
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the north (Fig. 1B). The Tan-Lu fault extended deeply into the mantle,
not only acting as a conduit for asthenospheric upwelling (Chen et al.,
2006), but also controlling the emplacement of the widespread Mesozoic
igneous rocks in the study region (Qiu et al., 2000; Ren et al., 2002).
Gabbros, high-Mg diorites, high-K calc-alkaline to alkaline rocks, gran-
ites, basaltic to rhyolitic volcanic rocks, carbonatites and mafic dykes
were developed during the early Cretaceous in this district (Lan et al.,
2019). The high-Mg diorites, such as the Jinling intrusive complex in the
Zibo area (Jin et al., 2015), the Kuangshan and Tietonggou intrusions in
the Laiwu area (Duan and Li, 2017), the Tiezhai intrusive complex in the
Linqu area and the Tongjing intrusion in the Yinan area (Zhang et al.,
2011), were prone to generate Fe and Cu-Au skarn mineralization. The
mineralization mainly occurred in the contact zones between the high-
Mg diorites and the Paleozoic carbonate rocks.

3. Deposit geology
3.1. Jinling iron deposit

The Jinling iron deposit is located at the Zibo region, northern Luxi
Block, and is associated with the Jinling high-Mg dioritic intrusions
(Fig. 2A). It contains more than ten mining districts around the in-
trusions and hosts about 200 million tons of iron reserves with an
average Fe grade of ~ 52 % (Jin et al., 2015). Orebodies are developed
in the contact zones between the dioritic rocks and the Ordovician
Majiagou and Carboniferous Benxi Formations. The strata are mainly
composed of limestone, sandstones and sandy shales (Jin et al., 2015).
The ore-related dioritic rocks cover an area of ~ 70 km?, which consist
of gabbroic diorite, monzodiorite and quartz monzonite. Zircon LA-ICP-
MS U-Pb ages of the above rocks are 131.6 + 0.8 Ma, 131.3 + 0.6 Ma
and 129.7 + 0.8 Ma, respectively (Lan et al., 2019). Four principal hy-
drothermal stages have been recognized at the Jinling deposit, including
the feldspathization, prograde skarn, retrograde skarn and calcite-
sulfide stages. The feldspathization is mainly developed in the upper
parts of the diorites with a thickness of ~ 50 m (Jin et al., 2015), where
plagioclase phenocrysts were altered to albite and K-feldspar while
amphibole and biotite were replaced by clinopyroxene, grandite garnet
and titanite (Fig. 3A). Many (~1 vol%) apatite grains (Apl) are
disseminated in the altered rocks (Fig. 4A). In the prograde stage, skarns
display a variable thickness of 0.5-20 m (Jin et al., 2015), which are
mainly composed of grandite garnet, diopside and disseminated
magnetite (Fig. 3B), with subordinate coarse-grained apatite (Ap2;
Fig. 4D). LA-ICP-MS dating of the grandite garnet yielded an U-Pb age of
~ 129 Ma (Chen et al., 2021). In the retrograde stage, skarns are
commonly 1 to 25 m thick and mainly consist of magnetite, phlogopite,
epidote and amphibole (Fig. 3C), with subordinate fine-grained apatite
(Ap3; Fig. 4F). Massive magnetite ores formed in this stage and are cut
by the calcite-sulfide veinlets (Fig. 3D). Magnetite can also occur in
narrow veins, which are locally overprinted by sulfides (Fig. 3A).

3.2. Zhangjiawa iron deposit

The Zhangjiawa iron deposit is located at the Laiwu region, northern
Luxi Block, and is associated with the Kuangshan monzonite (Fig. 2B). It
contains ~ 290 million tons of iron ores with an average Fe grade of ~
46 wt% (Duan and Li, 2017). Orebodies mainly occur in the contact
zones between the Kuangshan monzonite and the Middle Ordovician
marine dolomite rocks with evaporite intercalations. LA-ICP-MS zircon
U-Pb dating indicates that the Kuangshan monzonite was emplaced at
129.3 + 0.3 Ma (Lan et al., 2019). On the basis of field and paragenetic
relationships, four primary hydrothermal stages were recognized at the
Zhangjiawa deposit, including the albitization, prograde skarn, retro-
grade skarn and carbonate-sulfide stages (Duan and Li, 2017; Chen et al.,
2018). The albitization is extensively developed in the upper parts of the
Kuangshan intrusion, where plagioclase and hornblende were typically
replaced by fine-grained albite and scapolite (Duan and Li, 2017). The
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prograde skarns are developed in the exoskarn zone with a thickness of a
few to tens of meters, which mainly consist of diopside (>80 vol%),
spinel and forsterite (Duan and Li, 2017). The retrograde skarns are the
major iron ores (massive magnetite ores; Fig. 3E), which mainly consist
of magnetite, phlogopite and apatite (Ap-3; Fig. 4G), with subordinate
serpentine, chlorite and titanite. Calcite and pyrite are developed in the
carbonate-sulfide stage (Fig. 3F), which commonly cut or metasomatize
the retrograde skarns.

4. Analytical methods

Representative apatite samples of different generations from the
Jinling and Zhangjiawa Fe skarn deposits were collected. The samples
were made into double-polished thin sections for SEM, EPMA and LA-
ICP-MS analyses. In addition, sulfur isotopic analyses of sulfides from
the two deposits were also conducted by isotope ratio mass spectrometer
(IRMS).

4.1. SEM and EPMA analyses

Back-scattered electron (BSE) and cathodoluminescence (CL) images
of apatite were acquired to check the microtexture. The analyses were
conducted using a JSM-7800F SEM at the State Key Laboratory of Ore
Deposit Geochemistry (SKLODG), Institute of Geochemistry, Chinese
Academy of Sciences (IGCAS), Guiyang, China. The working conditions
were 20 kV accelerating voltage and 10nA beam current.

Major elements of apatite were analyzed by a JOEL JXA 8230 EPMA
at the SKLODG. The analytical conditions were 25 kV accelerating
voltage, 10nA beam current and 3 ~ 10 um beam size. The standards,
analyzed elements and X-way lines were as follows: fluorapatite (F-Ka
and P-Ka), chlorapatite (Cl-Ka, S-Ka, and Ca-Ka), orthoclase (Na-Ka and
K-Ka), and pyrope (Mg-Ka, Si-Ka, Ti-Ka, Fe-Ka, and Cr-Ka). Peak and
background counting times were 30 s and 15 s, respectively. Empirical
apatite formulation was calculated based on 13 oxygen atoms per for-
mula unit (apfu). X-position occupancies of volatiles were calculated
using the measured F and Cl data while assuming F + Cl + OH = 1 for
OH (Piccoli and Candela, 2002).

4.2. LA-ICP-MS trace element analysis

Trace element analysis of apatite was performed at the SKLODG by
using an Agilent 7900 ICP-MS equipped with a Geolas Pro 193 nm ArF
excimer laser ablation system. A helium flow rate of 450 mL/min was
used to carry the ablated materials to the ICP. Argon was used as the
makeup gas and mixed with the carrier gas via a T-connector before
entering the ICP. An additional 3 mL/min N gas was added downstream
from the cell to enhance the signal sensitivity. A laser fluence of 4 J/cm?,
repetition rate of 6 Hz and spot size of 44 ym were used during the
analyses. Each analysis incorporated of approximately 20 s gas blank
followed by 40 s data acquisition from the sample and 20 s for washout.
The CaO content determined by EPMA was employed as internal stan-
dard. The glass standards of NIST610 and NIST 612 were used as
external standards for calibration. Each external standard was analyzed
twice after eight sample analyses. Data processing was performed by the
software ICPMSDataCal (Liu et al., 2008).

4.3. LA-ICP-MS U-Pb dating

In-situ U-Pb dating of apatite was also performed at the SKLODG
using an Agilent 7900 ICP-MS equipped with a Geolas Pro 193 nm ArF
excimer laser ablation system. A combination of 3.0 mL/min Ny added
downstream from the cell was adopted to enhance the signal sensitivity.
Alaser fluence of 4 J/cm?, repetition of 6 Hz and spot size of 44 um were
used. The ICP-MS was tuned to reduce the oxide production
(®>®Tho*/?*2Th*< 0.1%) and double changed ion production
Mt /*cat < 0.4%), maximize the sensitivities of the heavy masses (e.
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Fig. 5. Representative BSE (left) and CL (right) images of apatite from the Jinling and Zhangjiawa iron deposits. (A-B) Ap1 apatite showing homogenous texture.
(C-D) Ap2 apatite showing patchy texture. (E-F) Ap3 apatite showing homogenous texture under BSE imaging and weak patchy texture under CL imaging. (G-H) Ap-
3 apatite grains are porous under BSE imaging and show patchy texture under CL imaging.
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Fig. 6. Tera-Wasserburg Concordia diagrams of apatite from the Jinling (A-C) and Zhangjiawa iron deposit (D), showing the lower intercept U-Pb ages.

g., U, Th and Pb) and maintain the equal sensitivities of U and Th
(?38U*/232Th* ratio of ~ 1) (Chew et al., 2014; Fietzke and Frische,
2016). The dwell times were 6 ms for “*Ca and %'P, 10 ms for 202Hg,
204pp, 208ph and 232Th, 20 ms for 2°°Pb and 28U and 30 ms for 2°7Pb.
Each analysis incorporated of approximately 20 s gas blank followed by
40 s data acquisition. The matrix-matched OD306 apatite reference was
utilized as primary standard for calibration (Thompson et al., 2016). The
Madagascar (MAD2) apatite served as secondary standard for moni-
toring the data quality, which yielded a measured age of 474.6 + 4.5 Ma
during this study, well consistent with the recommended age (474.3 +
0.4 Ma) (Thomson et al., 2012). Data reduction including off-line se-
lection and integration of background and analyte signals, time-drift
correction and quantitative calibrations were performed by ICPMSDa-
taCal software (Liu et al., 2008). Because common Pb is commonly
incorporated into apatite, the U-Pb age of apatite was obtained using the
Tera-Wasserburg Concordia, where a linear regression through the plots
yielded a lower intercept age (Tera and Wasserburg, 1972). The pro-
portion of common Pb (fz06) was assessed through the methods of
Gregory et al. (2007). Concordia diagrams and weighted mean calcu-
lations were processed using the Isoplot software (Ludwig, 2003).

4.4. Sulfur isotopic analysis

Sulfur isotopic analysis was also conducted at the SKLODG. Pure
sulfide grains (pyrite and chalcopyrite) were hand-picked under binoc-
ular and then in-situ sampled using a microdrill sampling system
(RELION MSS VI). The sampled sulfide powders were wrapped in a tin
capsule and flash-combusted in a single reactor filled with WO3 and Cu
as reducing agents, liberating SO during interaction with an Oo-
enriched He gas. Isotopic measurements were conducted by a
continuous-flow isotope ratio mass spectrometer (MAT253). Interna-
tional reference standards of IAEA-S-1, IAEA-S-2 and IAEA-S-3 were
used as external standards, with the analytical precisions better than +
0.2%o. The S isotopic composition is expressed against the Vienna
Canyon Diablo Troilite (V-CDT) international standard.

5. Results
5.1. Petrography and microtexture of apatite
5.1.1. Apatite from the Jinling deposit
Three generations of apatite (Apl, Ap2 and Ap3) are developed in

the Jinling deposit, which occur in the feldspathization, prograde and
retrograde stages, respectively. The Apl apatite grains are disseminated
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Fig. 7. Halogen concentrations in apatite from the Jinling and Zhanjiawa iron deposits. (A) Ternary plot in terms of F-Cl-OH atomic proportions, calculated using the
method of Piccoli and Candela (2002). (B) Covariant plot for F and Cl concentrations.

in the altered diorite and commonly coexist with albite, K-feldspar,
grandite garnet and clinopyroxene (Fig. 4A, B). These apatite grains are
euhedral to subhedral with variable sizes of 50-400 pm. They typically
contain abundant fluid inclusions (Fig. 4C), and display homogeneous
texture under both the BSE and CL imaging (Fig. 5A, B). The Ap2 apatite
grains are euhedral to subhedral with larger sizes of 0.2-3 mm. These
apatite grains are intergrown with garnet, diopside and magnetite
(Fig. 4D). Under the BSE and CL imaging, patchy texture showing bright
and dark zones is featured in these apatite grains (Fig. 5C, D). The bright
zones (Ap2a) are more homogeneous and seem to be residues, whereas
the dark zones (Ap2b) metasomatize the bright zones and contain
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mineral inclusions such as allanite (Fig. 4E). The Ap3 apatite grains are
euhedral to subhedral with sizes of 30-200 pm. These apatite grains
commonly occur as inclusions in magnetite (Fig. 4F), and contain
magnetite inclusions as well (Fig. 5E). They show homogeneous texture
under the BSE imaging (Fig. S5E), but show weak patchy texture under
the CL imaging (Fig. 5F).

5.1.2. Apatite from the Zhangjiawa deposit

One generation of apatite is developed in the Zhangjiawa deposit,
which occurs in the massive magnetite ores. Petrographically, this
generation of apatite is comparable to the Ap3 in the Jinling deposit and
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thus named as Ap-3. The Ap-3 apatite grains are euhedral to subhedral
with variable sizes of 100-1500 pm. They coexist with magnetite and
contain tiny magnetite inclusions (Fig. 4G). They are porous under the
BSE imaging (Fig. 5G), and show patchy texture under the CL imaging
(Fig. 5H). The patchy texture consists of bright (Ap-3a) and dark (Ap-3b)
zones, of which the bright zones seem to be the residues while the dark
zones are the altered ones.

5.2. U-Pb age of apatite

The U-Pb dating results of apatite are summarized in Table S1 and
plotted in Fig. 6. One hundred and twenty-six analyses of the Ap1 yield a
Tera-Wasserburg Concordia lower intercept age of 130.4 + 0.9 Ma
(MSWD = 2.2, 20) (Fig. 6A). The Ap2 apatite grains were partly altered,
of which the unaltered grains or zones (Ap2a) were selected for dating.
Forty-one analyses of the Ap2a yield a Tera-Wasserburg Concordia
lower intercept age of 128.5 + 2.4 Ma (MSWD = 1.2, 2¢) (Fig. 6B). Fifty-
seven analyses of the Ap3 yield a Tera-Wasserburg Concordia lower
intercept age of 128.3 + 9.2 Ma (MSWD = 0.9, 20) (Fig. 6C). Forty-five
analyses of the Ap-3a yield a Tera-Wasserburg Concordia lower inter-
cept age of 128.1 + 4.2 Ma (MSWD = 1.2, 20) (Fig. 6D).

Notably, the Ap3 and Ap-3a show much higher uncertainties of U-Pb
age than those of the Apl and Ap2a. This could be due to their
remarkably low U contents (<3 ppm) and high proportions of common
Pb (average fo0s > 40%) (Fig. 6). In addition, the altered grains or zones
(commonly darker in CL imaging) have lower U contents and higher
proportions of common Pb than those of the unaltered, indicating that
deuteric modification affected the U-Pb age.

5.3. Geochemistry of apatite

The elemental compositions of apatite are listed in Table S1 and
shown in Figs. 7-10.

5.3.1. Apatite from the Jinling deposit

For halogens, the F concentrations decrease from the Apl
(1.93-2.88 wt%, mean of 2.22 wt%) to the Ap2a (1.26-1.88 wt%, mean
of 1.60 wt%) and then to the Ap3 (0.89-1.76 wt%, mean of 1.35 wt%),
whereas the CI concentrations show an opposite trend, increasing from
0.11-0.40 wt% (mean of 0.25 wt%) to 0.42-0.76 wt% (mean of 0.58 wt
%) and then to 0.24-1.02 wt% (mean of 0.61 wt%), correspondingly
(Fig. 7). The sulfur contents show a consistent trend with F, decreasing
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from the Apl (0.01-0.25 wt%, mean of 0.06 wt%) to the Ap2a
(0.02-0.06 wt%, mean of 0.04 wt%) and then to the Ap3 (0.00-0.08 wt
%, mean of 0.03 wt%) (Fig. 8A).

The REE + Y contents increase from the Ap1 (1202-3920 ppm, mean
of 2348 ppm) to the Ap2a (1887-6670 ppm, mean of 4312 ppm), but
decrease significantly to the Ap3 (346-794 ppm, mean of 552 ppm)
(Fig. 8B). The Apl apatite grains show much stronger fractionation
between LREE and HREE (Lay/Yby = 20-408) with weaker negative Eu
anomalies (Eu/Eu*=0.4-1.3) than those of the Ap2a (Lan/Yby = 15-60,
Eu/Eu*=0.1-0.3) and Ap3 (Lan/Yby = 14-42, Eu/Eu*=0.2-0.4)
(Fig. 8C, 9A, 10A). The U and Th concentrations are the highest in the
Ap2a (U = 4.0-25.0 ppm, Th = 108-839 ppm) while lowest in the Ap3
(U = 0.4-1.7 ppm, Th = 3.4-22.8 ppm), and vary widely in the Ap1 (U
= 2.2-38.2 ppm, Th = 2.5-94.5 ppm). The U/Th ratios in the Ap1 (U/Th
= 0.6) are much higher than those in the Ap2a and Ap3 (U/Th = 0.07)
(Fig. 8D).

The altered (Ap2b) and unaltered (Ap2a) grains or zones have
distinct elemental compositions, showing that the Cl, Na, Si, REEs, Pb,
Th and U contents are lower but the F, Sr, Ca and P contents are higher in
the former (Figs. 7-11, Table S1). Some trace elements such as REEs + Y,
U, Th and Pb decrease continuously with increasing alteration (Fig. 11).

5.3.2. Apatite from the Zhangjiawa deposit

The F, Cl and S concentrations in the Ap-3a are 1.06-1.44 wt%,
0.85-1.08 wt% and 0.03-0.10 wt%, respectively, while in the Ap-3b are
1.17-1.46 wt%, 0.46-1.05 wt% and 0.01-0.11 wt% (Table S1). The F
and S contents do not show significant difference, but the Cl contents
decrease from the Ap-3a to the Ap-3b. The apatite grains from the
Zhangjiawa deposit have systematically higher Cl but lower F contents
than those of the Jinling deposit (Fig. 7B).

The REE + Y concentrations of Ap-3a (1004-2950 ppm, mean of
1650 ppm) are higher than those of the Ap-3b (423-959 ppm, mean of
773 ppm) (Fig. 8B), but they have similar REE distribution patterns
(Fig. 9B). Both of them show significant fractionation between LREE and
HREE (Lan/Yby = 22-67, avg. 37) (Fig. 8C) and strong negative Eu
anomalies (Eu/Eu*=0.1-0.2) (Fig. 10A).
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5.4. Sulfur isotopic compositions of sulfides

Sulfur isotopic compositions of sulfides are listed in Table 1. The
8%*Sy.cpr values of pyrite and chalcopyrite in the Jinling deposit vary
widely from 0.0%o to 10.1%o (mean of 6.7%o) and 3.6%o to 10.8%o (mean
of 6.4%o), respectively. By contrast, the 634SCDT values of pyrite and
chalcopyrite in the Zhangjiawa deposit are quite consistent and are
much higher than those of the Jinling deposit, showing the values of
16.4-20.9%0 and 20.4-21.1%o, respectively.

6. Discussion
6.1. Origin of the ore-forming fluids and metals

The U-Pb ages of apatite from the Jinling deposit vary between
128.3 Ma and 130.4 Ma (Fig. 6A-C), which are in good agreement with
the zircon U-Pb age of the spatially associated quartz monzonite (130.1
+ 1.5 Ma, Lan et al., 2019). The apatite U-Pb age of the Zhangjiawa
deposit is 128.1 + 4.2 Ma (Fig. 6D), also consistent with the zircon U-Pb
age of the spatially associated Kuangshan monzonite within errors
(129.5 + 0.6 Ma, Lan et al., 2019). Compared with other gabbroic to
dioritic rocks in the study region, the above rocks have the lowest H,O
and highest SiOy contents and highest Mg# values (100 x Mg/
(Mg+> Fe) molar ratio > 60, Lan et al., 2019). This indicates that
remarkable exsolution of fluids and metals (Fe) from these rocks
occurred. In combination with the skarn-type mineralization, it is clear
that the ore-forming fluids and metals were originally derived from
these high-Mg rocks. Notably, sedimentary materials containing car-
bonates and shales have been identified in these rocks, which were
considered to play a significant role in promoting fluid and metal
exsolution (Lan et al., 2019). The carbonates can provide abundant CO5
to promote the HyO to be partitioned into the fluids (Holloway, 1976;
Meinert et al., 2005), whereas the shales can reduce the originally
oxidized magmas and create suitable oxygen fugacity for the extraction
and transportation of Fe?* by fluids (Lan et al., 2019).
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Table 1
Sulfur isotopic data of sulfides from the Jinling and Zhangjiawa iron deposits.

Sample No.  Deposit Mineral 8%%Sy.cpr(%e)  Source
Py-1 Jinling Pyrite 7.3 This study
Py-2 Jinling Pyrite 7.2 This study
Py-3 Jinling Pyrite 6.4 This study
Py-4 Jinling Pyrite 6.7 This study
Py-5 Jinling Pyrite 9.5 This study
Py-6 Jinling Pyrite 6.3 This study
Py-7 Jinling Pyrite 5.2 This study
Py-8 Jinling Pyrite 5.8 This study
Py-9 Jinling Pyrite 9.9 This study
Py-10 Jinling Pyrite 7.2 This study
Py-11 Jinling Pyrite 7.2 This study
Py-12 Jinling Pyrite 10.1 This study
Py-13 Jinling Pyrite 6.1 This study
Py-14 Jinling Pyrite 0.0 This study
Py-15 Jinling Pyrite 5.4 This study
Ccp-1 Jinling Chalcopyrite 9.0 This study
Ccp-2 Jinling Chalcopyrite 10.8 This study
Ccep-3 Jinling Chalcopyrite 7.7 This study
Ccp-4 Jinling Chalcopyrite 3.6 This study
Cep-5 Jinling Chalcopyrite 5.4 This study
Ccp-6 Jinling Chalcopyrite 4.5 This study
Ccp-7 Jinling Chalcopyrite 3.9 This study
Py-1 Zhangjiawa Pyrite 19.3 This study
Py-2 Zhangjiawa  Pyrite 19.8 This study
Py-3 Zhangjiawa  Pyrite 19.2 This study
Py-4 Zhangjiawa Pyrite 19.5 This study
Py-5 Zhangjiawa  Pyrite 17.2 This study
Py-6 Zhangjiawa  Pyrite 16.4 This study
Py-7 Zhangjiawa Pyrite 18.1 This study
Py-8 Zhangjiawa  Pyrite 16.5 This study
Py-9 Zhangjiawa  Pyrite 20.1 This study
Py-10 Zhangjiawa  Pyrite 20.9 This study
Py-11 Zhangjiawa Pyrite 19.7 This study
Py-12 Zhangjiawa  Pyrite 19.7 This study
Py-13 Zhangjiawa  Pyrite 20.8 This study
Py-14 Zhangjiawa Pyrite 18.9 This study
Py-15 Zhangjiawa  Pyrite 19.2 This study
Ccep-1 Zhangjiawa  Chalcopyrite 20.4 This study
Ccp-2 Zhangjiawa  Chalcopyrite 21.1 This study
Anh-1 Zhangjiawa Ordovician gypsum 27.8 Duan, 2019
Anh-2 Zhangjiawa  Ordovician gypsum 27.3 Duan, 2019
Anh-3 Zhangjiawa  Ordovician gypsum 26.9 Duan, 2019
Anh-4 Zhangjiawa Ordovician gypsum 28.6 Duan, 2019

6.2. Fluid evolution and Fe mineralization

6.2.1. Exsolution and transportation of Fe

Efficient exsolution of metals from melts is critical for forming the
magmatic-hydrothermal deposits, which typically depends on the
transporting agents such as Cl, F and S (e.g., Heinrich et al., 1999;
Williams-Jones and Heinrich, 2005; Seo et al., 2009; McPhie et al., 2011;
Williams-Jones and Migdisov, 2014; Xing et al., 2019; Alex and Zajacz,
2022; Gammons and Allin, 2022). Numerous studies have shown that in
the high-temperature magmatic-hydrothermal fluids Fe is mainly
transported as Fe-Cl complexes (FeCly and FeCsz, Simon et al., 2004;
Bell and Simon, 2011; Xing et al., 2019), implying that the extraction of
Fe from the melts is mainly associated with the Cl-bearing fluids.
However, in the studied deposits, all the apatite grains have the F/Cl
ratios higher than 1, and show decreasing F and increasing Cl concen-
trations from the early to the late hydrothermal stages (Fig. 7B). This
indicates that the originally exsolved fluids were more enriched in F.
High F concentrations and F/Cl ratios of apatite have been widely
identified in the ore-related magmatic-hydrothermal systems (e.g.,
Chang and Meinert, 2008; McPhie et al., 2011; Cao et al., 2012; Mig-
disov and Williams-Jones, 2014). The roles of F in magmatic-
hydrothermal systems were estimated by previous studies (Xing et al.,
2019 and references therein), which at least include: (1) increasing the
solubility of metals by forming stable aqueous complexes; (2) acting as a
precipitating agent; (3) reflecting the source of the ore-forming fluids;
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and (4) promoting metal leaching. Because in the mixed F-Cl solutions
Fe(II)-Cl complexes are predominant at temperatures higher than 200 °C
while Fe(III)-F complexes are significant at low temperatures (<150°C)
(Xing et al., 2019), the elevated F concentrations in the early hydro-
thermal fluids (Ap1 stage) might not contribute to extract and transport
Fe. By contrast, considering that F can enhance the porosity of the
wallrocks by breaking the Si-O bond in silicates and thus promote the
metal leaching (Chang and Meinert, 2008; McPhie et al., 2011; Xing
etal., 2019), it is inferred that large amounts of Fe were leached from the
ore-forming rocks due to the F destroying the Fe-bearing silicates. This
might be critical for the elevated enrichment of Fe in the ore-forming
fluids.

6.2.2. Physicochemical variations and Fe precipitation

As the dominant species in the magmatic-hydrothermal fluids, the
breakdown of Fe(I)-Cl complexes can be induced by the change of
physicochemical conditions such as temperature, pressure, pH and Eh
(e.g., Seward and Barnes, 1997; Wood and Samson, 1998; Simon et al.,
2004; Yardley, 2005; Williams-Jones et al., 2010; Shu et al., 2017). In
both the Jinling and Zhangjiawa deposits, the Ap3 and Ap-3a apatite
grains in the massive magnetite ores have the highest Cl concentrations
(Fig. 7B). This might imply the decoupling of Cl and Fe, which resulted
in the efficient deposition of Fe. Experimental and thermodynamic
modeling studies show that the solubilities of Fe-Cl complexes in hy-
drothermal fluids decrease sharply as temperature decreases from ~
400 °C to 200 °C (Xing et al., 2019). Because cooling would inevitably
occur during the magmatic-hydrothermal evolution, it is no doubt that
cooling contributed to the deposition of Fe. However, besides the tem-
perature, other factors seem to also promote the Fe deposition.
Magnetite is the dominant ore mineral in the studied deposits, the for-
mation of which requires increasing oxygen fugacity to oxidize Fe?' to
Fe3*. Europium and Ce in apatite can reflect the redox condition of the
crystallization environment (Cao et al., 2012; Pan et al., 2016; Mercer
et al., 2020), of which Eu®* and Ce®* are more favorably incorporated
into the apatite than Eu?* and Ce** due to their similar radii to Ca®*
(Sha and Chappell, 1999). As a result, apatite crystallizing in more
oxidized environment will have higher Eu but lower Ce contents, or
show positive Eu anomaly (Eu/Eu*) and negative Ce anomaly (Ce/Ce*)
(Mercer et al., 2020). The Eu/Eu* values increase from the Ap2a to the
Ap3 while the Ce/Ce* values decrease accordingly (Fig. 10A), corrob-
orating the increasing oxygen fugacity. It is noted that the Apl apatite
grains have remarkably higher Eu/Eu* and lower Ce/Ce* values than
those of the Ap2a and Ap3 (Fig. 10A), which cannot be explained by the
high oxygen fugacity. Firstly, almost no oxidative minerals (e.g.,
magnetite and sulfate) occur in the Apl stage. Secondly, relatively low
oxygen fugacities have been identified in the ore-forming rocks (Lan
etal., 2019), implying the low oxygen fugacities of the exsolved fluids. It
has been considered that the low oxygen fugacity during the magmatic-
hydrothermal transition can not only make the Fe retain in the melts as
Fe2+, but also facilitate it to be scavenged by the fluids as Fe(II)-Cl
complexes (Lan et al., 2019). Previous studies show that feldspar can
significantly elevate the Eu concentrations and Eu/Eu* values of apatite
when they are coexistent (Pan et al., 2016; Xiao et al., 2021). The Apl
apatite grains occur in the feldspathization (Fig. 4A and 10A), and have
the highest Sr and Eu concentrations (Fig. 10B), corroborating the ef-
fects of feldspar. For the Ce anomaly, due to the extremely small pro-
portion of Ce** compared with Ce>*, the Ce anomaly in apatite can be
very small and thus cannot well indicate the oxidation state (Xing et al.,
2021). This alerts that it should be cautious when applying the Eu/Eu*
and Ce/Ce* as redox indicators (Xing et al., 2021).

The S concentrations in apatite decrease continuously from the Apl
to the Ap2a and then to the Ap3 (Fig. 8A), also indicating the increasing
oxygen fugacity. It has been demonstrated that there are three S
oxidation states (S6+, s* and Sz’) in the apatite, of which the $%" occurs
in reduced conditions while the $** and S®* occur in intermediate to
oxidized conditions (Konecke et al., 2017). Sulfides (mainly pyrite)
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coexisting with magnetite and apatite (Ap3 and Ap-3 stages) were
identified in the massive magnetite ores of the Jinling and Zhangjiawa
deposits (Fig. 3D and F), indicating that the oxygen fugacities of the
fluids were around the magnetite-pyrite buffer during the deposition of
Fe. Combined with no sulfates occurring throughout the hydrothermal
stages, the S most likely presented as reduced species (S*7) in the fluids
(Henning et al. 2000; Seo et al., 2009; Simon and Ripley, 2011; Konecke
et al., 2017) and thus as S*~ in the apatite. If it is true, the decreasing S
concentrations in the apatite should be resulted from the deposition of
sulfides, implying the oxidation of HS™ or S* to §™.

The increase of oxygen fugacity was probably induced by fluid-rock
interaction. It is noted that the Ap3 apatite grains have much higher Sr
concentrations than those of the Ap-3a (Fig. 10B). Strontium can be
incorporated into apatite via substituting Ca due to the similar ion radii
and valence between Ca?" and Sr?* (Pan and Fleet, 2002). The higher Sr
concentrations in the Ap3 apatite grains may indicate the crystallization
in Ca-rich environments. This is corroborated by the wallrocks in the
studied deposits, where limestones are developed in the Jinling deposit
while dolomites occur in the Zhangjiawa deposit. The limestones can
provide abundant Ca?* and Sr*" into the fluids during fluid-rock
interaction. The different wallrocks and their effects can also be re-
flected by the sulfur isotopic compositions of sulfides. The 534S values of
sulfides from the Zhangjiawa deposit range 16.4%o from 21.1%o, much
higher than those (0.0%o to 10.8%o) of the Jinling deposit (Fig. 12). This
is consistent with the widespread Ordovician marine strata in the
Zhangjiawa deposit, which contain high-52*S sulfates (Wen et al., 2017;
Duan, 2019).

6.3. Fluid metasomatism and effects on Fe grade

Both the Ap2 and Ap-3 apatite grains show patchy textures, which
consist of residual bright zones (Ap2a and Ap-3a) and newly formed grey
to dark zones (Ap2b and Ap-3b) under the CL imaging. In addition, the
bright zones are commonly porous while the dark zones contain many
mineral inclusions (Figs. 4, 5). These features have been considered to
reflect the dissolution-reprecipitation processes during metasomatism
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(e.g., Harlov et al., 2002, 2005; Harlov and Forster, 2003; Li and Zhou,
2015). Based on the brightness, the REE + Y, Pb, Th and U contents
decrease continuously from the bright to the grey and then to the dark
zones (Fig. 11), indicating the enhanced loss of the above elements
during increasing metasomatism. Notably, the bright zones have much
stronger fractionation between LREE and HREE than those of the dark
zones (Fig. 8C and 9). This suggests that the light rare earth elements
were more easily mobilized during the metasomatism, as indicated by
the newly formed LREE-rich allanite inclusions in the dark zones (Fig. 4E
and 11D). To form the allanite [(Ca, REE),FeAl;Si3012(OH)], sufficient
LREE and Ca are required (Budzyn et al., 2011). The Ap2a apatite grains
have the highest LREE contents among the studied apatite, which could
provide the LREE for the allanite (Fig. 8B). The limestone wallrocks in
the Jinling deposit can also supply abundant Ca.

Fluid metasomatism can significantly influence the ore grades
(Broom-Fendley et al., 2016; Broom-Fendley et al., 2017; Hastie et al.,
2020; Ying et al., 2020; Petrella et al., 2021). The Fe grades of massive
magnetite ores are generally higher in the Jinling deposit (average grade
of ~ 52% Fe) than in the Zhangjiawa deposit (average grade of ~ 46%
Fe). Fluid metasomatism occurred at the Ap2 stage in the Jinling de-
posit, prior to the large-scale deposition of Fe (massive magnetite ores).
In this stage, besides the apatite, other minerals such as garnet, pyroxene
and magnetite (minor) also show porous textures (Fig. 4D, E), indicating
that significant leaching of elements (e.g., Fe) occurred. The Ap2b
apatite grains have elevated Eu/Eu* and low Ce/Ce* values similar to
those of the Apl (Fig. 10A). In combination with their high F contents
and F/Cl ratios close to the Ap1l (Fig. 7B), the fluids responsible for the
metasomatism were probably derived from the similar magmatic fluids
of the Apl. Because F can promote the release of Fe, the metasomatism
might leach additional Fe from the Ap2 stage and thus contribute to the
formation of high-grade iron ores in the Ap3 stage. In the Zhangjiawa
deposit, the metasomatism occurred at the Ap-3 stage. The porous tex-
tures in the apatite and magnetite indicate the loss of elements, espe-
cially the Fe (Fig. 4G). The metasomatism thus contributed to lower the
Fe grade of the magnetite ores. The Ap-3a and Ap-3b apatite do not show
significant difference in Eu/Eu* and Ce/Ce* values (Fig. 10A) and F



Y.-H. Chen et al.

Ore Geology Reviews 158 (2023) 105483

@

Jinling

U=2.2-38.2 ppm
frs=avg.22%
REEs=avg.2384 ppm
0Eu=0.4-1.3
F=1.93-2.88 wt.%
C1=0.11-0.40wt.%

Apl

Feldspathization stage

Ap2a Jinling
U=4.0-25.0 ppm

Jros=avg.14%

REEs=avg.4312 ppm

6Eu=0.1-0.3

F=1.26-1.88 wt.%

Cl=0.42-0.76 wt.%

Ap2b
REEs=avg.663 ppm
6Eu=0.1-1.3
F=1.37-2.11 wt.%
Cl1=0.14-0.39 wt.%

Jinling

©

U=0.4-1.7 ppm
frs—avg.75%
REEs=avg.552 ppm
6Eu=0.2-0.4
F=0.89-1.76 wt.%
C1=0.24-1.02 wt.%

Retrograde stage

Zhangjiawa
Ap-3a
U=0.4-2.5 ppm
Jros=avg.46%
REEs=avg.1650 ppm
0Eu=0.1-0.2
F=1.06-1.44 wt.%
Cl=0.85-1.08 wt.%

Ap-3b
REEs=avg.773 ppm
6Eu=0.1-0.2
F=1.17-1.46 wt.%
C1=0.46-1.05 wt.%

Retrograde stage

Fig. 13. Summary diagram illustrating the textural and elemental features of different stages of apatite from the Jinling and Zhangjiawa iron deposits.

contents, but the Cl contents decrease more or less from the Ap-3a to the
Ap-3b (Fig. 7B). This indicates that low-salinity fluids such as recycling
meteoric water might be responsible for the metasomatism.

In summary, fluid metasomatism contributed to the Fe grade. Fluid
metasomatism in the Jinling deposit occurred before the massive Fe
precipitation, leaching additional Fe from the skarn rocks and thus
promoting the formation of high-grade iron ores. In the Zhangjiawa
deposit, fluid metasomatism occurred after the massive Fe precipitation,
leading to the loss of Fe and thus lowering the Fe grade.

7. Conclusions

In-situ texture, geochronology and geochemistry of apatite from the
Jinling and Zhangjiawa Fe skarn deposits were conducted to decipher
the ore-forming processes and formation of high-grade iron ores
(Fig. 13), leading to the following major conclusions:

(1) The U-Pb ages of primary apatite in the Jinling and Zhangjiawa
deposits are 128.3-130.4 Ma and 128.1 + 4.2 Ma, respectively,
which are consistent with the intrusive ages of the spatially
associated high-Mg diorites. Combined with the skarn-type

13

mineralization, it corroborates that the ore-forming materials

were derived from these rocks.
(2) The apatite grains in the early hydrothermal stage show elevated
F contents and F/Cl ratios, indicating the high-F properties of the
originally exsolved fluids. The high F contents probably
contributed to promote the Fe leaching from the wallrocks.
Based on the Eu/Eu* and Ce/Ce* ratios and S contents in apatite,
the oxygen fugacities of the ore-forming fluids increased from the
early to the late hydrothermal stages, resulting in the massive
deposition of magnetite. The increase of oxygen fugacity was
mainly induced by the fluid-rock interaction.
Fluid metasomatism occurred in both the Jinling and Zhangjiawa
deposits, which contributed to elevate and lower the Fe grade,
respectively. Metasomatism of by high-F fluids before the massive
Fe precipitation facilitated the formation of high-grade ores.
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