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Abstract
The Pingshun skarn iron deposit is located in the southernHandan–Xingtai iron district of the southern TaihangMountains, NorthChina
Craton. Skarns and ore bodies occur as lamina, lenses, and veins along the contact between a dioritic pluton and carbonates of the
Middle Ordovician Majiagou Formation. The paragenetic sequence is albite followed by diopside, then garnet, magnetite, and finally
calcite. Diorite and olivine-bearing hornblende gabbro in the Pingshun area contain zircon grains with SHRIMPU–Pb ages of 123.4 ±
1.7 and 125.5 ± 2.3 Ma, respectively. Based on the close spatial association between diorite and mineralization, we suggest that both
magma activities and iron mineralization in the Pingshun area took place at 125–123 Ma. Three types of fluid inclusions identified in
minerals from the Pingshun deposit include three-phase (type 1), two-phase (type 2), and pure liquid (type 3) inclusions. The ore-
forming fluid evolved from high temperature (515–679 °C) with high salinity (39.8–77.6 wt% NaCl equiv.) in diopside, to medium–
high temperature (365–496 °C) with moderate–low salinity (11.8–17.6 wt% NaCl equiv.) in garnet, and to low temperature (162–
295 °C) with moderate–low salinity (6.7–35.5 wt% NaCl equiv.) in calcite. The presence of hematite, halite, and gypsum daughter
minerals in type 1 fluid inclusions and the occurrence of andradite in skarns indicate that the pre-ore–forming fluid was oxidized. The
δ34S values of pyrite separated from ores vary from 12.5 to 17.4‰, with 206Pb/204Pb = 17.26–19.03, 207Pb/204Pb = 15.42–15.69, and
208Pb/204Pb = 37.29–39.76, suggesting the ore-forming fluidwas originated from amagmatic source andwith additional crustalmaterial
during the mineralization process. This is consistent with H–O isotope data (δ18Odiopside-H2O = 10.8‰, δ18Ogarnet-H2O = 9.5–10.8‰,
δ18Omagnetite-H2O = 9.8–13.4‰, δDgarnet varying from − 106 to − 86‰, δDdiopside =− 90‰). The microthermometry of fluid inclusions
and isotope data reveal that the addition of gypsolyte and salt-bearing marlstone into the ore-forming fluid increases Na, Ca, and Cl and
that it significantly increases the ability to transport Fe and enhances the capacity of Fe in the ore-forming fluid. Fluid boiling and
additional meteoric water involved are twomajor key factors controlling the ore precipitation. Mantle materials involved in magma and
high oxygen fugacity are considered to be crucial roles in the formation of numerous iron deposits in the Handan–Xingtai iron district.

Keywords Skarnirondeposit .Fluidinclusions .S–Pb–H–Oisotope .Microthermometry .Geochronology .Handan–Xingtai iron
district

Introduction

Skarn deposits are widely distributed around the world and
often contain significant resources of Fe, W, Cu, Pb, Zn, Mo,

Ag, Au, U, and rare earth elements (Meinert et al. 2005). In
China, skarn iron deposits are the principal sources of high-
grade iron ores (Wilde et al. 2002; Zhao et al. 2001; Jin et al.
2015). Several well-known large skarn iron ore districts in
North China include the Handan-Xingtai area in Hebei
Province (Zheng et al. 2007a, b; Zhang et al. 2013; Shen
et al. 2013a), Luxi area in Shandong Province (Zhao et al.
1990; Zong et al. 2010), Anyang area in Henan Province
(Chen et al. 2014) and Linfen area in Shanxi Province
(Zhang et al. 2010). The Handan–Xingtai iron district, located
in the southern Taihang Mountains (Fig. 1a, b), contains nu-
merous skarn iron deposits (such as the Xishimen, Beiminghe
iron deposits, with a total reserve of over 1000 Mt) related to
Early Cretaceous mafic-intermediate magmatic events.
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Previous studies in the Handan–Xingtai iron district have
mostly dealt with geochemistry of ore-related intrusions
(Zhang et al. 2014; Xu et al. 2009; Sun et al. 2014; Chen
et al. 2004; Shen et al. 1977). However, there some fundamen-
tal issues still exist. For example, how to the ore-forming fluid
evolved and why the skarn mineralization occured in the
Southern Taihang Mountains.

The Pingshun skarn iron deposit is located in the southern
part of the Handan–Xingtai iron district of southern Taihang

Mountains, 50 km northwest of Pingshun country, Shanxi
Province (Fig. 1b). Compared with other skarn iron deposits
in the Handan–Xingtai iron district, the Pingshun deposit has
well-exposed surface outcrops of typical iron ore bodies and
skarn alteration, which provides easy access to conduct petro-
logical studies on iron ore bodies and skarns and to reconstruct
the process and spatial distribution of mineralization.

In this paper, we present new data from field and laboratory
investigations, including zircon U–Pb age of magma
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Fig. 1 a Location map of the study area and its relationship with the
North China Craton. b Magmatism and major deposit locations of the
Handan–Xingtai iron district (modified from Zhang et al. 2014; Chen
et al. 2008; Xu et al. 2010c). c Geological map of the Pingshun deposit.
1: Quaternary; 2: Carboniferous–Permian sediment; 3: Middle

Ordovician Majiagou Formation; 4: Archaean metamorphic complex; 5:
hornblende gabbro; 6: hornblende–diorite; 7: syenite; 8: fault; 9: olivine-
bearing hornblende gabbro; 10: hornblende–diorite; 11: diorite–
monzodiorite; 12: ore bodies; 13: location of sample; 14: ore block; 15:
geological cross-section
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intrusions, fluid inclusion microthermometry, H–O isotopic
data for ore-forming fluids, and S–Pb isotopic data for pyrite
for ore-forming materials sources in the Pingshun deposit.
These data will provide direct evidence to (1) determine the
age of mineralization, (2) reveal the sources of Fe and evolu-
tion of ore-forming fluids, and (3) provide more information
to reconstruct the process of Fe mineralization.

Regional geology

The Pingshun deposit is located in the southern part of
Taihang Mountain and southwestern edge of Handan–
Xingtai iron district near the center North China Craton
(NCC, Fig. 1a). The Handan–Xingtai iron district extends
200 km long and 40 km wide with NNE-trending.
Numerous occurrences of iron deposits with high Fe grade
indicate that the Handan–Xingtai iron district is an important
iron-rich ore zone with great economic potential in China
(Zheng et al. 2006, 2007a). Many iron deposits within the
Handan–Xingtai iron district were hosted dominantly by
Middle Ordovician carbonates or magmatic bodies (Zheng
et al. 2006, 2007a; Zhang et al. 2013).

The major lithological units in the Handan–Xingtai iron dis-
trict are dominated by a cover sequence of Phanerozoic sedimen-
tary sequences. The Precambrian basement is dominated by the
Archean Zanhuang Groups which are mainly composed of
tonalite–trondhjemite–granodiorite (TTG) gneisses, marble, and
amphibolites (Li et al. 2013; Zhai and Santosh 2011). The
Phanerozoic sedimentary sequences are composed of
Changchengian to Lower Permian limestone, marlstone, and do-
lomite. The Middle Ordovician Majiagou Formation is widely
developed in the Handan–Xingtai iron district and is mainly
composed of limestone and marlstone. Based on previous petro-
logical studies, the Majiagou formation can be divided into six
units (Zhang et al. 2013), of which the first, third, and fifth units
are mostly marlstone, and the second, fourth, and sixth units
consist of limestone with a development of Fe mineralization
(Fig. 1b). These cover sequences were folded, intruded by early
Cretaceous intermediate-acidic pluton and dikes. The early
Precambrian metamorphic basement outcrops occur to the north
40 km in the study area (Li et al. 2013; Sun et al. 2014).

Mesozoic magmatic rocks intruding the Precambrian base-
ment as well as the younger sedimentary cover sequence are in
a major NNE-trending magmatic belt (Fig. 1b, Shen et al.
2013a; Wang et al. 2006). The intrusive rock types include
hornblende gabbro, diorite, monzodiorite, monzonite, syenite,
syenogranite, and few gabbroic diorites, lamprophyre, and
diorite dikes (Zheng et al. 2007a). These mafic-intermediate
intrusions were emplaced between 137 and 125Ma (discussed
as below), exhibiting high Mg# and the isotopic signature of
EMI (Zhang et al. 2014; Wang et al. 2006; Peng et al. 2004;
Shen et al. 2013a; Qian and Hermann 2010).

Deposit geology

The Pingshun deposit covers an area of 15 km2 and is struc-
turally controlled by regional folding series and the NE–NNE-
trending magmatic belt (Fig. 1c). Surface exposure of the
Pingshun deposit was originally discovered in 1954.
Extensive exploration conducted by Shanxi Geological
Survey and North China Geological Survey after 1954 has
defined a reserve of 10.2 million tons of Fe grading 21–
61%, of which more than 50% of total reserves with grades
higher than 45%. A series of folds and faults trending NE–
NNE are widespread in the study area (Fig. 2). The faults and
folds generally parallel with the two belts of intrusions. The
faults strike NE–NNE, dip NW 50–78°, and extend 6–20 km,
rarely up to 200 km (Fig. 1c). The occurrence of plutons in the
core along strike of the folding indicates that the cover se-
quence was folded at about the same time during magma
emplacement (Fig. 2; Zhang et al. 2013). The igneous intru-
sions in the Pingshun deposit are distributed along an NNE-
treading zone (approximately 50 km long by 0.5–1.4 km
wide). These intrusions are divided into two belts (left and
right) based on spatial outcropping patterns. The largest mag-
matic belt, the left magmatic belt, controls more than 90% iron
ore bodies in the Pingshun deposit. The overall distribution of
the ore bodies and skarns is strictly controlled by the folding
and the morphology of the contact between the intrusions and
Middle Ordovician carbonate, which is well illustrated by its
fellows: (1) intrusions along the core of folding, (2) skarn
rocks usually developed along the contact of intrusions and
second unit of the Majiagou Formation and are featured by
banded structure developed parallel to the stratiform layer of
limestone, and (3) ore bodies often occurred as banded bodies
associated with skarn rocks or as veins along fracture of wall
rocks (Fig. 2).

The two magmatic intrusion belts mainly consist of dio-
rite–monzodiorite, hornblende–diorite, and olivine-bearing
hornblende gabbro (Fig. 1c). Diorite–monzodiorite with
hypidiomorphic granular texture consists of plagioclase
(50~70 wt%), hornblende (20~40 wt%), K-feldspar
(3~20 wt%), and quartz (2~10 wt%), with minor apatite, zir-
con, and magnetite. The plagioclase is characterized by the
typical resorbed Ca-rich core (An = 56–91) with irregular em-
bayment in shape and surrounded by euhedral Na-rich zoned
mantle (An < 27) (Zhang et al. 2014). The olivine-bearing
hornblende gabbro with poikilophitic texture contains plagio-
clase (28~48 wt%), clinopyroxene (15~25 wt%), hornblende
(10~25 wt%), olivine (5 wt%), biotite (2~5 wt%), and mag-
netite (2~5 wt%), with minor or trace amounts of spinel, zir-
con, and ilmenite, and contains dunite xenoliths (Xu et al.
2010c; Zhang et al. 2014). Clinopyroxene occurs as anhedral
and was enclosed by anhedral plagioclase. Olivine and
clinopyroxene with a typical reaction rim are composed of
fine hornblende, biotite, and coarse magnetite (Zhang et al.
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2014). The fine-grained hornblende diorites consist of horn-
blende (50~75 wt%), plagioclase (20~40 wt%),
clinopyroxene (5 wt%), biotite (2~5 wt%), and accessory min-
erals such as zircon and magnetite.

The ore bodies in the Pingshun deposit are developed along
the contact between diorite–monzodiorite and carbonate rocks
(Figs. 1c and 2). The Pingshun deposit consists of five major
economic ore blocks (e.g., Beiluoxia, Lugou, Houman,
Shuigou, and Jiaojiepo; Fig. 1c), in which ore bodies occur as
lamina, lens, and vein shaped (Fig. 2). The individual ore bodies
are generally 4~20 m thick and 100 to > 950 m long. The ore
bodies dip at ~ 10° to 60° to the west or east depending on the
local structure and contain an average of ~ 45 wt% Fe3O4.

The ore minerals are predominantlymagnetite and pyrite with
minor pyrrhotite, chalcopyrite, ilmenite, and arsenopyrite. The
gangue minerals are mainly diopside, calcite, prehnite, garnet,
epidote, and tremolite with minor biotite, chlorite, and horn-
blende. The ore shows various forms including dense massive
(Fig. 3a), banded (Fig. 3b, c), disseminated (Fig. 3d), veined (Fig.
3e), and veinlet structures (Fig. 3f). Most of the contacts of in-
trusion and wall rock are sharp (Fig. 3g) with minor occurrence
of typical transitional contacts in a few places.

The alteration related to iron mineralization is widespread
in the mining area and consists of skarn and marble. The
alteration exhibits clear zone from intrusive rocks to wall rock
(Figs. 3h–i and 4): albite diorite → albitite → diopside +
prehnite + tremolite + andradite→ magnetite ± pyrite ± chal-
copyrite → marble + epidote + calcite (Zhang et al. 2010).
Alteration mainly occurs in the contact of diorite–
monzodiorite and Middle Ordovician strata (Fig. 4), produc-
ing calc-silicates including albitization (Fig. 3i) and prograde
and retrograde skarn. The albite zone is formed from
albitization of diorite–monzodiorite (with Fe removal) relative
prior to the early dry skarnization stage. The albitization of
diorite–monzodiorite can be distinguished by the mineralogi-
cal and geochemical characteristics. The altered igneous rocks
have lower dark-colored minerals (amphibole, pyroxene) and
Fe, Mg content, higher Na and Al than unaltered rocks (Zhang
et al. 2010, 2013). Primary plagioclase is surrounded by the
secondary albite (Fig. 3k) and amphibole is replaced by the
epidote (Zhang et al. 2013; Fig. 3l). Prograde skarn (anhy-
drous skarn) mainly consists of diopside and garnet (Fig.
3h, j). Retrograde skarn (hydrous skarn) consists of a mixture
of prehnite, epidote, chlorite, actinolite, biotite, magnetite,

Fig. 2 Geological cross-section along exploration routes in the Pingshun deposit
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pyrite, and chalcopyrite (Fig. 3h; Chen et al. 2016).
Additionally, carbonate alteration is also developed in this
area and overprints the early ablitization and consist of calcite
with a minor amount of quartz and pyrite.

Based on the detailed field investigation and petro-
graphic observation, three stages of skarn formation and
ore-forming have been recognized (pre-ore, main ore, and

post-ore), with a fourth supergene oxidation stage. The
paragenesis is illustrated in Fig. 5. The pre-ore stage con-
tains albitization of intrusions and earliest stage of skarn
formation. No sulfides were present in this stage. Initial
plagioclase and K-feldspar grains from the intrusions were
albitized into albite, during which processes the mica and
hornblende were disintegrated (Zhang et al. 2013). Garnets

Fig. 3 Representative photos in the Pingshun deposit. a Ore with dense
massive structure. b, c Banded ore with primary stratification. d
Disseminated ore. e Ore-bearing skarn occurs as veins within marble. f
Ore veinlet crosscutting skarns. gThe contact between diorite andmarble.
hAlteration zones with representative minerals. iAlbitization of diorite. j

Diopside zone. k Plagioclase was surrounded by the albite. l Hornblende
is replaced by the diopside. Ep, epidote; Chl, chlorite; Prh, prehnite; Di,
diopside; Gat, garnet; Tr, tremolite; Mt, magnetite; Hbl, hornblende; Pl,
plagioclase
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and epidotes occur as medium- to coarse-grained euhedral
to subhedral crystals and are mainly products of the earliest
stage of skarn deformation. The main ore stage is charac-
terized by the occurrences of an assemblage of hydrous
silicate minerals (e.g., prehnite, chlorite, actinolite, biotite,
and epidote), Fe-oxides (magnetite), Cu-Fe sulfides (py-
rite, chalcopyrite), and quartz. The post-ore stage is fea-
tured by the alteration of silica and carbonate, producing
quartz and calcite with few Cu–Fe sulfides. The supergene
stage is characterized by the occurrence of secondary he-
matite and malachite, which are products of replacement of
magnetite and chalcopyrite, respectively, during oxide
environment.

Sampling and analytical methods

Zircon U–Pb dating

In order to determine the age of skarn-related magmatic
rocks, two representative samples (sample B035 and
LG01) of the magmatic intrusions were selected for zircon
separation and U–Pb dating. Samples B035 (diorite) and
LG01 (olivine-bearing hornblende gabbro) were collected
from unaltered intrusion away from iron ore bodies and
alteration (Fig. 1c).

Zircons were separated using conventional heavy liquid
and magnetic techniques. Representative zircon grains
were handpicked under a binocular microscope, mounted
in epoxy resin disks, and then polished and gold-coated.
Zircons were examined under transmitted and reflected
lights and then imaged by cathodoluminescence (CL)
using a Gatan MonoCL3+. U–Pb isotope analyses of zir-
con from samples were performed using the SHRIMP II at
the Institute of Geology, Chinese Academy of Geological
Sciences. Details of the analytical procedures for zircon
using the SHRIMP have been described by Williams and
Claesson (1987) and Compston et al. (1984). During the
SHRIMP analysis, spot size was 25–30 μm. Each spot was
limited for 3–4 min to remove contamination on the sur-
face. The mode of peak-jumping scanning was adopted and
nine ion beam peaks, including Zr2O

+, 204Pb+, 207Pb+,
208Pb+, U+, Th+, and UO+, were recorded. The average
value from seven scans was recorded for each spot.
Element fractionation during ion emission of zircon was
used to monitor the analytical conditions relative to the
RSES reference TEMORA 1 (417 Ma, Black et al. 2003).
In order to ensure the reliability of the results, the standard
sample was measured once for every three spots to monitor
the stability of the instrument (Table 1). The data process-
ing was conducted using the SQUID1.03 and Isoplot/
Ex2.49 program of Ludwig (2001a, b).

Fluid inclusions

Five samples were collected from surface exposure in the
Jiaojiepo block for fluid inclusion microanalyses in this study.
The locations of the samples are shown in Figs. 1c and 6. All
five samples exhibit very weak deformation. Fluid inclusions
(FIs) in skarn are usually minute (3–10 μm), most of them are
pseudosecondary (intragranular), and some occur as clusters
or isolated (Fig. 7). More than 10 polished thin units were
prepared from these samples for optical examination, of which
6 thin units were chosen for further microthermometry. FI
microthermometry was conducted at the Key Laboratory of
Western Mineral Resources and Geological Engineering
Ministry of Education, Chang’an University using a Linkam
THMSG 600 heating-cooling stage (− 198 to 600 °C).
Synthetic FIs were used to calibrate the stage to ensure the
accuracy of measurements. Temperature accuracy is ± 0.5 °C
during −120~− 70 °C, ± 0.2 °C during − 70~+ 100 °C, and ±
2 °C during + 100~+ 500 °C. Heating/freezing rate is
5~10 °C/min, then reduced to 2 °C/min to emulate the phase
transformation. Fluid inclusion salinities were estimated in
terms of the reference data of Bodnar (1993) and Sterner
et al. (1988) for the NaCl–H2O system. Microthermometry
data are summarized in Table 2.

Trace elements of ores

Five ore samples for trace element analyses were collected
from outcrops and drill cores within Beiluoxia, Lugou, and
Jiaojiepo blocks (Fig. 1c), covering dense massive, banded,
and disseminated ores. Analyses were conducted using ICP-
MS at the Key Laboratory of Western Mineral Resources and
Geological Engineering Ministry of Education, Chang’an
University. The analytical procedures applied were similar to
those described by Shen et al. (2012).

S–Pb–H–O isotopes

The samples were collected from both surface exposures
(Fig. 6) and drill core in the Beiluoxia, Lugou, and Houman
blocks for isotopic analyses. Sulfide, magnetite, garnet, and
diopside were carefully handpicked under a binocular micro-
scope after the samples had been crushed, cleaned, and sieved
to 40~60 mesh, resulting in a separate of 99% pure minerals.

Sulfur isotopes were determined at the Geological Analysis
and Research Centre of Nuclear Industry of China
(GARCNIC). Pyrite samples were first treated with a
carbonate–zinc oxide semidissolved technique to separate
pure BaSO4, and then final SO2 samples were prepared with
a V2O5 oxidation technique. The samples were conducted
using a MAT-253 EM mass spectrometer and the results are
expressed in the international standard CDTwith analysis ac-
curacy better than ± 0.2‰.
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Lead isotopic compositions were also determined at the
GARCNIC. Samples were first dissolved with three common
acids. Pb was separated from the treated samples using a resin
exchange technique. The evaporated dry samples were ana-
lyzed using a MAT-261 mass spectrometer for which 1 μg Pb
yields an accuracy of < 0.05 and 0.005% for 204Pb/206Pb and
208Pb/206Pb, respectively.

Oxygen and hydrogen isotope composition were completed
in the Stable Isotope Laboratory, Institute of Mineral Resources,
Chinese Academy of Geological Sciences, Beijing. The analyti-
cal procedures applied were similar to those described by Peng

et al. (2016). The precision is ± 0.2‰ for both δ18O and δDbased
on repeatability analyses. Oxygen and hydrogen isotope compo-
sitions are expressed in per mille relative to Vienna-Standard
Mean Ocean Water (V-SMOW).

Results

Zircon U–Pb ages

The zircons from the samples (LG01 and B035) exhibit
similar morphology, mostly euhedral and up to 70–
140 μm in length with aspect ratios of about 1:1.5 to 1:3.
The zircon grains without a structure on CL images show
prismatic or irregular shape (Fig. 8). Zircons from samples
LG01 and B05 have Th/U = 1.03–1.92 and 1.41–1.93, re-
spectively, indicating a magmatic origin (Lee et al. 1997;
Black et al. 2003). The model 206Pb/238U ages of nine
spots vary from 121.5 to128.33 Ma, yielding a weighted
mean 206Pb/238U age of 123.4 ± 1.7 Ma (MSWD = 1.10)
(Fig. 8a; Table 1). Eight SHRIMP spot measurements of
zircons from sample B035 define a tight cluster on a
concordia diagram, yielding a weighted mean 206Pb/238U
age of 125.5 ± 2.3 Ma (MSWD = 0.58) (Fig. 8b). These
dating results could be interpreted as the crystallization
age of the Pingshun intrusions.

Table 1 SHRIMP U-Pb isotopic analysis data for zircon grains from the Pingshun intrusions

Spot 206Pbc
(× 10−6)

U
(× 10−6)

Th
(× 10−6)

232Th/238U 206Pb*/
(× 10−6)

207Pb*/206Pb* 1σ 207Pb*/235U 1σ 206Pb*/238U 1σ 206Pb/238U
(Ma)

1σ

B035

1 2.55 113 155 1.42 1.89 0.0709 9.9 0.186 10.0 0.01902 2.9 121.5 3.4

2 3.55 157 222 1.47 2.77 0.0487 19.0 0.134 19.0 0.01987 2.8 126.8 3.5

3 1.22 275 405 1.52 4.81 0.0554 8.4 0.154 8.8 0.02011 2.5 128.3 3.2

4 0.00 326 535 1.70 5.59 0.0560 3.3 0.1540 4.1 0.01996 2.4 127.4 3.1

5 1.97 359 672 1.93 6.05 0.0526 10.0 0.139 10.0 0.01922 2.4 122.7 3.0

6 1.84 273 440 1.66 4.75 0.0398 13.0 0.109 13.0 0.01986 2.5 126.8 3.2

7 4.67 197 346 1.82 3.44 0.029 37.0 0.077 37.0 0.01937 3.1 123.7 3.8

8 4.18 124 169 1.41 2.20 0.041 28.0 0.113 29.0 0.01985 3.1 126.7 3.8

LG01

1 0.54 556 747 1.39 9.09 0.0533 3.3 0.1389 3.9 0.01892 2.1 120.8 2.5

2 0.83 510 881 1.78 8.53 0.0462 5.3 0.1229 5.7 0.01930 2.2 123.2 2.6

3 1.17 601 926 1.59 10.2 0.0507 4.9 0.1372 5.3 0.01963 2.1 125.3 2.6

4 0.71 667 759 1.18 11.4 0.0500 4.7 0.1366 5.4 0.01982 2.5 126.5 3.2

5 0.30 499 926 1.92 8.37 0.0509 3.7 0.1366 4.3 0.01947 2.1 124.3 2.6

6 1.52 466 534 1.18 7.66 0.0431 9.0 0.112 9.3 0.01885 2.2 120.4 2.6

7 1.40 637 760 1.23 11.2 0.0469 7.7 0.130 8.0 0.02019 2.2 128.8 2.8

8 0.96 490 716 1.51 8.19 0.0456 6.4 0.1211 6.8 0.01928 2.1 123.1 2.6

9 1.63 619 619 1.03 10.2 0.0468 7.5 0.1221 7.8 0.01894 2.1 121.0 2.5

Pbc and Pb* represent the common and radiogenic portions, respectively. Pb*: corrected for common 204 Pb using measured 204 Pb. All errors are 1σ

Fig. 6 Distribution of skarns and location of samples in the Beiluoxia
district of Pingshun deposit
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Microthermometry of fluid inclusions

Primary FIs hosted in garnet, diopside, and calcite were
identified. Three major types of primary FIs were identi-
fied based on their occurrence, nature, and phase transfor-
mation during cooling and heating processes (Goldstein
and Reynolds 1994; Li et al. 1989). The type 1 FIs are
3-phase inclusions containing a vapor bubble, an aqueous
liquid, and daughter minerals (Fig. 7b, h); type 2 FIs are
two-phase inclusions consisting of a vapor bubble and an
aqueous liquid (Fig. 7b–h); type 3 FIs are pure liquid
inclusions (Fig. 7b, h). Type 1 FIs show subrounded,
elongated shapes and occur as clustered or isolated in
diopside and calcite minerals, but type 1 FIs within calcite
were not observed in this study compared with Li et al.
(1989). Type 1 FIs range in size from 5 to 30 μm (Fig.
7b, h). FIs hosted in diopside are almost entirely type 1
with minor type 2. Type 2 FIs in garnet and calcite (Fig.
7c–h) exhibit isolated and irregular shapes and are

generally 5–20 μm in diameter. The pure liquid FIs (type
3) were mainly hosted in calcite and garnet grains and
show subrounded, tubular, and irregular shape (Fig. 7e–
h). The coexistence of type 2 and 3 FIs is observed in
calcite and garnet grains (Fig. 7e, f).

Fls hosted in diopside, garnet, and calcite record the
physicochemical information of the ore-forming fluids
(Fig. 9a, b). Type 1 FIs hosted in diopside grains have a
homogenization temperature ranging from 486 to 679 °C
(averaging 574 °C) and from 240 to 260 °C in calcite,
corresponding to salinities from 39.8 to 77.6 wt% NaCl
equiv. (averaging 61.7 wt% NaCl equiv.) and 29.7 to
35.5 wt% NaCl equiv. The homogenization temperature
of type 2 has a wider range from 365 to 496 °C in garnet
and from 162 to 295 °C in calcite, corresponding to sa-
linities of 11.8–17.6 and 6.7–21.1 wt% NaCl equiv. The
daughter minerals in type 1 FIs hosted in diopside were
observed and measured by Li et al. (1989) and are halite,
sylvite, hematite, and gypsum.

Fig. 7 Representative
photomicrographs of different
types of fluid inclusions from
multiple stages. a, b Three-phase
(type 1) and 2-phase (type 2) in-
clusions in diopside (sample
B204) occur as clusters. c, d Two-
phase inclusions in garnet (sam-
ple B207) exhibit isolated shapes.
e, f Two-phase inclusions occur as
clusters and isolates and coexist
with rare pure liquid inclusions in
garnet (sample B207). g, h Two-
phase inclusions coexist with rare
pure liquid inclusions in calcite
(sample B205). Note that calcite
occurs as vein in samples B205
and B207. V, aqueous vapor bub-
ble; L, aqueous liquid phase; H,
halite; Di, diopside; Gt, garnet;
Cal, calcite
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Trace elements of ores

Although the samples of different ore types (Table 3) have
lower total rare earth elements (total REE, 2.10–
35.56 ppm) compared with the Pingshun intrusions
(59.54–139.14 ppm; Zhang et al. 2014), they exhibit co-
herent primary mantle-normalized trace element patterns
(Fig. 10a; Sun and McDonough 1989) and chondrite-
normal ized REE pat terns (Fig. 10b; Taylor and
McLennan 1985). The Pingshun iron ore samples are char-
acterized by enrichment of Sr and La and lower Nb and Ta.
They also show slight enrichment of light rare earth ele-
ments (LREEs) relative to the heavy rare earth elements
(HREEs, LREEs/HREEs = 4.48–14.75, Table 3).

Mineral isotopic composition

Pyrite have homogeneous δ34S values varying from 12.5 to
17.4‰, with an average of 15.0‰ (Fig. 11). The δ34S values
are higher than the majority of knownmagmatic hydrothermal

deposits (− 3 to 1‰; Hoefs 2009), but lower than that of the
sedimentary gypsum in the Handan–Xingtai iron district (>
22‰; Shen et al. 2013b) (Fig. 11).

The lead isotopic compositions of the 11 pyrite samples
from the Pingshun deposit are characterized by large vari-
ation in 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, ranging
from 17.26 to 19.03 (mean = 18.12), 15.42 to 15.69
(mean = 15.54), and 37.29 to 39.76 (mean = 38.78), respec-
tively, and exhibit clear linear correlations (Fig. 12). As
shown in Fig. 12, the lead isotopic compositions of 11
different types of sulfides are similar to those of the
Pingshun intrusions and sulfides from the Handan–
Xingtai iron district (HXID).

Equilibrium fluid oxygen isotopic composition of gar-
net, diopside, and magnetite was calculated using the frac-
tional equilibrium formulae proposed by Taylor (1976),
Zheng et al. (1995), and Zheng and Chen (2000). The
crystallization temperatures of garnet and diopside were
obtained from the microthermometric results of the fluid
inclusions, whereas the crystallization temperatures of

Table 2 Microthermometric data of different types of fluid inclusions from the Pingshun intrusions

Stage Host mineral FI type Sample Number FI size (μm) Tmice (°C) Tdsolid (°C) ThTOT (°C) Salinity (wt% NaCl)

Pre-ore Diopsite 1 B024 5 5–30 / 516 to 519 516 to 528 61.8 to 63.5

1 B293* 4 5–30 / 515 to 622 515 to 622 58.1 to 71.8

1 B405* 2 5–30 / 551 to 602 551 to 602 62 to 69

1 B285* 6 5–30 / 327 to 587 486 to 587 39.8 to 69.9

1 B271* 12 5–30 / 450 to 659 540 to 679 50.8 to 77.6

Garnet 2 B027 6 5–30 − 13.8 to − 8.1 / 365 to 496 11.8 to 17.6

Post-ore Calcite 1 B294* 3 5–30 / 146 to 260 240 to 260 29.7 to 35.3

2 B205 9 10–30 − 18.2 to − 4.2 / 162 to 295 6.7 to 21.1

2 B207 9 10–30 − 12.8 to − 7.5 / 191 to 294 11.1 to 16.7

FI = fluid inclusion; Tmice = ice melting temperature; Tdsolid = dissolution temperature of solid; ThTOT = total homogenization temperature

*Data from Li et al. (1989)

Fig. 8 a, b SHRIMP zircon U–Pb concordia diagram and 206Pb/238U average age for olivine-bearing hornblende gabbro (LG01) and diorite (B035). The
representative CL images of analyzed zircon grains with no structure are shown
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magnetite were estimated by using the homogenization
temperatures of fluid inclusions hosted in garnet. The
δ18OMineral values are 6.7 to 8.0‰ for garnet with

calculated δ18OH2O values of 9.5–10.8‰, the δ18OMineral

value is 8.7‰ for diopside with calculated δ18OH2O values
of 10.8‰, and δ18OMineral values are 2.6 to 6.2‰ for
magnetite with calculated δ18OH2O values of 9.8–13.4‰.
The δD values are in the range of − 106 to − 86‰ for
garnet (N = 3) and − 90‰ for diopside.

Discussion

Timing of mineralization

The skarn deposits were formed by alteration of intermediate-
mafic magma with carbonates (Seltmann and Porter 2005;
Seltmann et al. 2014; Shen et al. 2015), indicating that the
timing of mineralization is well coincident with the time of
emplacement of the associated magmatic intrusions. The dis-
tribution of ore bodies and skarn alteration in the Pingshun
deposit are strictly controlled by the morphology of the con-
tact between altered diorite–monzodiorite and Middle
Ordovician carbonates (Figs. 2, 4, and 6), suggesting the time
of emplacement of altered diorite is consistent with the timing
of mineralization in Pingshun area. This suggestion is also
supported by previous researchers on other iron deposit
(e.g., Xishimeng skarn iron deposit) in the adjacent area in
the Handan–Xingtai iron district (Peng et al. 2004; Zheng
et al. 2007b). Peng et al. (2004) documented that the
SHRIMP zircon U–Pb ages of albitization of diorite associat-
ed with iron mineralization were 137 ± 2 Ma, which is similar
with the age of iron mineralization measured by the 40Ar/39Ar
age of phlogopite (137 ± 2 Ma). The new data for gabbro and
diorite (123.4 ± 1.7 Ma for gabbro and 125.5 ± 2.3 Ma for
diorite) might also represent the timing of mineralization in
Pingshun. Hence, it is confident to conclude that both
magmatism and mineralization in the Pingshun deposit took
place at around 125–123 Ma.

Source of metal and ore-forming fluid

In this study, the δ34S values of pyrite separated from different
types of iron ores in the Pingshun deposit vary from 12.5 to
17.4‰ with a median value around 15.0‰ (Table 4). The
narrow variation range is similar to other skarn iron deposits
in the Handan–Xingtai iron district reported in other studies
(Shen et al. 2013b; Zheng et al. 2007a), but higher than many
typical magmatic hydrothermal deposits (− 3 to 1‰; Hoefs
2009; Qu et al. 2007; De Hoog et al. 2001) and other skarn
Zn–Pb deposits (− 6.7 to 14.0‰, Mei et al. 2015; Xu et al.
2010a), which strongly excludes the possibility of single mag-
matic origin. Moreover, in Fig. 11, the data points of samples
from the Pingshun deposit fall in between the intrusions and
sedimentary gypsum in the Handan–Xingtai iron district
(Shen et al. 2013b), suggesting that the sulfur of the

Fig. 9 Data on fluid inclusions in minerals for pre-ore and post-ore stage
skarns from the Pingshun deposit. Frequency histograms of final homog-
enization temperature (a), salinities (b), and homogenization temperature
vs. salinities diagram (c), for fluid inclusions from the Pingshun deposit
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Pingshun deposit has a mixture origin of magma with Middle
Ordovician carbonate rocks (e.g., the Majiagou Formation).

In the 207Pb/204Pb–206Pb/204Pb and 208Pb/204Pb–206Pb/204Pb
diagrams (Fig. 12), the Pingshun deposit samples show bigger

variation in lead isotopic composition and demonstrate a clear
linear relation. This is similar to those of the Pingshun intrusions
and Beiminghe ore sulfides with slightly higher values, suggest-
ing that the ore sulfides in the Pingshun deposit and intrusions in

Table 3 The analytical results of
trace elements (10−6) of various
ore types in the Pingshun deposit

Samples LG11 BLX02 JGP01 LG05 LG02
Location Lugou Beiluoxia Jiaojiepo Lugou

Lithology Dense massive ore Disseminated ore Banded ore

Rb 2.45 2.08 0.74 3.75 1.78

Ba 18.97 13.01 12.93 83.12 45.71

Th 0.73 0.12 0.23 0.40 0.79

U 0.085 0.017 0.057 0.18 3.45

Ta 0.001 0.007 0.005 0.001 0.004

Nb 0.084 0.26 0.12 0.11 0.79

La 2.49 0.55 3.69 1.49 10.20

Ce 3.90 0.64 3.38 1.32 14.80

Sr 37.34 16.53 278.7 376.6 90.08

Nd 2.55 0.37 1.45 0.87 6.10

Zr 7.38 1.15 1.47 1.21 2.05

Hf 0.17 0.068 0.052 0.036 0.050

Sm 0.50 0.089 0.27 0.22 0.024

Y 2.06 0.12 0.59 1.45 3.36

Cr 10.73 6.94 5.98 3.78 2.94

Co 151.5 57.11 13.59 8.70 18.33

V 165.9 33.76 417.1 138.0 88.19

Ni 50.73 22.17 122.5 50.28 44.62

Cu 269.4 88.02 45.46 35.59 41.81

Zn 150.7 31.51 8.02 10.87 15.91

La 2.49 0.55 3.69 1.49 10.20

Ce 3.90 0.64 3.38 1.32 14.80

Pr 0.56 0.18 0.47 0.26 1.79

Nd 2.55 0.37 1.45 0.87 6.10

Sm 0.50 0.089 0.27 0.22 0.024

Eu 0.16 0.027 0.21 0.40 0.013

Gd 0.50 0.13 0.31 0.35 1.05

Tb 0.058 0.003 0.029 0.039 0.11

Dy 0.36 0.017 0.13 0.27 0.67

Ho 0.071 0.001 0.019 0.054 0.12

Er 0.23 0.014 0.065 0.14 0.35

Tm 0.030 0.002 0.007 0.018 0.047

Yb 0.24 0.065 0.070 0.11 0.25

Lu 0.038 0.015 0.010 0.022 0.036

ΣREE 11.68 2.10 10.11 5.57 35.56

ΣLREE/ΣHREE 6.64 7.50 14.75 4.48 12.48

(La/Yb)N 6.99 5.69 35.53 8.82 27.29

(La/Sm)N 3.2 3.9 8.8 4.2 267.3

(Gd/Yb)N 1.69 1.61 3.57 2.49 3.38

δEu 0.965 0.767 2.236 4.29 0.08

δCe 0.77 0.49 0.53 0.47 0.77
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the Handan–Xingtai iron district have similar lead sources, but
the more crustal material might be involved during the mineral-
ization process in Pingshun area. Additionally, the coherent
chondrite-normalized REE patterns (Fig. 10b) and primary
mantle-normalized trace element patterns (Fig. 10a) of ores and
intrusions in Pingshun also suggest that the ore materials were
derived from the magmas and additional crustal material in-
volved during the mineralization process. This is also supported
by the coexistence of diorite–monzodiorite and ore bodies (Figs.
2, 4, and 6).

In the δD (‰) vs. δ18OH2O diagram (Fig. 13), all data fall in
the area between magmatic water and the meteoric water line
and slightly under the magmatic water region, which can be
explained by mixing of the magmatic fluid and meteoric
water that caused the hydrogen and oxygen compositions to
shift to the meteoric water line. Hoefs (2009) reported that the
intense wall rock alteration can result in the loss of 18O, and
thus, magnetite that underwent the late alteration may yield
lower δ18O values. However, prograde garnet and diopside
have similar δ18OH2O values (9.5 to 10.8‰) to, but slightly
lower than, retrograde magnetite (9.8 to 13.4‰) (Fig. 12,
Table 5), which is inconsistent with the argument of Hoefs
(2009). This indicates that there are additional materials with
high δ18O values involved during alteration (Shi et al. 1983;

Zhu et al. 2016). Additionally, Taylor (1976) noted that the
δ18O values in magnetite originated from magma vary from 1
to 4‰, while the magnetite from the different types of ores in
Pingshun deposit yields much higher δ18O values (9.8–13.4‰).
This may also support the mixture origin of magmatic fluid
with meteoric water.

Evolution of ore-forming fluid

The FIs (type 1) in diopside from prograde skarn close to the
albite diorite–monzodiorite (Fig. 6) were formed from hot,
hypersaline brines based on our data (486–679 °C, 39.8–
77.6 wt% NaCl equiv.; Fig. 9). The characteristics of higher
temperatures and salinities in these fluids were previously
considered as indicative features of the magmatic origin
(Vallance et al. 2009;Wilkinson 2001; Kesler 2005) supported
by the δ18O values of diopside (10.8‰) overprinted by the
magmatic fluids (Taylor 1974). However, the high tempera-
ture and high salinity fluids could result from low to moderate
salinity fluids by boiling with reduced pressure or aqueous
phase immiscibility (Cline 2003; Heinrich 2007), both of
which are usually associated with the unroofing of a batholith
(e.g., Mollai et al. 2009) in a primary boiling process. The
fluid in the measured diopside samples from Pingshun deposit
contains some solids of halite, sylvite, hematite, and gypsum
(Li et al. 1989), indicating that the fluid in the pre-ore stage is
characterized with high Na, Fe, and Cl. It is believed that the
high Fe content was derived from the decomposition of horn-
blende and biotite during the process of albitization of diorite,
which is supported by S and Pb isotopic data and the decrease
of biotite and hornblende in diorite–monzodiorite close to the
skarn. The presence of sylvite and gypsum as solid phase and
the higher Cl content in the fluids in diopside (Li et al. 1989)
reveal that the sediments of gypsum were trapped by the
magmas during the emplacement process. The robust evi-
dence for this hypotheses is that the occurrence of gypsolyte
and salt-bearing marlstone in the third and sixth units of
Middle Ordovician Majiagou Formation (Zheng et al.

Fig. 10 a Plots of primitive mantle-normalized trace elements (Sun and McDonough 1989) and b chondrite-normalized rare earth elements (Taylor and
McLennan 1985) for various ore types from the Pingshun deposit. Data for Pingshun intrusions are from Zhang et al. (2014)
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2007a), which excludes the possibility of gypsolyte from the
magmatic hydrothermal system (Luo et al. 2015).

Andradite-rich garnet is widely present in the skarn, sug-
gesting that garnet was crystallized from ore-forming fluid
under high oxygen fugacity (Hawkins et al. 2017). The FIs
trapped in garnet are type 2 with homogenization temperature
of 365–496 °C and salinities of 11.8–17.6 wt% NaCl equiv.
The type 2 fluid inclusions in garnet have slightly lower ho-
mogenization temperature and significantly low salinity com-
pared with type 1 inclusions trapped in diopside (Fig. 9c),
indicating more additional meteoric water involved causing
reduction of salinity of the fluid.Meanwhile, garnet has slight-
ly lower δ18O values than diopside (Fig. 13, Table 5),
supporting this idea that there might be additional meteoric

water involved during the formation of garnet. The rare oc-
currence of type 2 and type 3 inclusions in garnet also pro-
vides evidence of the presence of reduced pressure or second-
ary boiling from sudden pressure decreases (Fig. 7c–f; e.g.,
Zhou et al. 2017). The fluid flow in the hydrothermal system
is always associated with boiling causing a decrease in tem-
perature and pressure and an increase in salinity (Fig. 9c)
within the fluid (Chen et al. 2016). This results in the decom-
position of metal complexes (FeCl) and precipitation of an-
dradite garnet and magnetite from hydrothermal fluids under
high oxygen fugacity (Yardley et al. 1991; Jamtveit et al.
1993). This idea is also supported by the coexistence of type
2 and 3 FIs in garnet, which has been observed by Li et al.
(1989).

Table 4 Sulfur and lead isotope composition (‰) of pyrites from skarns and ores in the Pingshun deposit

Sample Mineral Location Description 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i δ34S
(‰)

LB-1 Pyrite Lugou Banded ore 18.301 15.551 37.936 18.125 15.542 37.732

LB-2 Disseminated ore 17.937 15.501 37.911 17.762 15.493 37.697

LB-25 Disseminated ore 17.741 15.433 37.643 17.568 15.425 37.433

B09 Beiluoxia Dance massive ore 17.542 15.51 38.085 17.365 15.501 37.851 15.4

B24 Ore-bearing skarn 19.212 15.698 39.995 19.032 15.689 39.762 17.4

B38 Disseminated ore 18.704 15.564 39.146 18.528 15.555 38.923 13.8

B43 Disseminated ore 19.015 15.663 39.837 18.836 15.654 39.603 15.5

B62 Disseminated ore 18.487 15.594 38.798 18.311 15.585 38.575 12.5

B65 Pyrite veinlet
crosscutting skarn

18.601 15.576 39.156 18.424 15.567 38.929 15.2

B66 Disseminated ore with
pyrite veinlet

17.432 15.425 37.507 17.258 15.417 37.289 15.0

Initial Pb isotopic ratios were calculated using the measured whole-rock Pb isotopic compositions, whole-rock U, Th, and Pb contents by assuming
125 Ma. Δ7/4 = ((207 Pb/204 Pb)i − (207 Pb/204 Pb)NHRL) × 100; Δ8/4 = ((208 Pb/204 Pb)i − (208 Pb/204 Pb)NHRL) × 100; (207 Pb/204 Pb)NHRL =
0.1084 × (206 Pb/204 Pb)i + 13.491, (208 Pb/204 Pb)NHRL = 1.209 × (206 Pb/204 Pb)I + 15.627 (Hart 1984)
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The banded ores were cut by calcite veinlets in the
Pingshun deposit (Fig. 3c) indicating that the calcite was
formed later than magnetite. Therefore, fluid inclusions
trapped in calcite might record the chemical composition
and physicochemical condition of the post-ore–forming
fluid. The type 2 and 3 FIs in calcite yield homogenization
temperature ranging from 240 to 260 °C and 162 to
295 °C, with salinities of 29.7–35.3 and 6.7–21.1 wt%
NaCl equiv., respectively. The significant difference of ho-
mogenization temperature and salinity of type 2 FIs be-
tween pre-ore–forming fluids (trapped by Garnet and diop-
side) and post-ore–forming fluids (trapped by calcite; Fig.
9c) indicates that the precipitation of magnetite was caused
by the remarkable variation of fluid temperature, composi-
tion, and pH due to extensive boiling (Chen et al. 2016;
Hawkins et al. 2017). The coexistence of type 2 and 3
inclusions trapped in calcite also suggests that the boiling

occurred during the formation of calcite which caused a
decrease in fluid temperature and an increase in salinity
(Fig. 9c).

Metallogenic modeling

The results of SHRIMP zircon U–Pb dating and the spatial dis-
tribution of Pingshun intrusions show that these intrusions were
emplaced at a limited range of 125–123 Ma, suggesting the later
magma (olivine-bearing hornblende gabbro) was emplaced prior
to the complete crystallization of early magma (diorite–
monzodiorite). Later magma increased the temperature of fluids
and accelerated the interaction of ore-forming fluids with carbon-
ates and formed more than ~ 300 m thick skarns in the Pingshun
area (Fig. 2). The isotopic composition of minerals and the
microthermometry of FIs show that the ore-forming fluids were
originated from magmatic fluid mixed with additional meteoric
water, gypsum, and carbonates.

Based on the above observation and reported studies (Zhang
et al. 2010, 2014; Zheng 2007; Shen et al. 2013a, b; Xu et al.
2010b), we propose that the origin of the Pingshun deposit may
involve a series of processes: (1) emplacement of magmas was
originated from the mixing of magmas from refractory perido-
tite and crustal magma (Zhang et al. 2014; Xu et al. 2010c). The
emplacement was accompanied by crystallization and exsolu-
tion of volatile-rich phase that formed hot and ore-bearing hy-
drothermal fluids (as shown in type 1 inclusion of diopside). (2)
During crystallization process of magmas, the hot fluids in-
creased in volume and interacted with the surrounding carbon-
ate rocks. The interaction process incorporated Na, Ca, and Cl
from the gypsolyte and salt-bearing marlstone into ore-bearing
fluids that increased the fluid transportation ability for Fe and
enhancing the capacity of Fe in ore-forming fluids andmade the
development of extensive skarn alteration feasible. (3) The

Table 5 Hydrogen and oxygen
isotopic data of the Xi’anli iron
deposits

Stage Sample Location Mineral δDSMOW

(‰)
δ18OV-SMOW

(‰)
Th
(°C)

δ18OH2O

(‰)

Pre-ore B027 Lugou Garnet − 86 7.7 475 10.4

B204-1 Garnet − 106 6.7 500 9.5

B027-1 Garnet − 103 8.0 500 10.8

B024-2 Diopsite − 90 8.7 565 10.8

Main
ore

P31-8 Beiluoxia Magnetite 3.3 420 10.8

P78-3 Magnetite 6.2 470 13.4

P80-1 Magnetite 4.3 470 11.5

P77-4 Magnetite 2.6 470 9.8

The temperatures of garnet and diopsite were obtained from homogenization temperature of fluid inclusions and
data for magnetite was inferred from the lowest homogenization temperature of fluid inclusions in garnet. The
equations used for mineral–water oxygen isotopic fractionation were as follows: 1000lnαgarnet-H2O = 1.22 ×
106 T−2 − 4.88 (Taylor 1976); 1000lnαdiopsite-H2O = 3.92 × 106 T−2 − 8.43 × 103 T−1 + 2.40 (Zheng and Hoefs
1993); 1000lnαmagnetite-H2O = 2.88 × 106 T−2 − 11.36 × 103 T−1 + 2.89 (Zheng and Chen 2000); δ18 OV-SMOW=
1. 03,086 × δ18OV-PDB + 30.86 (Friedman and O’Neil 1977)
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multistage fluid boiling causing effective changes in physico-
chemical condition and the addition of meteoric water into the
ore-forming fluids were considered to be key factors controlling
ore precipitation (Jamtveit et al. 1993; Chen et al. 2016;
Palinkaš et al. 2013).

Implication for the occurrence of numerous iron
deposits in Handan–Xingtai iron district

Previous studies have revealed that the NCC has been exten-
sively modified by tectonic and magmatic events since the
Paleoproterozoic and especially during 140–110 Ma (Zhai
and Santosh 2011; Wu et al. 2008; Zhang et al. 2017), as
evidenced by widespread magmatism, development of large
sedimentary basins, and large-scale ore deposit formation
(Yang et al. 2008; Li and Santosh 2014). The time of forma-
tion of skarn iron deposits in the Pingshun and Handan areas is
125–123 and 137 Ma (Zheng et al. 2007b; Shen et al. 2015),
respectively, which is consisting with the peak of 136–123Ma
for the magmatic activity in southern Taihang Mountains
(Chen et al. 2008; Peng et al. 2004; Wang et al. 2006; Zheng
et al. 2007b). The Sr–Nd–Pb isotopic characteristics (EMI-
like) and REE features without obvious Eu anomalies of plu-
tons from southern Taihang Mountains have been interpreted
as the signature of mixing of mantle–crust magmas (Peng
et al. 2004; Wang et al. 2006; Zhang et al. 2014) and the
significant marks of the large-scale lithospheric destruction
of the eastern block of NCC (Peng et al. 2004; Zhu et al.
2011; Zhang et al. 2014). A comparison with composition of
igneous rocks, lithosphere thickness and Fe reserves in the
northern TaihangMountains, there are more mafic intrusions,
higher lithosphere thickness and larger Fe reserves in the
southern Taihang Mountains of the southern Taihang
Mountains (Zhang et al. 2014, 2017; Li and Santosh 2014;
Shen et al. 2013a, b), suggesting that the formation of the
skarn iron deposits was mainly controlled by the component
of mantle materials in magmas. With more mantle materials
involved in magmas, there is a large addition of Fe to the
magmas, which significantly increases the capacity of Fe in
magmas and lifts the possibility of Fe mineralization.
Additionally, the occurrence of andradite-rich garnet in skarn
and magnetite with high δ18O values reveals that the magne-
tite crystallized from the ore-forming fluids has high oxygen
fugacity, which is another important factor controlling the oc-
currences of numerous iron deposits in the Handan–Xingtai
iron district.

Conclusion

1. Based on the field investigation and the SHRIMP zircon
U–Pb dating, we conclude that magma emplacement and

mineralization in the Pingshun deposit took place at 125–
123 Ma.

2. Data from S, H–O isotopic compositions and
microthermometry of fluid inclusions indicate that the
ore-forming fluids were originated from magmas mixed
with additional meteoric water and crustal materials with
high δ18O values.

3. It can be inferred that the pre-ore–forming fluid evolved
from high temperature and high salinity with enriched Cl
and Fe in the pre-ore stage to post-ore stage with moderate
to low temperature and salinity. This suggests that the
precipitation of magnetite was caused by the significant
change of fluid temperature and composition due to ex-
tensive boiling including secondary boiling with reduced
pressure.

4. The metallogenesis in the Handan–Xingtai iron district is
a robust example of the geodynamic response to litho-
sphere thinning in the NCC. The more mantle materials
involved in magmas and high oxygen fugacity are con-
sidered to be key factors controlling the occurrence of
numerous iron deposits in the Handan–Xingtai iron
district.
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