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ARTICLE INFO ABSTRACT

Keywords: The Qingchengzi Pb-Zn polymetallic ore district in northern China records two stages of Pb-Zn mineralization in
Pyrite the Paleoproterozoic and Mesozoic, respectively. The Paleoproterozoic sedimentary-metamorphic stage (stage I)
Sphalerite

of mineralization was primarily recorded by stratiform ores, and the Mesozoic magmatic-hydrothermal stage
(stage II) of mineralization mostly formed vein-type ores. The apatites coexisting with the stage I sulfides yield U-
Pb isotopic ages of (1882-1857 Ma), corresponding to the regional metamorphism pervaded in the Paleo-
proterozoic in the Liaodong region. Zircons from a granite porphyry that is spatially associated with the stage-II
mineralization have a U-Pb age of 228.5 + 5.8 Ma.

Stage-I fine-grained sulfides (Pyla and Spla) are of SEDEX origin and the fluid is fertile in metals such as Co,
Ni, Zn, As, Mn and V. The metals are likely to be sourced from the Liaohe Group, which contains high con-
centration of those metals. Stage-I recrystallized sulfides (Py1b and Sp1b) show trace elements such as Co, Ni, Cu,
As and Au of pyrite and the Cu, Cd, In, Ag, Sb of sphalerite were remobilized out from their crystal lattice under
metamorphism. Stage-II sulfides (Py2 and Sp2) are more enriched in Au, As, Cu, Ag, Sb, Pb compared to stage-I
sulfides. LA-ICP-MS mapping reveals multigenerational texture of Py2 which features a Cu and Zn enriched core
(Py2a) and an overgrowth rim (Py2b) of enrichment in Au, As, Co and Ni. The compositionally distinct core and
rim presumably suggest that two episodes of magmatic fluids are involved in the formation of stage-II sulfides.
The sedimentary pyrite from Liaohe Group and the stage-I sulfides have 54S value in the ranges of 10.4-17.04 %o
and 4.10-9.37 %o, respectively, suggesting that sulfur was probably derived from seawater sulfate reduction. The
sulfur isotopes of stage-II sulfides (5>*S = 4.10-9.02 %o) reflects a mixing of magmatic sulfur with sulfur leached
from meta-volcanic-sedimentary source. This process was associated with the upward migration of magmatic
hydrothermal fluids and subsequent fluid-rock interaction, which leached heavy sulfur isotopes along with Cu,
Zn, Co, Ni, V metals from wall rocks of mica schist from the Dashigiao and Gaixian Formations. Integrated
mineral assemblage, sulfide texture, trace element and sulfur isotope signatures and geochronological constraints
reveal the primary Paleoproterozoic SEDEX mineralization was intensively overprinted by later metamorphism
and Mesozoic magmatic hydrothermal events for the Pb-Zn deposits in the Qingchengzi ore district.

In-situ sulfur isotope and trace element
Apatite and zircon geochronology
Multi-stage mineralization

Qingchengzi Pb-Zn ore district
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X. Duan et al.
1. Introduction

Many sediment-hosted (SHMS), volcanic-hosted massive sulfides
(VHMS) and other Pb-Zn deposits in orogenic belt are often reworked by
later metamorphism and deformation. Examples include the Paleo-
proterozoic SEDEX Pb-Zn deposits in Australia (Bodon, 1998; Large
etal., 2005; Gadd et al., 2016), and the deformed VHMS deposits such as
Ashele Cu-Zn, Tiemurt Pb-Zn-Cu and Keketale Pb-Zn(-Ag) deposits in
Chinese Altay (Zheng et al., 2016; Yu et al., 2020). Later metamorphism
can induce recrystallization, annealing, brecciation or partial melting of
sulfides, which leads to significant remobilization of metals (e.g., Ge, Ga,
In, Cd, Cu) through intra-grain diffusion, mineral dissolution-
precipitation, and transport of sulfide melt (Mishra and Bernhardt,
2009; Reiser et al., 2011; Lockington et al., 2014; Yu et al., 2020; Tiu
et al.,, 2021). For example, Cugerone et al. (2021) suggested that dy-
namic recrystallization during metamorphism led to remobilization of
Ga, Ge and Cu out from sphalerite crystal lattice, forming Ge minerals.
Yu et al. (2020) reported mineral-scale element (Cu, Zn, Ag, Sb, Pb)
remobilization, as well as variations of sulfur and lead isotopic compo-
sitions for sulfides hosted in the greenschist to lower amphibolite facies
of the metamorphosed Keketale VHMS Pb-Zn(-Ag) deposit. In addition,
late-stage magmatism can also cause significant modification of early
Pb-Zn mineralization. Examples include the Hehuashan Pb-Zn deposit
which composes a Triassic MVT mineralization overprinted by the
Cretaceous magmatic-hydrothermal mineralization (Liu et al., 2021),
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the Laochang Pb-Zn-Ag deposit which reflects overprinting of the
Carboniferous VHMS-type mineralization by the Eocene porphyry-skarn
mineralization (Meng et al., 2018), and the Qingchengzi Pb-Zn deposits
which document primary Paleoproterozoic SEDEX mineralization
overprinted by later regional metamorphism and further modified by
Mesozoic magmatic hydrothermal events (Duan et al., 2017; Zhou et al.,
2020). In summary, multi-stage mineralization occurs in a significant
part of mineral deposits, and in some cases, upgrades ore grade and
reserves. However, discerning the individual stages of mineralization
has been challenging because the overprint of late stage mineralization
often obliterates early stage mineralization features, and induces
reactivation-remobilization-deposition of metals which causes chemical
heterogeneity of ore minerals.

Sulfide textural and chemical heterogeneity are common in those
superimposed deposits (Cugerone et al., 2021), thus providing an option
for distinguishing the individual stages of mineralization that form the
multiple growth textures of sulfides. By using in-situ micro-scale
analytical techniques, such as the EMPA and LA-ICP-MS element map-
ping, it is possible to constrain the compositional texture of sulfide
minerals. For example, the LA-ICP-MS element mapping has been widely
applied to reveal multigenerational growth history of minerals under the
influence of later metamorphic events or hydrothermal activity and to
understand the associated coupling relationship among elements (Large
et al., 2009; Cook et al., 2009; Zhou et al., 2019; Thomas et al., 2011).
Application of LA-ICP-MS element mapping of sulfides from reworked
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Fig 1. (a) Geological sketch map of the North China Craton (NCC), illustrating the tectonic location of the Jiao-Liao-Ji Belt; (b) Geological map of Liaodong region

(after Zeng et al., 2019).
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SEDEX and VHMS deposits include Gadd et al. (2016), in which element
mapping revealed multigenerational growth of pyrite and distinguishes
involvement of depositional, hydrothermal and metamorphic fluids.
Thus, the textural and chemical composition of sulfide minerals revealed
by in-situ analysis, together with well-defined paragenetic relationship
and geochronology, have been shown to discern metamorphic and hy-
drothermal stages of mineralization that overprint early sedimentary
mineralization (Marshall and Gilligan, 1993; Wagner et al., 2007; Cook
et al., 2009; Gadd et al., 2016).

The Qingchengzi ore district in Liaodong Peninsula, northern China,
hosts several reworked Pb-Zn deposits, which are characterized by
superimposed multi-stage mineralization with different types of sul-
fides. The ore district contains 12 Pb-Zn deposits and several Au-Ag
deposits (Fig. 1). The genesis of those Pb-Zn deposits is still controver-
sial, with two prevailing models being proposed. The first model em-
phasizes sedimentary exhalative-(metamorphic) mineralization, which
is related to the Paleoproterozoic rifting and the collisional orogenic
event of the Jiao-Liao-Ji Belt (Zhang, 1984; Liu et al., 2007; Song, 2010).
The second model argues that there are multiple mineralization events
and the hydrothermal enrichment associated with the Mesozoic
magmatic events plays a crucial role (Jiang and Wei, 1989; Duan et al.,
2017; Zhou et al., 2020). Zhou et al. (2020) conducted sulfide trace
element analysis of the stratiform ores from the Zhenzigou Pb-Zn deposit
and concluded a multi-stage mineralization history for the Zhenzigou
deposit. However, the work was based on a very limited number of
samples, and a comprehensive study is required to obtain more repre-
sentative results for the Qingchengzi ore district. Besides, several
inconsistent ages were reported for the Pb-Zn mineralization, including
a Paleoproterozoic age (1798 + 8 Ma, Ma et al., 2016) and several
Mesozoic ages varying from early Cretaceous, to late Jurassic and Late
Triassic (Yu et al., 2009; Xu et al., 2020; Wang et al., 2020). How these
ages correspond to the different stages of mineralization in the Qing-
chengzi ore field is still unclear. This study investigated the composi-
tional texture of pyrite and sphalerite from the Zhenzigou, Diannan,
Xiquegou and Erdao Pb-Zn deposits within the Qingchengzi ore district
by in-situ trace element and sulfur isotopic analyses. Together with
newly acquired geochronological constraints by U-Pb dating of apatite
and zircon in the associated granite porphyry, we aim to establish a
geochronology framework for the Pb-Zn mineralization in the Qing-
chengzi ore district, and within this frame further distinguish the su-
perposed multiple mineralization events and determine the source of
metals and sulfur. The impact of superposed mineralization on sulfide
geochemistry is further discussed to understand micro-scale metal
mobility during regional metamorphism and fluid-rock interactions.

2. Regional geology

The Qingchengzi polymetallic ore district is located in the Dandong
city, Liaodong Peninsula in Northern China. The supracrustal rocks of
Liaodong region mainly consist of Precambrian metamorphosed
volcanic-sedimentary sequences and voluminous volcanic and
magmatic intrusions. The Precambrian sequences include the Archean
diorites, tonalities and granodiorites and the overlying Liaohe Group.
The Liaohe Group is a suite of metamorphosed volcanic-sedimentary
successions composed of a lower bimodal volcanic sequence, a middle
carbonate sequence, and an upper pelite-rich sequence and is subdivided
into Langzishan, Li’eryu, Gaojiayu, Dashiqiao and Gaixian Formation
from bottom upwards. The Liaohe Group was deposited at 2.24-2.02 Ga
and underwent greenschist- to lower amphibolite-facies metamorphism
at 1.93-1.85 Ga (Wan et al., 2006; Luo et al., 2008). Magmatic activities
in the region were mainly documented by Paleoproterozoic and Meso-
zoic magmatic rocks. The Paleoproterozoic granitoids comprise biotite
monzogranitic gneiss, porphyritic monzogranite, granite, and alkaline
syenite, as well as minor mafic intrusions composed of gabbro and
dolerite (Li and Zhao, 2007; Tam et al., 2011). Mesozoic magmatic rocks
can be divided into three stages: (1) the Late Triassic magmatic rocks
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(233-212 Ma), which are composed of alkaline intrusions and associ-
ated mafic rocks, as well as granites with enclaves, (2) the Jurassic
magmatic rocks (180-156 Ma), including dominantly monzogranite and
subdominant tonalite and diorite, all of which have experienced ductile
deformation, and (3) the Early Cretaceous intrusions (131-117 Ma)
which are the most widespread magmatic rocks and include undeformed
to slightly deformed diorite, granodiorite, monzogranite and syenog-
ranite (Wu et al., 2005).

Regionally the district has underwent multiple tectonic events,
including the Paleoproterozoic collisional orogenic event forming the
Jiao-Liao-Ji orogenic belt and subsequent Mesozoic tectonic events. The
Jiao-Liao-Ji Belt, which lies at the eastern margin of North China Craton
(NCC), is a Paleoproterozoic collisional orogenic belt between the
Longgang Block and the Nangrim Block (Li and Zhao, 2007; Fig. 1a).
Although the tectonic model (continental rifting vs. the arc-continent
collision model) are still in debate, the region underwent collision at
1.9-1.85 Ga which induced metamorphism and deformation of the
Liaohe Group and Paleoproterozoic granitoids. Three deformation
events were recognized: the primary sedimentary layering (So) of the
Liaohe Group was deformed to mesoscopic to small-scale cascading folds
in D1 deformation. The D, deformation generated crenulation cleava-
ges and vertical asymmetric folds. The D3 deformation led to the for-
mation of the vertical, open and superposition folds in the Dashigiao
Formation and regional NWW folds and a series of NWW thrust faults (Li
etal., 2005; Tian et al., 2017). The studied region was reactivated during
the Mesozoic and impacted by the subduction-collision event of the
Yangtze Block and the NCC in the early Mesozoic, followed by the
subduction of the Izanagi plate from the east in the Jurassic, and sub-
sequently large-scale extension associated with the NCC thinning and
destruction in the Cretaceous.

The prolonged tectonic evolution history has resulted in the Liao-
dong Peninsula being rich in diverse types of metallic resources
including numerous Pb-Zn, Au-Ag, Fe and U deposits. The representative
large deposits include the Qingchengzi Pb-Zn ore district, Baiyun and
Wulong Au-Ag deposits, and the Liangshanguan uranium deposit (Song,
2010; Zeng et al., 2019). In addition, the region hosts abundant
nonmetallic resources including abundant strata-bound graphite,
magnesite, talc, and boron deposits, e.g., the Haicheng magnesite de-
posit, the Houxianyu and Wengquangou borate deposit (Dong et al.,
2016, 2017). The uranium deposits and the B, Fe deposits are hosted in
the Langzishan Formation and the Li’eryu Formation. The Pb-Zn and
magnesite deposits are mainly hosted in the Dashiqiao Formation
whereas the Au-Ag deposits are dominantly hosted in the Gaixian For-
mation regionally.

3. Deposit geology

The Qingchengzi ore district is a Pb-Zn-Au-Ag polymetallic ore dis-
trict with more than 10 Pb-Zn deposits with total proven metal reserves
of 150 Mt Pb + Zn(Fig. 2a). The representative deposits include the
Zhenzigou, Diannan, Erdao Pb-Zn deposits and Xiquegou, Nanshan,
Benshan Pb deposits. In addition, there are five Au-Ag deposits (i.e., the
Xiaotongjiapuzi, Baiyun, Linjiasandaogou Au deposit and the Gaojia-
baozi Ag-Au deposit) with a total 200 t Au and 2000 t Ag reserves. This
study mainly focuses on the Pb-Zn deposits within the ore district.

The Paleoproterozoic meta-volcanic-sedimentary rocks of Liaohe
Group is the most important ore-bearing rocks. The outcrops of Liaohe
Group in the Qingchengzi ore district mainly include the Gaojiayu
Formation, Dashigiao Formation and Gaixian Formation from bottom
upwards, and they are composed of interbedded marble and mica schist
(Fig. 2b). The Pb-Zn orebodies are primarily hosted in marble of the
Dashiqiao Formation, whereas the Ag-Au orebodies are mainly hosted in
the Gaixian Formation (Fig. 2b). Four stages of magmatic events
occurred in the district during the Paleoproterozoic, the Late Triassic
and the Jurassic, and Early Cretaceous, respectively. The Dadingzi
monzogranite intruded at Paleoproterozoic with a zircon U-Pb age of
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Fig. 2. (a)Geological map of the Qingchengzi ore district (after Duan et al., 2017); (b) Stratigraphic section of the Qingchengzi ore district and the distribution of
orebodies; (c) Sketch of orebody occurrences at underground tunnel in the Zhenzigou Pb-Zn, Diannan Pb-Zn and Xiquegou Pb deposit.

~1869 Ma (Song et al., 2016). The Late Triassic magmatism was
intensive, and formed intrusions including the Xinling granite porphyry
(226 Ma, Duan et al., 2014), the Shuangdinggou biotite monzogranite
(224 Ma, Duan et al., 2014), the Xiquegou granite porphyry dyke (216
Ma, Sun et al., 2020a) and the diorite (220-214 Ma, Wu et al., 2005) and
lamprophyre dykes. The widespread lamprophyre dykes intruded into
the Liaohe Group and the emplacement age was reported to be ca. 226
Ma (zircon U-Pb age, Sun et al., 2020a) and 193-136 Ma (*°Ar/*°Ar age;
Wang et al., 2020). Lamprophyre dykes often show close spatial rela-
tionship with orebodies demonstrated by some orebodies crosscutting
lamprophyre dykes and vice versa. The Jurassic and Cretaceous

intrusions are represented by the ca. 165 Ma Yaojiagou granite (Duan,
2015) and ca. 128 Ma quartz porphyry (Sun et al., 2020a), respectively.

3.1. Mineralization styles

The Pb-Zn deposits in the Qingchengzi ore district display various
ore types and mineralization styles (Fig. 2¢) which could be categorized
into two types, i.e., “strata-bound” and “vein-type”. The strata-bound
orebodies occur predominantly as stratiform, manto to semi-horizontal
sheets and less commonly as lenticular, podiform, and nodular shapes
(Fig. 3a, b). The representative orebodies include the No. 2, No. 320 and
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D)

Fig 3. Photographs of different mineralization styles and ore types in the Qingchengzi ore field. (a) Lamellar orebody consisting of light brown fine-grained
sphalerite from the Zhenzigou Pb-Zn deposit; (b) Extended tabular Pb-Zn orebody with width of 1-1.5 m and length of over 80 m, from the 270 m mining level
of the Erdao Pb-Zn deposit; (c)Sacciform shaped orebody hosted in marble at the 300 m mining level of the Zhenzigou Pb-Zn deposit; (d) vein type orebodies hosted
in marble at the 180 m mining level of the Xiquegou Pb deposit; (e)Stage-I stratiform ore sample comprised of laminated sphalerite and minor galena; (f)Stage-II

massive ore sample comprised of galena, pyrite and minor dark brown sphalerite.

No. 321 orebodies in the Zhenzigou Pb-Zn deposit, which constitute a
2500 m-long and NW-trending ore belt striking NW 60°—70° and dip-
ping to the NE with angles of 40°—70° (Duan et al., 2017). The vein-type
generally refers to orebodies formed through open-space filling and
occur in various shapes including steeply dipping veins, stock veinlets,
and sacciform and breccia (Fig. 3¢, d). In addition, in the Diannan Pb-Zn

deposit, vein-type ores form massive sulfide pods and veinlets occur
within or around a granite porphyry which was strongly altered with
pervasive sericitization and silicification (Fig. 6a-c). Those orebodies
often crosscut bedding and are structurally controlled by the NE-
trending faults and occasionally occur at intersects of the main fault
with favorable interlayer fractures. The major vein-type orebodies
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include the No. 6404 and No. 426, which occur at the footwall of the No.
1 fault in the Xiquegou deposit. A series of vein-type orebodies collec-
tively form en echelon arrays and constitute a 300-m-long, 300-m-deep
and 50-m-wide ore belt that strikes NW and dipping to the NE with a
pitch angle of 30°. Overall, the strata-bound orebodies contain higher
Zn/Pb ratios than those of vein-type and the former is mainly hosted in
marble at the lower sequence of the Dashiqiao Formation with minor
occurrence in the Gaojiayu Formation whereas the latter is positioned at
the upper sequence of the Dashiqgiao Formation (Fig. 2b).

The primary metallic minerals of the Pb-Zn deposits include pyrite,
sphalerite, galena, arsenopyrite, and chalcopyrite, as well as minor
amounts of pyrrhotite, tetrahedrite, and argentite. The gangue minerals
mainly consist of dolomite and subordinate calcite, quartz, sericite,
chlorite, talc, graphite, serpentine and apatite. Two metallogenic stages
are distinguished based on petrographic study, including the (1) stage-I
sedimentary-metamorphic mineralization with mineral assemblages of
light brown sphalerite, pyrite, chalcopyrite, galena, calcite, dolomite,
graphite, serpentine, talc, apatite (Fig. 4a-d), and (2) stage-II magmatic-
hydrothermal mineralization with mineral assemblages of dark brown
sphalerite, pyrite, galena, arsenopyrite, chalcopyrite, dolomite, chlorite,
sericite and quartz (Fig. 4e-h). There are slightly different mineral as-
semblages for Pb orebodies and Pb-Zn orebodies, the ore minerals of the
former mainly include pyrite, galena, arsenopyrite and minor chalco-
pyrite (Fig. 4e), whereas the latter consists of sphalerite, pyrite, galena,
and arsenopyrite (Fig. 4f). Stage-I mineralization is only partially
retained and found in some part of strata-bound orebodies, in which
only stratiform ores consisting of laminated light-brown fine grained
sphalerite and disseminated pyrite recorded sedimentary mineralization
(Fig. 3a,e). The metamorphic stage is recognized by the recrystallized
sphalerite/pyrite associated with graphite and apatite in the manto or
lenticular ores. Stage-II mineralization is prevailing over the ore district,
forming dominantly vein-type ores and many of the strata-bound ore-
bodies are modified products of former stage-I overprinted by stage-II
mineralization. The sphalerite-galena-chalcopyrite ore veins in stage II
cut through the graphite alignment and stage-I fine-grained sphalerite
(Fig. 4g). These veins also crosscut the foliation of metamorphosed li-
thologies (Fig. 4h), indicating that vein-type mineralization occurred
after the metamorphism.

3.2. Texture and paragenesis of pyrite and sphalerite

Pyrite is a common sulfide in the various ore types in Qingchengzi
Pb-Zn deposits. In general, three types of pyrite are distinguished from
the two stages of mineralization, namely the earliest sedimentary pyrite
(Py0), pyrite developed in the sedimentary-metamorphic mineralization
of stage-I (Pyl), and pyrite developed in the magmatic-hydrothermal
mineralization of stage-II (Py2). The Py0 is observed to occur in the
barren marble and schist from the Gaixian and Dashiqiao Formation in
absence of other sulfides (Fig. 4a). The medium-grained euhedral PyO
commonly shows a cubic shape and contains mineral inclusions of car-
bonate and other sulfides. Occasionally, the Py0 grains form aggregates
parallel to the bedding of the host rock. The Pyl of stage-I mainly de-
velops in stratiform ores and can be further divided into two sub-stages
(Pyla and Py1b). The Pyla, which is only observed in limited lamellar
ores, occurs as fine-grained pyrite grains disseminated in the marble and
are mostly replaced by sphalerite (Fig. 4b). The Py1b is associated with
fine-grained light brown sphalerite (Sp1) and graphite as well as apatite
in the lamellar, manto, lenticular and stratiform orebodies. The Py1b is
usually euhedral to subhedral (Fig. 4c) and also appears as elongated
pyrite grains along the foliation of the mica schist (Fig. 4d). The stage-II
pyrite (Py2) intergrows with coarse-grained brown sphalerite, galena,
chalcopyrite and arsenopyrite and is widespread in veins, stock veinlets,
sacciform, breccia and other vein-type orebodies in all the Pb-Zn de-
posits (Fig. 4e-h). The coarse-grained Py2 is usually subhedral-euhedral
and commonly replaced by sphalerite and galena. LA-ICP-MS element
mapping illustrates that it has multiple growth texture with
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compositionally distinct a core (Py2a) and a rim (Py2b).

Sphalerite can be divided into two types (Spl and Sp2) corre-
sponding to the two mineralization stages. The Sp1 is mainly distributed
in the lamellar and stratiform ores and can be subdivided into two
subtypes (Spla and Sp1b). The Spla is fine grained, light brown in color,
and disseminated in carbonates and only occurs in limited lamellar ores
(Fig. 4b). The Splb is coarser grained compared to Spla and often is
banded with graphite, or coexisting with apatite (Fig. 5a,b) in some of
the strata-bound orebodies. The Sph2 is coarse-grained, subhedral to
anhedral and coexists with Py2 and galena, arsenopyrite, chalcopyrite in
the vein-type orebodies (Fig. 4f-h).

4. Sampling and analytical methods

The ore samples were collected to represent different mineralization
styles (i.e., strata-bound and vein-type) from four Pb-Zn deposits, i.e.,
the Zhenzigou, Diannan, Erdao Pb-Zn deposits (Zn/Pb > 1) and Xique-
gou Pb deposit (Zn/Pb < 1). Thin sections of the Pb-Zn ore samples were
prepared for petrographic observation and subsequent in-situ
geochemical and isotopic analyses. Pyrite and sphalerite from the
different stages were analyzed by LA-ICP-MS and LA-MC-ICP-MS to
obtain trace element compositions and S isotopes of the sulfide,
respectively. Three stage-II pyrite grains were selected for trace element
mapping. The microscopy scanning images of thin sections that display
mineralogical characteristics of the measured samples are shown in
supplementary Fig. S2-S6. Apatites coexisting with the stage-I sulfides
(Fig. 5a, b) were selected for U-Pb dating and zircons from the granite
porphyry that hosts Pb-Zn veins (Fig. 6a-c) were measured for U-Pb
isotope dating by LA-ICP-MS. Besides, 24 samples of barren wall rocks
including 9 marble and 15 mica schist from the Dashiqiao and Gaixian
Formations were collected from underground tunnels distal from the Pb-
Zn mineralization and were analyzed for their trace elements composi-
tions by bulk ICP-MS solution analysis.

4.1. Apatite and zircon LA-ICP-MS U-Pb geochronology

The apatite U-Pb dating analyses were performed on an PlasmaQuant
MS quadrupole ICP-MS from Analytik Jena with a 193 nm ArF excimer
laser from New Wave Research at the Yanduzhongshi Geological Anal-
ysis Laboratories Ltd. Apatite standard MAD2 was used as the primary
standard to calibrate the U-Pb geochronology of apatite. Apatite stan-
dard McClure Mountain and Kovdor were employed as secondary
quality control standards. Instrument drift, mass bias and fractionation
of the U-Pb ratio were corrected with a standard-sample bracketing
method. The trace element U, Th and Pb concentrations of apatite were
quantified using SRM610 as external standard and **Ca as the internal
standard element assuming a stochiometric apatite composition. Each
analysis on the apatite began with a 15-second blank gas measurement
followed by a 40 s of analysis when the laser was switched on. The laser
spot is 30 pm in diameter using a laser frequency at 7 Hz and a fluence of
approximately 3.6 J/cm2. The raw data was corrected offline employing
ICPMSDataCal software (Liu et al., 2008) and ZSkits software. Common
Pb was corrected using the 207Pb-based correction method outlined in
detail of Chew et al. (2014).

Zircon U-Pb dating analysis was conducted in the Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences. An Agilent 7500a
Quadrupole ICP-MS combined with Geolas Plus 193 nm laser ablation
system was used for the U-Pb isotopic and elemental composition
measurement. The laser diameter applied on samples was 40-60 pm and
ablation time lasted for 80-120 s. The analysis used zircon 91,500 and
GJ-1 as external standards for isotopic measurement. Whereas, for
zircon trace element measurement, NIST610 was applied as the external
standard and 2°Si as the internal standard. The ablation frequency
applied was 8-10 Hz, with an energy density of 2.5 J/cm?. A detailed
description of the process can be found in Xie et al. (2008). The
207pp, /206pp,  206pp, 238y, 207pp, /235y and 2°8pb/?32Th ratios were
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Fig. 4. Photomicrographs illustrating mineral paragenesis of two metallogenic stages of the Qingchengzi Pb-Zn deposits: (a) Sedimentary pyrite (Py0) grain in barren
graphite-bearing marble of the Dashigiao Formation; (b) The occurrences of the fine-grained sphalerite(Spla) and disseminated fine-grained pyrite; (c) Recrystallized
euhedral pyrite grains (Pylb) in stratiform ores and anhedral Pyla which is replaced by Splb; (d) The elongated pyrite grains in stratiform ores; (e) anhedral
arsenopyrite and chalcopyrite replaced by galena and (f) the euhedral prismatic arsenpopyrite crystals formed later than galena, pyrite and sphalerite; (g) Stage-1I
sphalerite (Sp2)-galena-chalcopyrite vein cuts through marble with linearly distributed graphite and fine-grained sphalerite(Sp1b); (h) Stage-II sphalerite (Sp2)-
quartz vein cuts the foliation of the host schist; (h) Mineral assemblages of stage-II with coarse sphalerite, pyrite and arsenopyrite. Abbreviations: Sp: sphalerite, Py:
pyrite, Gn: ganela, Gr: graphite, Apy: arsenopyrite; Qtz: quartz; Ccp: chalcopyrite.
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Fig. 5. (a-b)SEM images illustrating the apatite intergrowing with fine-grained stage-I sphalerite in stratiform Pb-Zn ores; (c-d) Tera-Wasserburg U-Pb concordia

plots of apatite from two stratiform ore samples.

calculated and corrected by GLITTER, and lead corrections were applied
when necessary by using the method proposed by Andersen (2002).

4.2. Sulfide LA-ICP-MS trace element analysis

Trace element abundance and distribution in the pyrite and sphal-
erite was determined by laser ablation (LA)-ICPMS at the Aarhus
Geochemistry and Isotope Research platform (AGIR), Department of
Geosciences, Aarhus University. For the pyrite spot analysis, an element
list of 335, 345, 47T, 5>Mn, Fe, 5"Fe, *Co, 5°Ni, 53Cu, ®6Zn, 7'Ga, "*Ge,
75As, 7SSe, 95Mo, 107Ag, 121Sb, 125Te, 197Au, 2OSPb, 209 was applied for
the measurement. For the sphalerite spot analysis, 1!1Cd and !*°In were
added to the previous list used for pyrite measurement. For the
elemental mapping, elements Co, Ni, Au, As, Cu, Zn, Ag, Sb, and Pb were
analyzed to investigate their distribution patterns in the pyrite. The
measurement was carried out using a 7900 Agilent quadrupole induc-
tively coupled plasma mass spectrometer (ICPMS), coupled to a Reso-
lution M155, 193 nm ArF Excimer laser from Resonetics. The sulfides
were analyzed with a laser spot size of 12-60 pm. Sulfide standard MASS
1, basaltic glass BCR-2G and NIST 610 synthetic glass were applied as
the reference materials. The raw data was processed in the Iolite 3.2

software (Paton et al., 2011).

4.3. Sulfide LA-MC-ICP-MS in-situ sulfur isotope analysis

In-situ sulfur isotopes of pyrite, arsenopyrite and sphalerite were
measured on thin sections. The experiment was conducted in the
Northwest University, China, using a Nu Plasma 1700 MC-ICP-MS,
which is coupled with a RESOlution M—50 193 nm ArF excimer laser
ablation system. A laser fluence of 3.6 J/cm?, frequency of 3 Hz and laser
spot size of 30 pm in diameter were applied during the measurement.
The instrument drift and mass bias were corrected using a standard-
sample bracketing approach with repeated measurements of standards
before and after each sample. Time resolved analysis mode of data
acquisition was used and each sample acquisition sequence comprised
30 s for background collection, 50 s for ablation signal collection, and
75 s for sample wash out. Py-4 (8%*Sy.cpr = 1.7 + 0.3 %o) for pyrite and
NBS123 (634SV_CDT = 17.8 4 0.2 %o) for sphalerite were used as external
standards. In addition, the standards of Py-4, NBS123 and PTST-3 were
inserted every 8 samples to monitor the accuracy of measurement.
Detailed analytical procedures were described in Chen et al. (2017). The
sulfur isotopic values %S (8%*s = [(345/32853mple)/ (3*S/32Sgtandard)-11
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*1000) are reported relative to standard VCDT as §%*Sy.cpr values.
4.4. Whole-rock trace element analysis

The bulk analyses of trace element composition of wall rocks were
performed at the Laboratory of Beijing Research Institute of Uranium
Geology, China. The whole-rock samples were crushed to less than 200
mesh. Approximately 50 mg of whole-rock powder was dissolved using
HF-HNOj; in screw-top Teflon beakers at 185 °C for two days, evaporated
to dryness, redissolved in 7 M HNOj3, and re-evaporated to incipient
dryness. Finally, the powder was dissolved in 2 % HNOg3 to get the
analysis solution and the trace elements were measured with Finnigan
Element II MC-ICPMS. USGS and Chinese National Rock Standards
(BCR-2, GSR-1 and GSR-3) were used as reference material and the
analytical precision was better than 10 %.

5. Results
5.1. Geochronological results

Apatite grains are commonly observed in the stratiform ores and are
generally 30-100 pm in length and subhedral to euhedral in shape
(Fig. 5). The apatites often either intergrow with or cuts through stage-I
sulfides (Spl and Pyl) which indicates their formation no earlier than
stage-I mineralization. It is therefore possible to constrain a rough age of
stage-I stratiform ores by age dating the apatite. The U-Pb isotopic
compositions and age results of the analyzed apatite are presented in
Supplementary Table 1 and illustrated in Fig. 5. The apatite grains from
the stratiform ores successfully yield Tera-Wasserburg Concordia inter-
cept ages (Fig. 5¢, d). The 14 grains from sample ZZW-1 of the Zhenzigou
Pb-Zn deposit yield a lower intercept age of 1857 + 14 Ma (MSWD =
2.7), and the 18 apatite grains from sample 390-4 define a lower
intercept age of 1882 + 16 Ma (MSWD = 2.6). Those apatites are
ubiquitous and occur as euhedral grains in the studied samples. The U-
Pb ages are interpreted as the formation ages of apatite, and we estimate
the stratiform mineralization in the Qingchengzi ore district to have
formed in the Proterozoic.

In addition to the stratiform mineralization, massive sulfide pods and
veinlets occur within or around a strongly altered granite porphyry in
the Diannan Pb-Zn deposit (Fig. 6a-c), which implies that this type of
mineralization happened later than the intrusion of granite porphyry.
The zircons selected from the granite porphyry are columnar euhedral
with length of 100-200 pm. The CL images of those zircons show regular
oscillatory magmatic zoning, however, some zircons exhibits bright rims
(Fig. 6d). The zircons contain 143-1094 ppm of U, 66-439 ppm of Th,
and Th/U of 0.32-0.79. The high U and Th contents and Th/U(>0.4)
ratios indicate a magmatic origin of the zircons (Hoskin and Schaltegger,
2003). The U-Pb data for the zircons from the granite porphyry are listed
in Supplementary Table 2 and illustrated in Fig. 6d-f. In total, 20 points
data were obtained for the sample and two sets of ages were determined.
One group of zircons yield a Paleoproterozoic age at around 2290 Ma
and most of those zircons have developed accretionary rims and some
grains show enormously high contents of lead at the rims, which may
reflect modification by later hydrothermal ore-forming fluids. The other
group of zircons show a clustered coordinated young age with a
206pp,/238y weighted average age of 228.5 + 5.8 Ma (n = 10, MSWD =
4.5) and no accretionary rims was observed. We conclude that the
porphyry granite intruded at ~229 Ma, which confines the upper limit
of the vein-type Pb-Zn mineralization in Qingchengzi. In combination
with the apatite geochronology, at least two stages of Pb-Zn minerali-
zation, namely the Paleoproterozoic and Mesozoic, are constrained.

5.2. Chemical composition of pyrite and sphalerite

The LA-ICP-MS trace element data of the pyrite and sphalerite are
listed in Supplementary Table 3 and Table 4 respectively. The statistical
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ranges, averages and medians are illustrated in Fig. 7. The pyrite from
the Qingchengzi ore district hosts variable amounts of As, Pb, Cu, Zn, Co,
Ni, Ag, Sb and Au (Fig. 7a). Among those elements, arsenic is the most
abundant trace element in most samples containing hundreds to 10°
ppm. The subdominant elements are Cu, Zn, Co, Ni, Pb, Ag, Sb, which
are in the range of tens to hundreds ppm. Gold and Bi are in the range of
10 to tens ppm.

The PyO0 contains high contents of Co with IQR1-3 ranging between
1.07 and 240 ppm (interquartile range IQR1-3 describes the data ranges
from 25th to 75th percentile and is used to report trace element con-
centrations hereafter in section 5.2) and Ni varying between 7.4 and
356 ppm, and low concentrations of Zn (0.93-2.55 ppm), As
(31.94-468 ppm), Mn (0.18-2.96 ppm) and Au (0-0.19 ppm) compared
to Pyla. In comparison, Pyla generally has high concentrations of Mn
(3.76-24.3 ppm), Co (24.6-237 ppm), Ni (30.8-394 ppm), Zn
(39.3-106 ppm) and As (1265-2908 ppm). The Py1b shows depletion in
most trace elements such as Co (0.08-2.64 ppm), Ni (0.41-3.59 ppm),
Au (0-0.29 ppm) and V (0.15-0.96 ppm) compared to Pyla. Stage-II
pyrite (Py2) contains lower amounts of Co, Ni and Mn whereas it has
higher concentrations of Au, As, Cu, Ag, and Sb compared to stage-I Pyl
and Py0. Moreover, the core of stage-II pyrite (Py2a) contains higher
contents of Cu (141-390 ppm), Zn (8.2-148 ppm) compared to the rim
(Py2b), while the rim (Py2b) is relatively enriched in Au (0.97-5.49
ppm) and As (1442-8625 ppm).

The LA-ICP-MS results show the most abundant trace elements of
sphalerite from the Qingchengzi ore district are Fe, Cd, Cu, Mn, and
subordinately Ag, Pb, Sb, V, In, Ga (Fig. 7b). Stage-II sphalerite (Sp2) is
enriched in most of the trace elements including Fe, Cd, Ag, In, Ga, Sb,
and Pb compared to stage-I sphalerite. The Sp2 contains significantly
higher Fe (43320-44900 ppm) and Cd (6568-11735 ppm) concentra-
tions than those of Sp1 which has Fe contents of 14810-15260 ppm and
Cd of 152-3715 ppm. The stage-I Sp1b displays lower concentrations of
most elements including Cu, Cd, Ga, Sb compared to Spla. However,
Sp1b shows much higher Mn (509-1896 ppm) compared to Spla which
has Mn contents of 8.85-16.6 ppm.

5.3. Spatial distribution of trace elements in pyrite

LA-ICP-MS mapping of stage-II pyrite from the Diannan Pb-Zn and
Zhenzigou Pb-Zn deposits shows a uniform distribution of Fe, S whereas
the trace elements are unevenly distributed. Element distributions
highlight four groups or element correlation clusters including Co vs. Ni,
the Au vs. As, the Cu vs. Zn, and the Pb vs. Ag vs. Sb (Figs. 8, 9 and
Supplementary Fig. S1).

The notable variations of Co, Ni, Au, As, Cu, and Zn reveal a clear
core-rim texture for the vein-type pyrite. The core is irregular and
enclosed by a pyrite overgrowth, forming a euhedral pyrite. The core
shows a significant enrichment of Cu and Zn and a depletion of Co, Ni,
Au and As, while the rim is strongly enriched in Au and As and weakly
enriched in Co and Ni. Although Co and Ni display comparable distri-
bution patterns with Au, As in Fig. 8, the variations of Co and Ni do not
necessarily follow those of Au and As in either Fig. 9 or Fig. S1. For
example, the Co and Ni is enriched as a thin layer at the outer edge of the
Py2 grain, whereas Au and As enrichment display a much larger domain
of the pyrite grain from the Diannan and Zhenzigou deposit (Fig. 9;
Fig. S1). The distribution of Ag, Pb and Sb is different from those of Cu
and Zn and the distribution pattern of those elements is not consistent
among the different pyrite grains. They can be enriched either within the
intra-grain fractures (Fig. 8) or concentrated in the inner core of pyrite
which seemingly represents galena micro-inclusions (Fig. 9).

In addition, some pyrite grains record more complicated multigen-
erational growth texture, for example, pyrite from the Diannan Pb-Zn
deposit reveals a inner core, which is depleted in Cu and enriched in
V, likely represents the relicts of stage-I pyrite Pylb, however, this relict
is not always preserved (Fig. 9).
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5.4. Sulfur isotopes of pyrite and sphalerite

In-situ sulfur isotope compositions of 12 arsenopyrite, 36 pyrite and
22 sphalerite from the ore samples and 6 sedimentary pyrite from
Dashigiao and Gaixian Formations are listed in Supplementary Table 5
and illustrated in Fig. 10. The 5>*S values of sedimentary pyrite from the
Gaixian Formation (10.40-17.04 %o) is higher than those of pyrite from
the ore samples (4.10-9.37 %o). More specifically, the stage-I pyrite Pyla
shows 534S values of 7.70-9.37 %, which is higher than those of Pylb
(4.10-6.56 %o). Stage-II pyrite Py2a and Py2b, which is represented by
the pyrite core and rim respectively, are similar in 5°*S values of
5.05-8.36 %o. Sphalerite formed at the different mineralization stages
has relatively concentrated 5*4S values, which is confined in the ranges
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of 7.80-9.07 %o for Spla, 5.40-7.08 %o for Sp1lb and 5.22-8.15 %o for
Sp2. Only arsenopyrite from the stage-II vein-type mineralization was
analyzed for sulfur isotope composition, and the 54 values vary from
4.10 %o to 9.02 %o, which are comparable to those for pyrite (Py2) and
sphalerite (Sp2) formed in stage II.

5.5. Trace element compositions of host rocks

The schist from the Dashiqiao and Gaixian Formations are both
elevated in Cu (5.43-252 ppm), Zn (34.2-213 ppm), Co(12.3-57.1
ppm), Ni(11-145 ppm) and V (56-330 ppm). The marble contains
0.9-14.1 ppm Cu, 7.6-29 ppm Zn, 0.8-4.5 ppm Co, 5.6-14.3 ppm Ni,
and 5.9-21 ppm V. The hornblende schist from the bottom of the
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Fig. 8. LA-ICP-MS trace element mapping of one pyrite grain (Py2) from the Diannan Pb-Zn deposit, Qingchengzi ore district.

Dashigiao Formation has higher V contents (59.1-330 ppm) than those
of mica schist from the Dashiqiao and Gaixian Formations (56-153 ppm
of V) whereas the mica schist from the Gaixian Formation contains the
highest Co, Ni contents with 14.2-43.8 ppm and 11.7-138 ppm
respectively(Supplementary Table 6).

6. Discussion
6.1. Multiple stages of mineralization

Previous studies in the field and petrographic observations and sul-
fide geochemistry all lead to the conclusion that the Qingchengzi Pb-Zn
deposits are formed from multiple stages of mineralization (Jiang and
Wei, 1989; Ma et al., 2013; Duan et al., 2017; Zhou et al., 2020). The
new geochronology data we acquired from this study also suggest at
least two stages of mineralization. The first stage is represented by the U-
Pb age of apatite that coexists and crosscuts Spl and Pyl in stage-I,
which is in the range of 1882-1857 Ma (Fig. 5). This suggests that the
formation of stage-I sphalerite and pyrite was no later than 1.85 Ga,
corresponding to the 1.93-1.85 Ga regional metamorphism pervading in
the Liaodong region (Wan et al., 2006; Luo et al., 2008). The Paleo-
proterozoic mineralization is roughly consistent with an Rb-Sr isochron
age of sphalerite at 1798 + 8 Ma reported for the Zhenzigou Zn-Pb de-
posit (Ma et al., 2016). Petrographic evidence supporting a Paleo-
proterozoic mineralization includes the close intergrow and crosscutting
relationship between the Splb/Pylb and coarse-grained graphite
(Fig. 4b,g). Regionally, the Liaohe Group hosts a significant amount of
graphite deposits which are considered to be formed through prograde
metamorphism during the Proterozoic collisional orogeny (Zhu et al.,
2021). In summary, the combined apatite geochronology and petro-
graphic evidence constrains a stage of Paleoproterozoic Pb-Zn miner-
alization before or contemporary with the regional metamorphism
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during 1.93-1.85 Ga.

In addition to the Paleoproterozoic mineralization, a stage of
Mesozoic mineralization is identified by the zircon U-Pb dating of the
granite porphyry which hosts Pb-Zn veins. The zircons yielded a U-Pb
age of 228.5 + 5.8 Ma (Fig. 6), which indicates there is a stage of Pb-Zn
mineralization later than 229 Ma. This stage of Pb-Zn mineralization can
be related to the abundant existing geochronological data which suggest
a Mesozoic Pb-Zn mineralization for the Qingchengzi area. The reported
ages include 225-221 Ma confined by sphalerite Rb-Sr dating (Yu et al.,
2009), 159-143 Ma determined by pyrite Rb-Sr dating (Xu et al., 2020),
and *°Ar/3?Ar dating of sphalerite and lamprophyre dykes (Wang et al.,
2020) which reported three groups of ages (i.e., Late Triassic 224-193
Ma, late Jurassic 167-152 Ma, and early Cretaceous 138-134 Ma). The
distinct groups of ages might suggest the Mesozoic mineralization
further involves sub-stages of hydrothermal events in the Qingchengzi
ore district.

This study has further distinguished different types of pyrite and
sphalerite showing distinct composition, texture and mineral assem-
blages in Qingchengzi, which reflects the multi-stage mineralization.
The Sph1 is lighter in color and contains lower Fe, Mn and In contents
than the Sp2, which may be owing to a lower formation temperature.
Both Mn and V tend to be concentrated in pyrite at low temperature
(Maslennikov et al., 2009) and the decrease of Mn and V from Py1 to Py2
possibly suggests an increase in temperature of the ore-forming fluids.
The increase of ore-forming temperature from stage I to stage II pre-
cludes an explanation of gradual cooling of a common fluid for the
formation of sulfides in Qingchengzi, but rather indicates the involve-
ment of two different fluids for the two stages of sulfide formation.

6.2. Implications from pyrite and sphalerite trace elements

The trace elements of Pyla from the Qingchengzi ore district show
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Fig. 9. LA-ICP-MS trace element mapping of one pyrite grain (Py2) from the Diannan Pb-Zn deposit, Qingchengzi ore district.
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Fig. 10. (a)The histogram of sulfur isotope composition of sulfides from Pb-Zn deposits, Qingchengzi ore district; (b) 5°S value ranges of different stages of sulfide in
comparison with magmatic sulfur (Hoefs, 2009) and meta-volcanic-sedimentary rocks of the Dashiqiao and Gaixian Formations (Liu et al., 2022).

enriched Co, Ni, Mn, and V values, which is similar to those of the
sedimentary PyO but the former is more enriched in Zn. In general,
pyrite from SEDEX Pb-Zn deposits and sedimentary pyrite share similar
compositions for most trace elements, which is characterized by high
concentrations of trace elements including Co, Ni, Cu and Zn (Gregory
et al., 2019). This suggests that the Pyla and Spla are of SEDEX origin.
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The high Mn and V contents of Pyla may reflect a formation condition of
low temperature with a sedimentary origin (e.g., Gadd et al., 2016). The
high concentrations of Mn, Co and Ni of Pyla suggest that it was
deposited in a relatively reducing environment, corresponding to sub-
seafloor carbonate replacement. The incorporation of Mn into pyrite is
redox dependent and an euxinic environment favors sequestering Mn by
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pyrite (Huerta-Diaz and Morse, 1992). The notable higher Mn concen-
tration of early pyrite suggests reducing conditions of its formation. The
enrichment of Co and Ni in Pyla can be caused by two mechanisms.
Firstly, in reducing environment, As(-I) tends to replace S(-II) which
favors the substitution of ions with radii and charges similar to those of
Fe(ID), e.g., Co®™, Ni2t, cu?t and Zn?®" (Deditius et al., 2008). The sec-
ond is that Co, Ni, and other bivalent transition metals are readily
adsorbed onto organic matters which is broken down and released into
pore water during sulfate reduction or late diagenesis (Berner et al.,
2012).

The euhedral cubic grains and elongated grains along the foliation of
the mica schist of Pylb suggest recrystallization and deformation
(Fig. 4c, d), which is indicative of metamorphism under upper
amphibolite facies (Tiu et al., 2021). Pylb is depleted in most of the
trace elements compared to Pyla and is featured by lower Co, Ni, Cu, V,
As, and Au contents but shows comparable high contents of Mn and Zn.
It has been proposed that metamorphism can result in the loss of some
trace elements, which are forced out of the pyrite crystal lattice at
metamorphic grades higher than mid-greenschist facies (Large et al.,
2009; Thomas et al., 2011; Gregory et al., 2019). The Splb coexisting
with Pylb in the Zn-rich laminated ores is depleted in almost all the
trace elements (e.g., Cu, Cd, In, Ag, Sb) but enriched in Mn compared to
Spla. The depletion of most trace elements in Splb can be explained by
recrystallization accompanied with elemental remobilization, a process
which is facilitated by deformation and metamorphic fluids and leads to
elemental remobilization from sphalerite crystal lattice into accessory
minerals (e.g., Harlov et al., 2016; Yu et al., 2020; Cugerone et al.,
2021). The enrichment of Mn in Sp1b is likely due to an increase in
temperature and decrease in sulfur fugacity of the ore-forming fluids
(Lusk et al., 1993; Keith et al., 2014). Furthermore, recrystallization of
sphalerite could enhance the incorporation of Mn into sphalerite
(Ramdohr, 1969; Lockington et al., 2014). The recrystallization process,
which is associated with the dissolution of carbonate wall rocks during
metamorphism has likely resulted in the higher Mn content in Sp1b (Tiu
et al., 2021). In conclusion, the depletion of Co, Ni, Cu, V, Au, Cd and In
of Pylb and Splb reflects recrystallization of sulfide induced by the
1.93-1.85 Ga metamorphism in the Qingchengzi ore district.

The stage-1I sulfides (Py2 and Sp2) are more enriched in metals
compared to stage-I sulfides, as illustrated by higher Cu, Ag, Au, As, Sb,
Pb of Py2 than those of Pyl and more abundant in Cu, Ga, In, Sb, Pb, Ag
in Sp2 than in Sp1l (Fig. 7). The distinct chemistry of stage-II sulfides
implies they were precipitated from different fluids, and are associated
with the Mesozoic magmatic-hydrothermal processes in the Qing-
chengzi ore district. Py2 grains from the different deposits of the Qing-
chengzi ore district display a common growth texture featuring an
irregular core of enriched Cu and Zn with an overgrowth rim of enriched
Au, As, Co, and Ni. The contrasting composition of core and rim in-
dicates they are formed from two individual hydrothermal events.
Considering the geochronological constraints, the Cu and Zn enriched
core is most likely formed by the Triassic magmatic derived fluids
whereas the rim is associated with the Jurassic or Early Cretaceous
magmatic-hydrothermal fluids. The Jurassic and Early Cretaceous
magmatic fluids are reported to be fertile in Au and As, and are
responsible for forming the Linjiasandaogou Au deposit, Baiyun Au
deposit and Xiaotongjiapuzi Au deposits within the Qingchengzi ore
district (Sun et al., 2020b, 2022, 2023). Therefore, it’s assumed that Au
and As enrichment in the rim of Py2 are attributed by magmatic-
hydrothermal influx.

6.3. Possible source of sulfur and metals

The 534S values of sulfide minerals can represent the total sulfur in
the hydrothermal fluids in systems with medium-low temperature, low
fOo, and simple mineral associations (Ohmoto, 1972; Hoefs, 2009). The
sulfide minerals in Qingchengzi are relatively simple, mainly including
sphalerite, galena, pyrite, arsenopyrite, and chalcopyrite. Sulfate
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minerals or hematite occur rarely. This suggests that the measured 534S
values of the sulfides minerals are approximately equal to or slightly
higher than the bulk sulfur isotope compositions of related fluids.

The PyO0 in the barren mica schist, which represents syn-sedimentary
deposition, shows heavier 534S values (10.4-17.04 %) compared to
sulfides in ores (4.10-9.37 %o). Contemporary 534S values of seawater
sulfate are 14-21 %o in the Proterozoic (Canfield and Raiswell, 1999).
The positive 5°%S values of Py0 and the narrow difference between Py0
and seawater sulfate strongly support that the sulfur was sourced from
reduction of seawater sulfate through thermochemical reduction (TSR),
which generally result in fractionation by —10 to 0 %o (Orr, 1974).
Bacterial sulfate reduction (BSR), which can produce fractionation by
—60 to —15 %o (Goldhaber and Kaplan, 1975), may have played a
limited role in producing the reduced sulfur in the Qingchengzi ore
district. It should be noted that reported 5**S values of pyrites in marble
and mica schist of the Dashigiao and Gaixian Formation span from 22.9
%o to 26.9 %o and from 3.3 %o to 16.1 %o respectively (Liu et al., 2022).
This implies heterogeneity of sulfur isotopes within the sedimentary
sequences of the Liaohe Group, thus, although Py1(Sp1) shows different
52*S values compared to PyO0, it is suggested that sulfur of stage-I sulfides
probably are derived from sulfate reduction. The mica schist is enriched
in metals such as Co, Ni, Cr, V and Cu and Zn (Supplementary Table 6)
and the metals of stage-I sulfides are possibly leached from the rocks of
the Liaohe Group.

The §*S values of sulfides (Py2, Sp2 and arsenopyrite) in the
magmatic-hydrothermal stage-II range between 4.10-9.02 %o, which is
slightly higher than that of magmatic sulfur (—5-+5%., average 0 %o,
Hoefs, 2009). Thus, magmatic sulfur is unlikely to be the only sulfur
reservoir. We suggest that there is mixing of magmatic sulfur and sulfur
leached from meta-volcanic-sedimentary rocks in the Liaohe Group
which has a wide range of 534S values of 0.9-20.3 %o (Fig. 10). Besides,
the Cu, Zn contents increase but Co, Ni contents decrease linearly along
with decreasing 8%%S values for pyrites from sedimentary origin to
lamellar ores, and to vein-type ores (Fig. 11). This correlation is best
explained by two-end-member mixing with the magmatic fluids of
isotopically lighter 5°*S values and enriched Cu, Zn as one end-member
and meta-volcanic-sedimentary rocks of heavier §3*S values and
enriched Co, Ni as the other end-member. When fluid-rock interaction
proceeded with the migration of magmatic fluids, the hydrothermal
fluids leached heavy sulfur along with Cu, Zn, Co, Ni, V metals from wall
rocks of mica schist from the Dashiqiao and Gaixian Formations.
Although Cu and Zn may have been partly leached from meta-sedi-
mentary rock, the metals of Cu and Zn of stage-II were predominantly
sourced from magmatic fluids as inferred from Fig. 11a,b. However, it is
assumed that Co, Ni were largely contributed by meta-volcanic-sedi-
mentary rocks (Fig. 11¢c, d). On the other hand, the Liaohe Group was
reported to contain very low concentrations of gold (1.2-3.9 ppb by
Yang et al., 2015 and average of 0.19 ppb Au by Wei et al., 2021) and
could not serve as the important source for Au. The gold was probably
mainly from magmatic fluids as suggested by Sun et al. (2022,2023).

6.4. Mineralization processes of Qingchengzi Pb-Zn deposits

The paragenetic sequences of sulfides combined with geochrono-
logical constrains, and sulfide trace element composition and distribu-
tion, consistently suggest a multi-stage mineralization process for the
Pb-Zn deposits in the Qingchengzi area (Fig. 12). In the Paleoproter-
ozoic, the Qingchengzi area was in a rifting environment, where a
sequence of volcanic-carbonate-pelite-rich sedimentary sequence as
Liaohe Group at 2.2-2.0 Ga was deposited. Early diagenetic pyrite (Py0)
was formed in reducing pore water with enriched Co and Ni contents.
Zinc-Pb mineralization was mostly initiated in the first stage, when fine-
grained sulfides were formed. The fine-grained nature of stage-I sulfides
suggest rapid precipitation due to the mixing of seawater with metal-
liferous fluids. The pyrite (Pyla) and sphalerite (Spla) were formed
through sub-seafloor replacement with ore metals (Zn, Cu) replacing the
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Fig. 11. Correlation between &%*S values and Cu, Zn, Co, Ni concentrations of pyrites from different types of ores in the Qingchengzi ore district.

original minerals (Py0) as metalliferous fluids circulated through un-
consolidated sediments during the sedimentation or early diagenesis
(Kelley et al., 2004; Leach et al., 2005). Therefore, other than abundant
Co, Ni, the fluid was fertile in metals such as Zn, As, Mn, V, as evidenced
by higher Zn, As, Mn, V concentrations of Pyla compared to those of Py0
and the commence of sphalerite (Spla) deposition.

The volcanic-sedimentary sequence of the Liaohe Group was affected
by regional metamorphism and deformation at 1.93-1.85 Ga. The
sequence was transformed to interbedded units of mica schist and
marble during greenschist- to lower amphibolite-facies metamorphism,
which now host the majority of Pb-Zn orebodies in the Qingchengzi ore
district. The mica schist is rich in metals such as Co, Ni, Cr, V, Cu and Zn
(Supplementary Table 6), representing an important potential source of
metals. The regional metamorphism induced remobilization of many
trace elements in early formed sulfides, leading to the loss of most trace
elements in Pylb and Splb. Cobalt, Ni, Cu, As and Au were expelled
from the Pylb, and Cu, Cd, In, Ag and Sb were lost from the Sp1b. This
process was likely facilitated by recrystallization and/or metamorphic
growth or intra-grain diffusion, which remobilized elements from the
crystal lattice of sulfide minerals. On the contrary, Mn of both Pylb and
Splb are enriched, which reflects a great availability of Mn to be par-
titioned into sphalerite and pyrite due to the replacement of carbonate
wall rock during metamorphism.

In the Mesozoic, there were several episodes of magmatic activities
developed in the ore district, forming the Late Triassic, Jurassic, and
Early Cretaceous magmatic intrusions reported (Duan et al., 2012; Sun
et al., 2020a). Sulfide trace element mapping suggests at least two pulses
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of magmatic exsolved fluids are responsible for the formation of stage-II
sulfides. Combined with previous geochronology data, the early pulse of
fluid forming the core of Py2 is derived from the late Triassic magmatic
event and is enriched in Cu and Zn. The later pulse of fluid formed the
rim of Py2 is Jurassic or Early Cretaceous age, and enriched in Au and
As, which is reflected in for the formation of several gold deposits within
the ore district. Besides, fluid-rock interaction plays an important role
during the second metallogenic event. When magmatic fluids migrate
through the wall rocks, the hydrothermal fluids leached S along with Cu,
Zn, Co, Ni, V metals from mica schist from the Dashiqiao and Gaixian
Formations.

7. Conclusions

(1) The Pb-Zn deposits in the Qingchengzi ore district are the result
of multi-stage mineralization, including a Paleoproterozoic
sedimentary-metamorphic stage and a Mesozoic magmatic-
hydrothermal stage. The Mesozoic stage is further characterized
by two episodes of magmatic-hydrothermal mineralization in the
Triassic and Jurassic/Cretaceous, respectively.

(2) During the regional metamorphism, trace elements such as Co,
Ni, Cu, As and Au were remobilized from pyrite, and Cu, Cd, In,
Ag and Sb were remobilized from sphalerite. This process was
facilitated by recrystallization and/or metamorphic growth.

(3) Stage-Ipyrite formed in a SEDEX setting, showing high Co, Ni, Zn,
Mn, V contents which implies a reducing environment. The pyrite
and sphalerite formed in the magmatic-hydrothermal stage
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Fig. 12. Schematic figure of ore-forming processes and paragenetic sequences. a) Sedimentary stage at 2.2-2.0 Ga in which the volcanic-sedimentary sequence of the
Liaohe Group was deposited; b)SEDEX deposit at 2.2-2.0 Ga in which the Pyla, Spla and carbonate minerals were deposited as laminated ores; ¢) Metamorphic
modification at 1.93-1.85 Ga in which the strata as well as primary ores underwent greenschist to lower amphibolite-facies metamorphism. Sulfides were deformed
and recrystallized which induced remobilization of metals and loss of Co, Ni, Cu, As, Au of pyrite and Cu, Cd, In of sphalerite; d) Mesozoic hydrothermal stage at
~230 Ma, in which the Cu, Zn enriched magmatic hydrothermal fluid leached S and Cu, Zn, Co, Ni from Liaohe Group and modified the sedmentary-metamorphic
stage orebodies and formed Pb-Zn and Pb ore bodies; e) Mesozoic hydrothermal stage at Early Cretaceous or Jurassic, in which Au and As enriched fluids interacted
with the Liaohe Group, and overprinted previous mineralization and formed Pb-Zn as well as Au-Ag ore bodies in the district.

(Stage-II) are more enriched in Cu, Ag, Au, As, Sb, Pb, Ga and In (4) During the sedimentary-metamorphic mineralization, sulfur was
compared to stage-I sulfides. The Py2 shows a multigenerational mainly derived from seawater sulfate reduction and the metals
texture, featured with a Cu and Zn enriched core and an over- from the meta-volcanic-sedimentary wall rocks. At the magmatic-
growth rim enriched in Au, As, Co and Ni. The compositionally hydrothermal stage, magma and wall rocks both contributed
distinct core and rim probably suggests that two episodes of sulfur and metals. When fluid-rock interaction proceeded along
magmatic-hydrothermal fluids were involved in the formation of with the upward migration of magmatic-hydrothermal fluids, the
stage-II sulfides. The Au, Cu and Zn of stage-II mineralization ore-forming fluids leached sulfur along with Cu, Zn, Co, Ni and V
might be predominantly contributed by magmatic fluids, but the metals from the wall rocks of the mica schist of the Dashiqiao and
Co and Ni might mainly be added by leaching from meta-sedi- Gaixian formations.

mentary rocks.
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