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Abstract The Baiyinnuo er deposit in northern China is
located in the south section of the Great Xing an Range,
and it is the largest skarn Zn Pb deposit in the region.
Skarn and Zn Pb orebodies mainly occur between the
different units of the Permian Huanggangliang Formation,
or within the contact zone between the intrusive rocks and
the marble. Although Baiyinnuo er has been well investi-
gated previously, the timing of the Zn Pb mineralization is
still controversial, largely due to the lack of appropriate ore
or alteration minerals that could be directly used for iso-
topic dating. In this study, we report the results of Rb Sr
isotopic analysis for sphalerite and pyrite samples from the
Baiyinnuo er orebodies, which yielded two isochron ages
of 137.4 + 3.4 and 140.0 £ 7.8 Ma, respectively, con-
straining the Zn Pb mineralization time of the deposit as
the Early Cretaceous. The data are also consistent with the
age of the granitoids in the mining area, indicating a
potential genetic relationship between the Early Cretaceous
magmatism and mineralization. Many other intrusion-re-
lated hydrothermal deposits (including the two typical
skarns, Huanggang and Haobugao) in the southern Great
Xing an Range also share similar mineralization ages (i.e.,
140 130 Ma). Together, these data suggest an Early Cre-
taceous mineralization event in this region, and this large-
scale mineralization could be related to the regional
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tectonic regime transition from compression to extension
as a result of the rollback of the subducted Paleo-Paci ¢
plate. The initial 8"Sr/%®Sr ratios of the sphalerite and pyrite
samples are 0.70569 and 0.70616, respectively, implying
that the ore-forming material could have a signi cant
contribution from the mantle components. The current
study shows that sul de Rb Sr dating could be used in
deciphering the timing of skarn deposit formation.

Keywords Rb Sr dating - Sphalerite and pyrite - Skarn
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1 Introduction

The southern Great Xing an Range is located in the eastern
wing of the Central Asian Orogenic Belt and is considered
to be one of the most important metallogenic belts in
China, with numerous ore deposits which were discovered
over the past two decades (Ouyang et al. 2013; Shu et al.
2016; Chen et al. 2017; Chang et al. 2019; Deng et al.
2019). These generally include porphyry Mo (Cu, W),
hydrothermal vein-type Sn (Cu, Zn, Pb, Ag), and skarn Zn
Pb (Fe, Cu, Sn) deposits, and most of them have Yansha-
nian (Jurassic and Cretaceous) ages, although a few formed
earlier (Zhang et al. 2010; Ouyang et al. 2013; Shu et al.
2016; Yang et al. 2016; Chen et al. 2017).

Among these deposits, Baiyinnuo er is the largest skarn
Zn Pb deposit in this region with reserves of 32.74 Mt at
average grades of 5.44% Zn, 2.02% Pb, and 31.4 g/t Ag
(Zeng et al. 2009; Shu et al. 2013). Although many pre-
vious studies have been conducted focusing on the geol-
ogy, geochemistry, geochronology, S-Pb isotopes, and uid
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inclusions of the Baiyinnuo er mineralization system (e.g.,
Zhang and Bao 1990; Zhang et al. 1991; Zeng et al.
2007, 2009; Jia et al. 2008; Niu et al. 2008; Jiang et al.
2011, 2017; Shu et al. 2011, 2013, 2017; Yi et al. 2012;
Zhao et al. 2020), the timing of the Zn Pb mineralization
remains unclear. Some authors suggested the Triassic
granodiorite to be the causative intrusion of the Zn Pb ores
(e.g., Jiang et al. 2011), while others believed that the
mineralization occurred during the Jurassic (Wang et al.
2019) or the Early Cretaceous (Zeng et al. 2009). In a
previous study, we reported that only the Early Cretaceous
granodiorite/granite has intensive skarn alteration and
shares similar Pb isotopic compositions with the sul des,
and therefore we proposed that the skarn mineralization
occurred contemporaneously with the Early Cretaceous
magma emplacement (Shu et al. 2013). However, until
recently there is no direct dating result to support this Early
Cretaceous Zn Pb mineralization event.

Conventional radiometric methods are poorly applied in
the determination of timing of mineralization in a skarn
system due to the lack of suitable minerals. Nevertheless,
several attempts have been made and proven to be avail-
able either on ore minerals or indirectly, on hydrothermal
alteration minerals which are presumed to be co-genetic
with mineralization. The commonly used ore minerals for
geochronological studies in a skarn system include
molybdenite (Re-Os; e.g., Zhou et al. 2010; Wan et al.
2014; Yang et al. 2017), scheelite (Sm Nd; e.g., Yang et al.
2014), and cassiterite (U Pb; e.g., Yuan et al. 2008), while
the potential alteration minerals include phlogopite (Ar
Ar; e.g., Xie et al. 2012) and hydrothermal zircon and
titanite (U Pb; e.g., Li et al. 2010; Wan et al. 2012).
Recently, in situ laser ablation-inductively coupled plasma
mass spectrometry U Pb dates of andradite-rich garnet
have also been suggested to be effective in constraining the
timing of skarn formation (e.g., Deng et al. 2017; Seman
et al. 2017; Zhang et al. 2019). Unfortunately, as a calcic
skarn Zn Pb deposit, Baiyinnuo er lacks almost all the
minerals mentioned above except for garnet which, how-
ever, contains low U but relatively high common Pb based
on our preliminary studies, making it unsuitable for garnet
U Pb dating. Therefore, to precisely date the age of the
Baiyinnuo er deposit has been hampered.

The Rb Sr dating technique is one of the most widely
used and powerful tools available in Earth Sciences and has
been applied in dating igneous rocks and metamorphic
events, or to a lesser extent, in dating sedimentary
sequences, ore deposits, past volcanic eruptions, and uid
events (Nebel 2014). Sphalerite, pyrite, and chalcopyrite
contain a certain spread in Rb Sr and enough material to
obtain isotope results on mineral separates of reasonable
size and quantity (Nebel 2014), and therefore have been
used for Rb Sr dating of base metal sul de deposits such
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as Mississippi Valley-type Zn Pb deposits (e.g., Nakai
et al. 1990, 1993), lode gold deposits (e.g., Yang and Zhou
2001), or porphyry Cu Mo deposits (e.g., Wan et al. 2009).
Sphalerite and pyrite are highly abundant in Baiyinnuo er,
and in this study, we determinate the age of the deposit on
these two sul des by using the Rb Sr isotopic method. The
results not only provide the direct timing of the skarn ore
formation but also help us better understand the relation-
ship between the Zn Pb mineralization and the Early
Cretaceous magmatism, which could also help with further
exploration.

2 Geological setting and mineralization

Northeastern China is composed of the eastern segment of
the Central Asian Orogenic Belt, which is located between
the Siberian Craton in the north, and the North China
Craton and the Tarim Craton in the south (Jahn et al. 2000;
Xiao et al. 2003). The NE China has experienced two
major stages of tectonic evolution: (1) The Paleozoic
amalgamation of several micro-continents comprising the
Erguna massif in the north, the Xing an and Songliao
blocks in the center, the Liaoyuan terrane in the south
(Fig. 1a); the nal closure of the Paleo-Asiatic Ocean
occurred during the Late Permian to the Early Triassic (ca.
250 Ma) along the Xilamulun-Changchun suture (Fig. 1a;
Xiao et al. 2003; Wu et al. 2011). (2) The Mesozoic sub-
duction and subsequent rollback of the Paleo-Paci c plate
resulted in voluminous magmatism and related hydrother-
mal mineralization; the Jurassic granites and associated ore
deposits migrated northwestward with time as the at
subduction front evolved, whereas the Early Cretaceous
volcanic rocks migrated coastward as a result of the roll-
back and steepening of the subducting oceanic slab (Zhang
et al. 2010; Shu et al. 2016).

The southern Great Xing an Range in NE China
(Fig. 1a) comprises the western Songliao block and is
bounded by the Erlian-Hegenshan suture in the north and
Nenjiang Fault in the east and the Xilamulun suture in the
south (Yi et al. 2012). It is characterized by widespread
Late Paleozoic to Mesozoic volcanic-sedimentary succes-
sions. The Permian volcano-sedimentary formations are the
major ore-bearing sedimentary units, which are widely
distributed in the region (Wang et al. 2001). The Permian
strata are mainly composed of terrigenous and paralic
clastic rocks intercalated with intermediate-basic to inter-
mediate-acid volcanic rocks (Zhang and Zhang 2003), with
relatively slight metamorphism but strong folding. The
Jurassic felsic volcanic rocks and sandstone also occur in
this region but host little mineralization. Intense magmatic
events from Paleozoic to Late Mesozoic have been rec-
ognized, with the majority being Late Jurassic to Early
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Fig. 1 a Tectonic subdivisions of northeastern China and simpli ed igneous rocks distributions within the Great Xing an Range (after Wu et al.
2011). b Geologic map of the Huanggang-Ganzhu ermiao polymetallic district in the southern Great Xing an Range (after Shu et al. 2013) and
the major deposits locations, and also shown are the ages of these deposits. Age data source: Pan et al. (2009), Chang and Lai (2010), Zeng et al.
(2010), Zhou et al. (2010), Jiang et al. (2012), Wu et al. (2013), Shu et al. (2014, 2016), Chen et al. (2018), Liu et al. (2018), and this study

Cretaceous (Wu et al. 2011; Xu et al. 2013). Combined
with the NNE extension direction, the Early Cretaceous
large-scale magmatism was broadly accepted as a response
to the subduction of the Paleo-Paci c plate and subsequent
related processes beneath eastern China (Zhang et al.
2008, 2010; Wu et al. 2011; Shu et al. 2016). The fault
structures were well developed, and the major faults are
NE-, NW-, and E-trending, forming the basic structural
framework of the region. The NE-striking Huanggang-

Ganzhu ermiao and E-striking Xilamulun faults played a
signi cant role in dominating the regional emplacement of
the intrusions and polymetallic mineralization (Shu et al.
2013). Many ore deposits distribute along the NE-trending
Huanggang-Ganzhu ermiao fault, including the three typ-
ical skarns, Baiyinnuo er, Haobugao, and Huanggang (Shu
et al. 2011, 2013, 2017, 2021; Zhou et al. 2012; Zhai et al.
2014; Liu et al. 2018).
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Fig. 5 a Rb Srisochron age of the sphalerite sample from the Baiyinnuo er skarn Zn Pb deposit; note that only ve subsamples are used and
another two subsamples are precluded from the age calculation because they deviate from the regressive trend. b Rb Sr isochron age of the pyrite
sample (with ve subsamples) from the Baiyinnuo er skarn Zn Pb deposit. ¢ Rb Sr isochron age of the pyrite sample excluding one subsample
far away from the other four ones in (b). d Plot of 8Sr/®Sr vs. 1/Sr for the sul de subsamples used for age calculation in (a, b)

and Bao (1990) and Zhang (1993) reported the whole-rock
Rb Sr isochron ages of the granodiorite porphyry and
crystalline tuff that are 171 Ma and 160 + 14 Ma,
respectively. Yi et al. (2012) showed that the zircon U Pb
age of the granodiorite is 242 245 Ma. Jiang et al. (2011)
reported that the granodiorite formed at 244.5 = 0.9 Ma
(zircon U Pb). All these values have been previously
proposed to be the ore formation age by different authors.
Jiang et al. (2011) also reported a zircon U Pb age of
129.2 =+ 1.4 Ma of the post-mineralization quartz por-
phyry, indicating that the Zn Pb skarn formed before =
129 Ma (Shu et al. 2013). In addition, Yang et al. (2018)
suggested that the granodiorite porphyry and rhyolite por-
phyry are the causative intrusions for the skarn mineral-
ization, and their zircon U Pb ages, 253.4 + 0.9 Ma and
133.6 £ 0.7 Ma, respectively, indicating two mineraliza-
tion events that have occurred in Baiyinnuo er. More
recently, Jiang et al. (2020) obtained a zircon U Pb age of
149.9 = 2.5 Ma for the pre-mineralization crystalline tuff
lava, and age of 140.3 £+ 2.6 Ma for the diorite porphyrite
that crosscuts the orebodies, thereby proposing that the Zn
Pb mineralization occurred at some time between == 150
and * 140 Ma.
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Despite all the above dating results on different igneous
phases, the exact timing of Zn Pb mineralization at
Baiyinnuo er is still unclear, mainly due to the lack of
geochronological studies directly on the ore minerals or
associated hydrothermal minerals. Some authors suggested
that Baiyinnuo er is not a skarn-type deposit but a sedi-
mentary exhalative (SEDEX) deposit related to the Per-
mian marine volcanic rocks, and hence the main ore
formation period is Permian (e.g., Zeng et al. 2007, 2011).
This view has been proved to be incorrect because the
geology and mineralogy study by Shu et al. (2013) has
indicated that the Baiyinnuo er deposit shares the same
mineral paragenesis and chemical characteristics as most
other skarn deposits worldwide (Meinert et al. 2005; Chang
et al. 2019), and therefore it can be a typical skarn deposit.
In this study, two mineralization age values of
137.4 = 3.4 Ma and 140.0 = 7.8 Ma have been obtained
via Rb Sr isotopic dating directly on sul des (i.e., spha-
lerite and pyrite) from the main Zn Pb orebody at
Baiyinnuo er (Fig. 2), and these two ages are consistent
well with each other within error, demonstrating that the
skarn  mineralization occurred at approximately
140 137 Ma. In an earlier study, it has been recognized






