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Abstract
The Longbohe Fe-Cu-(LREE) deposit in the Longbohe–Sin Quyen (LSQ) Fe-Cu belt in the border zone of South China and 
northern Vietnam has a resource of > 1 million tonnes Cu, and was once speculated to be a potentially important subduction-
related deposit of Precambrian age, but with poor constraints. Our study reveals that the major Fe-, Cu-, and LREE minerali-
zation comprises three stages and are comparable to typical IOCG deposits worldwide. Stage I is characterized by pervasive 
Na alteration, followed by Fe mineralization stage (Stage II) consisting of Ti-poor magnetite associated with Ca-Na alteration 
forming amphibole and albite. Stage III, the Cu-LREE mineralization stage, is composed mainly of chalcopyrite and REE-
rich allanite with minor pyrrhotite and pyrite. Stages I and II formed at broadly comparable temperatures of 515 to 670 ºC, 
and have δ18O fluid values of 4.3 to 11.7 ‰, indicating dominantly magmatic fluids. Furthermore, they have hydrothermal 
zircon with εHf(t) values (7.5 to 12.7) similar to coeval mafic intrusions in the region, likely indicating a mafic magma-source 
for the fluids. Stage III fluids have lower temperatures (332 to 402 ºC) but exhibit magmatic-like δ34S values (1.2 to 3.7 ‰) 
similarly suggestive of a major magmatic source. However, they have distinctly lower εHf(t) and εNd(t) values comparable to 
those of coeval regional felsic intrusions, suggesting that an additional component of REE-rich external fluid from felsic 
magmas was involved during the Cu-REE mineralization. Hydrothermal zircons from Stages II and III have similar U–Pb 
ages of ~ 850 Ma, providing tight constraints on the timing of Fe-Cu mineralization. The new U–Pb ages indicate that the 
Longbohe deposit is coeval with the Sin Quyen IOCG deposit in northern Vietnam, and with the regional subduction-related 
magmatism, indicating that the Longbohe–Sin Quyen belt is of Neoproterozoic age and formed in a convergent setting.

Keywords Longbohe deposit · C-O-S-Hf isotopes · Zircon U–Pb dating · Subduction-related · IOCG deposits

Introduction

Since the discovery of the world-class Olympic Dam deposit 
in 1975 and the definition of the iron oxide copper–gold 
(IOCG) clan by Hitzman et al. (1992), similar deposits have 
been important targets of exploration and academic research. 
This type of deposit has been proved to be an important 
source of Fe, Cu, and Au in the past decades (Hitzman et al. 
1992; Hitzman and Valenta 2005; Williams et al. 2005; 
Groves et al. 2010), and also documented to be enriched 
in REE and Co (Mudd et al. 2013; Weng et al. 2015). Pre-
vious studies indicated that IOCG deposits mainly formed 
in the intra-continental environments, particularly in the 
Precambrian, whereas examples from convergent settings 
were mostly Phanerozoic in ages (e.g., Mesozoic Andes 
IOCG belt) (Hitzman 2000; Groves et  al. 2010). Some 
researchers, for example, Groves et al. (2010) speculated 
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that Precambrian IOCG deposits forming in convergent set-
tings will be found in future, if the similar lithospheric con-
ditions at where the Phanerozoic deposits formed could be 
identified in the Precambrian. However, whether convergent 
setting-related IOCGs are common in Precambrian is still an 
open end question. Moreover, the characteristics, genesis, 
and uniqueness (when compared to Precambrian intra-con-
tinental and Phanerozoic subduction-related ones) are still 
poorly understood. Therefore, identifying and characterizing 
Precambrian IOCG variants from convergent settings would 
be important to understanding of the IOCG clan and impact 
directly on the exploration strategy.

A number of Fe-Cu deposits and prospects are distrib-
uted along the ASRR shear zone in South Yunnan, China 
and northern Vietnam; they define a potentially important 
Fe-Cu belt (Fig. 1b; Li and Zhou 2018; Liu and Chen 2019). 
Representative examples include the Longbohe deposit in 
southwestern Yunnan, China and the Sin Quyen deposit in 
northern Vietnam (Fig. 1c), and thus this belt was known as 
the Longbohe–Sin Quyen (LSQ) Fe-Cu belt (Liu and Chen 
2019). The potential resources of the LSQ Fe-Cu belt were 
estimated to be > 1.5 Mt Cu, > 0.3 Mt REE, and > 30 t Au 

(Cui 2007; Duong et al. 2021). Despite its economically sig-
nificance, this Fe-Cu belt received little attention in the past 
and with the only existing few studies in the literature on 
the Sin Quyen deposit in northern Vietnam (e.g., McLean 
2001; Li and Zhou 2018; Li et al. 2018a, c; Ngo et al. 2020; 
Duong et al. 2021). These studies have shown that the Sin 
Quyen deposit has mineralization styles comparable to typi-
cal IOCG deposits worldwide, and is coeval with the Neo-
proterozoic (~ 840 Ma) subduction-related magmatism in 
the region (Cai et al. 2014, 2015; Wang et al. 2016; Li et al. 
2018b). These studies hence suggested that the Sin Quyen 
deposit was likely a IOCG deposit which formed in a conver-
gent setting, thus raising the possibility that the LSQ belt is a 
potentially Precambrian IOCG belt related to subduction at 
that time. However, it is currently unclear if other deposits in 
the LSQ belt have similar mineralization styles and formed 
at the same mineralizing event, due to limited constraints on 
the mineralization style and age of these deposits.

In this study, we conducted an investigation on the Long-
bohe deposit which is another large-scale Fe-Cu deposit in 
the LSQ Fe-Cu belt. We described the geology and altera-
tion/mineralization styles of the deposit, in order to establish 

Fig. 1  a Simplified tectonic map of China (modified after Zhao and 
Cawood 2012). b Simplified geological map showing the distribution 
of major Proterozoic strata and Neoproterozoic igneous rocks of the 
Yangtze Block (after Zhou et al. 2014). c Simplified geological map 

displaying distribution of Fe-Cu deposits along the Ailao Shan–Red 
River shear zone between South China and northern Vietnam (after 
Zhou et al. 2014)
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a paragenetic sequence for a comprehensive comparison 
with the Sin Quyen deposit and other typical IOCG deposits 
worldwide. LA-ICPMS U–Pb ages of hydrothermal zircon in 
the Fe and Cu ores tightly constrain the timing and tectonic 
setting of the mineralization. Stable isotopes (C, O and S) 
and Hf isotope data on hydrothermal zircon further allow us 
to determine the origin and evolution of the ore-forming flu-
ids, and to establish an ore-forming model for the Longbohe 
deposit. A comprehensive comparison of the LSQ belt with 
other IOCG belts in different settings, in terms of alteration/
mineralization, metal associations and fluid sources, was 
also made. The new findings have important implications 
for the regional Fe-Cu metallogeny in the ASRR shear zone 
and for the understanding of the diversity of IOCG systems.

Regional geology

Ailao Shan–Red River (ASRR) shear zone

South China consists of the Yangtze Block to the north-
west and the Cathaysia Block to the southeast, which 
amalgamated at ~ 830 Ma along the Jiangnan orogenic belt 
(Fig. 1a, b; Zhao and Cawood 2012). The South China 
Block is separated from the North China Craton by the 
Qinling–Sulu–Dabie orogenic belt to the north, and from 
the Tibetan Plateau by the Songpan–Gantze terrane to the 
west (Fig. 1b). The boundary between the South China and 
Indochina Block was inferred to be the ASRR shear zone 
(Tapponnier et al. 1990; Leloup et al. 1995) or Song Ma belt 
(Chung et al. 1997; Faure et al. 2014).

The ASRR shear zone is a left-lateral continental strike-
slip fault and extends over 1000 km from southeastern Tibet 
to the Gulf of Tonkin and the South China Sea (Fig. 1b; 
Chung et al. 1997; Searle 2006; Searle et al. 2010), with 
southeastward displacement of the Indochina Block relative 
to South China of at least 500 km (Tapponnier et al. 1990; 
Leloup and Kienast 1993; Leloup et al. 1995). The shear 
zone represents the most prominent geological discontinu-
ity in Southeast Asia and consists of four main metamor-
phic units, namely Xuelong Shan, Diancang Shan, Ailao 
Shan–Phan Si Pan and Yao Shan–Day Nui Con Voi from 
northwest to southeast (Chung et al. 1997; Wu 2012; Weng 
2014). The Ailao Shan–Phan Si Pan unit where the Long-
bohe–Sin Quyen Fe-Cu belt is located reaches from Yunnan 
province of China to northern Vietnam.

In the Ailao Shan–Phan Si Pan unit, the currently docu-
mented Proterozoic metamorphic basements include the 
Ailaoshan and Longbohe Groups in SW China and the Suoi 
Chieng Formation and Sin Quyen Group in NW Vietnam. 

The Ailaoshan Group mainly comprises amphibolites, 
gneiss, schist, phyllite and slate with minor granulite, mig-
matite and marble, which were metamorphosed under green-
schist to amphibolite facies conditions (Zhai et al. 1990; Li 
et al. 2008, 2009; Wang et al. 2013; Gong and Jiang 2017; 
Ji et al. 2017). The Longbohe Group includes meta-volcanic 
and meta-sedimentary rocks, and is in fault contact with the 
Ailaoshan Group in the southwest (Fig. 2a; Liu et al. 2005; 
Liu and Chen 2019). The Suoi Chieng Formation mainly 
consists of granitic gneiss, biotite-amphibole gneiss, bio-
tite schist and amphibolite, conformably overlain by the 
Sin Quyen Group (Tran 2011). The Sin Quyen Group is 
composed of mica schist, graphite schist, gneiss and minor 
marble (Hieu et al. 2010, 2012). Zircon U–Pb geochronol-
ogy has shown that the so-called “volcanic-sedimentary 
sequences” of the Longbohe Group consist of at least two 
units which formed in the late Paleoproterozoic (~ 1700 Ma) 
and Neoproterozoic (loosely constrained at ~ 1000 Ma), 
respectively, whereas the meta-sedimentary rocks of the Sin 
Quyen Group were deposited at ~ 870 Ma (Hieu et al. 2012; 
Liu and Chen 2019).

Abundant Neoproterozoic (~ 850 to ~ 740 Ma) igneous 
rocks have been identified in the Ailao Shan–Phan Si Pan 
belt (e.g., Hieu et al. 2009; Cai et al. 2014, 2015; Wang et al. 
2016; Chen et al. 2017; Li et al. 2018b). These intrusions 
have geochemical signatures of arc affinity and are consid-
ered to have formed in a subduction-related setting (e.g., Qi 
et al. 2012, 2014, 2016; Cai et al. 2014, 2015; Wang et al. 
2016; Li et al. 2018b). They are thought be part of a giant 
arc system of the western Yangtze Block which became dis-
placed into the ASRR shear zone during the Cenozoic (e.g., 
Hieu et al. 2009; Cai et al. 2014, 2015; Li et al. 2018b). 
Previous studies also identified some felsic intrusions of 
259–249 Ma in the belt, and which are likely genetically 
linked to the Emeishan Large Igneous Province (Usuki et al. 
2015). In addition, the Cenozoic (~ 30 Ma) activation of the 
ASRR shear zone produced numerous Cenozoic magmatic 
rocks in the Ailao Shan–Phan Si Pan belt (e.g., Cao et al. 
2011; Liu et al. 2012, 2015).

Longbohe–Sin Quyen Fe‑Cu belt

In addition to the well-known and large deposits of 
Longbohe in southwest China and Sin Quyen in north-
ern Vietnam, there are other deposits/prospects, such 
as Nam Chac, Soui Thau, Pin Ngan Chai and Lung 
Thang, but their resources are relatively small (McLean 
2001; Li and Zhou 2018). These deposits form a met-
allogenic Fe-Cu belt extending from Yunnan prov-
ince, South China to northern Vietnam, namely the 
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Longbohe–Sin Quyen (LSQ) Fe-Cu belt (e.g., Li and 
Zhou 2018; Liu and Chen 2019). The ore bodies of 
this belt are similarly hosted in meta-sedimentary and 
meta-volcanic rocks of the Proterozoic Longbohe and 
Sin Quyen Groups that are variably metamorphosed 
or foliated. In the past decades, a number of studies 

on this belt are available but mostly focused on the 
Sin Quyen deposit (e.g., McLean 2001; Li and Zhou 
2018; Li et al. 2018a, c; Ngo et al. 2020; Duong et al. 
2021). It was documented that the Sin Quyen deposit, 
forming at 840 Ma, has a paragenetic sequence includ-
ing pre-ore Na alteration and early Fe mineralization 

Fig. 2  a Simplified geological map of the Longbohe deposit (modified from Cui 2007). b Cross section of No. 34 located in the Longda ore sec-
tion of the Longbohe mine (modified from Cui 2007)
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(magnetite), followed by Cu-(Au) mineralization (chal-
copyrite); these features are similar to typical IOCG 
deposits worldwide (e.g., McLean 2001; Li and Zhou 
2018; Li et al. 2018a). As such, the LSQ Fe-Cu belt 
was suggested to be likely an IOCG metallogenic belt 
which was once considered to be part of the Kangdian 
IOCG province before being displaced into the ASRR 
shear zone (Fig. 1b; Zhou et al. 2014; Liu and Chen 
2019; Chen et al. 2022). However, it is notable that 
the major mineralization events in the Kangdian IOCG 
province were documented at ~ 1660 and ~ 1080  Ma 
(e.g., Chen and Zhou 2012; Zhao et al. 2013, 2017), 
significantly older than the Sin Quyen deposit.

Geology of the Longbohe deposit

Occurrence of ore bodies

Early exploration in the Longbohe deposit revealed an 
estimated resource of ~ 1 Mt Cu with an average grade 
of ~ 0.91 wt% (Cui 2007). The ore bodies of this deposit 
are mainly hosted in the meta-volcanic and meta-sedi-
mentary rocks (e.g., schist) of the Proterozoic Longbohe 
Group. They comprise the Xinlian, Xinka and Longda 
ore sections from northwest to southeast (Fig. 2a), and 
are mostly as stratabound and/or in irregular lenses that 
are structurally controlled. They are striking NW–SE 

Fig. 3  a Brecciated ore showing that breccias of country rock were 
cemented by matrix dominated by magnetite and albite. b Dislocation 
and foliation of the massive Fe ore, indicative of strong deformation. 
c Banded magnetite-sulfide ore showing that early magnetite was 

overprinted by sulfides. d Disseminated Fe ore crosscut by late unde-
formed sulfide vein. Ab: albite, Ap: apatite, Cal: calcite, Ccp: chal-
copyrite, Cct: chalcocite, Mag: magnetite, Po: pyrrhotite, Qz: quartz
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and dipping to the southwest, with generally dozens to 
hundreds of meters in length, up to dozens of meters in 
width and dozens to hundreds of meters in extent along 
dip (Fig. 2b; Cui 2007). Both the country rocks and the ore 
bodies are deformed, locally manifested by fractures and 
dislocated and banded structures (Fig. 3a, b, c).

Mineralization styles

There is no obvious metal zonation at deposit scale, but the 
ores can be divided into oxide and oxide-sulfide types in 
term of relative proportion of iron oxides and Cu-sulfides. 
The oxide ores, have massive, banded, or disseminated 
structures (Fig. 3), and are composed mainly of magnet-
ite with subordinate albite, amphibole, chlorite, and apatite 
with minor or without sulfides. In mixed oxide-sulfide ores, 
sulfide minerals are dominated by chalcopyrite, pyrrho-
tite and pyrite that occur generally as pervasive or banded 
replacements overprinting early magnetite-rich components. 
Both oxide and oxide-sulfide ores are variably deformed, 
manifested by lineation of minerals (Fig. 3c), and are locally 
crosscut by abundant sulfide veins that are not deformed 
(Fig. 3d). These veins are mainly composed of variable 

amounts of chalcopyrite, bornite, chalcocite, quartz, and 
carbonate minerals.

Paragenetic sequence of alteration 
and mineralization

Based on macro- and micro-textural relationships of mineral 
assemblages, four main stages of alteration and mineralization 
have been established for the Longbohe Fe-Cu-(LREE) deposit 
(Fig. 4). The chemical data of minerals are listed in ESM Table 1.

Stage I: Na-(Fe) alteration

The pre-ore Na-(Fe) alteration is generally characterized 
by abundant albite and minor magnetite, pervasively replac-
ing the country rock. Albite is usually euhedral to subhedral 
or granular in shapes, and crosscut by late calcite veinlets 
(Fig. 5a). Albite has pure end-member compositions with 
Na/(Na + Ca + K) ratios close to 1.00. Magnetite is generally 
fine-grained and granular in shapes (Fig. 5a). Under BSE 
images, both albite and magnetite are homogeneous without 
clear sign of late modification (Fig. 5e). In addition, minor 
titanite and epidote is locally present in the albitized rocks 

Fig. 4  Paragenetic sequence of 
alteration and mineralization in 
the Longbohe deposit
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in which both minerals are closely associated with albite 
and magnetite.

Stage II: Fe mineralization

This stage is characterized by abundant magnetite and 
apatite that are closely associated with Ca-Na alteration 
forming amphibole and albite, and subordinate but vari-
able proportions of clinopyroxene, chlorite and titanite 
(Fig. 5b, c, d). Both magnetite and apatite are euhedral 
to subhedral in shapes and homogeneous under high-res-
olution BSE images (Fig. 5f) Amphibole crystals are of 
actinolite composition, while albite is characterized by 
high Na/(Na + Ca + K) ratios (0.99 to 1.00), similar to 
those of Stage I. Clinopyroxene crystals are of hedenber-
gite composition, and chlorite has ripidolite to brunsvig-
ite composition.

Stage III: Cu-LREE mineralization

This stage is dominated by chalcopyrite and LREE-rich 
allanite with subordinate pyrrhotite and pyrite. It is associ-
ated with Ca alteration forming variable amounts of amphi-
bole, titanite, apatite, and albite (Fig. 6a, b). Chalcopyrite 
crystals are angular in shapes and are closely associated with 
amphibole. Pyrrhotite is also generally angular in shapes, 
and is intergrown with chalcopyrite, pyrite, amphibole, and 
albite (Fig. 6c, d). It is common in the mixed oxide-sulfide 
ores that the assemblages of this stage overprint earlier mag-
netite of Stage II (Fig. 6a).

Amphibole crystals have ferropargasite to ferrodenite 
composition with elevated  K2O contents (1.60 to 1.88 wt%) 
relative to those in Stage II. Albite grains have elevated CaO 
and  K2O contents relative to those of Stages I and II, with 
much lower Na/(Na + Ca + K) ratios (0.77 to 0.80).

Fig. 5  Photomicrographs of 
altered rocks and Fe ores. a 
Albitized rock is mainly com-
posed of albite grains and minor 
magnetite. Note cross-cutting 
late calcite vein. b Disseminated 
Fe ore is composed of magnetite 
and amphibole (actinolite). c 
Massive Fe ore is composed 
of intergrown magnetite and 
apatite. d Disseminated Fe 
ore showing that both titanite 
and chlorite, associated with 
magnetite, are locally present. 
e BSE image of albitized rock. 
Note that both albite and mag-
netite are homogeneous. f BSE 
image of massive Fe ore. Note 
that both apatite and magnetite 
are closely associated, and 
exhibit homogeneous texture. 
Amp: amphibole, Chl: chlorite, 
Ttn: titanite. Other abbrevia-
tions as in Fig. 3
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Stage IV: post-deformation veins

Mineral assemblages of Stages I, II and III are variably 
foliated or deformed, and are crosscut by Stage IV veins 
that are not deformed or foliated (Fig. 3d). These veins 
are mineralized and are composed of variable amounts 
of chalcopyrite, bornite, chalcocite, quartz and carbonate 
minerals (Fig. 6e, f). Chalcopyrite is relatively earlier, as 
it is replaced by bornite and chalcocite (Fig. 6e). Bornite is 
slightly earlier than chalcocite, as it is locally replaced by 
chalcocite (Fig. 6e). Carbonate minerals are mainly calcite 
and dolomite (Fig. 6f).

Analytical methods

Electron microprobe analysis

The major element compositions of minerals were meas-
ured using a JEOL JXA-8530F microprobe at the State Key 
Laboratory of Ore Deposit Geochemistry, Institute of Geo-
chemistry, Chinese Academy of Sciences, Guiyang, China. 
A 25-kV accelerating voltage and a 10-nA beam current 
were used in the analyses. The beam spot size was set at 
10 μm. For analysis of amphibole, the standard samples were 
tugtupite for Cl, apatite for F, chlorite for Cr, kaersutite for 
Ca, Ti, Na, Si, Al, Mg, K, Mn and Fe. For clinopyroxene, the 

Fig. 6  Photomicrographs of 
different Fe-Cu or Cu ores. a 
Fe-Cu ore showing that early 
magnetite is crosscut by Cu-
sulfides. b Cu ore composed 
of intergrown allanite, pyrite, 
amphibole and albite. c Cu 
ore. Note that pyrrhotite is 
intergrown with chalcopyrite 
and amphibole with regular 
contacts. Also shown are the 
locations for S isotopic values. 
d Cu ore. Note that pyrrhotite is 
intergrown with pyrite, albite, 
and amphibole. e Late sulfide 
vein showing that chalcopy-
rite is replaced by bornite and 
chalcocite. f Late sulfide vein 
consisting mainly of quartz and 
calcite with minor chalcopyrite. 
Aln: allanite, Bn: bornite, Py: 
pyrite. Other abbreviations as in 
Figs. 3 and 5
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standard samples were tugtupite for Cl, apatite for F, chlorite 
for Cr, plagioclase for Si, kaersutite for Ca, Ti, Na, Al, Mg, 
K, Mn and Fe. For analysis of albite, the standard samples 
were tugtupite for Cl, apatite for F, chlorite for Cr, albite for 
Na, Si and Al, plagioclase for Ca and Mg, orthoclase for K 
and Fe, kaersutite for Ti and Mn. For analysis of chlorite, the 
standard samples were tugtupite for Cl, apatite for F, chlo-
rite for Cr, Si, Al, Mg and Ni, kaersutite for Ca, Ti, Na, K, 
Mn and Fe. Under these conditions, the analytical errors are 
generally estimated to be < 1% at the > 10 wt% level, < 5% at 
the 1 to 10 wt% level, and > 5% at the < 1 wt% level.

Trace elements analyses of magnetite

In situ trace elements analyses of magnetite were conducted 
by an Analyte Excite 193-nm laser-ablation system coupled 
with an Agilent 7700 × quadrupole ICP-MS at Nanjing 
FocuMS analytical laboratory. A laser spot size of 40 μm 
and a repetition rate of 6 Hz for 40 s of data acquisition with 
an energy density of 12 J/cm2 were utilized during the analy-
sis. Helium was applied as carrier gas. Element contents 
were calibrated against multiple reference materials (BIR-
1G, BHVO-2G, BCR-2G and GSE-1G) without applying 
internal standards (Liu et al. 2008). Off-line data reduction 
was carried out using ICPMSDataCal (Liu et al. 2008).

Bulk sample analysis

Major elements were determined by X-ray f luores-
cence spectrometry (P61-XRF26s method), and trace 
elements were analyzed by inductively coupled plasma 
mass spectrometry (M61-MS81 method) at the Mineral 
Division of ALS Laboratory Group, Guangzhou. The 
analytical precision was usually 1 to 3% for elements 
at > 1 wt%, and about 10% relative for elements present 
in concentrations < 1 wt%. For trace elements, the ana-
lytical precision was generally better than 5% based on 
replicate analyses of standard samples.

Zircon cathodoluminescence (CL), U–Pb dating 
and trace elements analysis

Zircon grains were selected from crushed samples 
using standard gravity and magnetic techniques. The 
separated grains were mounted in epoxy resin. Zircon 
grains were examined in transmitted, reflected and CL 
light to reveal their internal textures before U–Pb anal-
ysis. Cathodoluminescence (CL) analysis was carried 

out on polished sections using a Gatan MONO CL3 
detector at the Guangzhou Institute of Geochemistry, 
Chinese Academy of Sciences, Guangzhou, China. 
The zircon U–Pb and trace elements analyses was con-
ducted using a GeoLas Pro 193 nm ArF excimer laser 
ablation system equipped with an Agilent 7700 × induc-
tively coupled plasma mass spectrometer (ICP-MS), at 
the State Key Laboratory of Ore Deposit Geochem-
istry, Institute of Geochemistry, Chinese Academy of 
Sciences, Guiyang, China. Each analysis incorporated 
a background acquisition of approximately 20 s fol-
lowed by 40 s of data acquisition, with a 5 Hz repeti-
tion rate on a stationary spot of 33 μm. Helium mixed 
with argon was applied as carrier gas. Zircon 91500 
and NIST 610 were utilized as the external standards 
for U–Pb dating and trace elements, respectively. Data 
reduction was carried out using ICPMSDataCal (Liu 
et al. 2008, 2010) and then processed using the ISOP-
LOT program (Ludwig 2003).

Zircon Hf isotope analysis

Different types of zircon grains were selected for Lu–Hf 
isotope analyses after U–Pb dating. Zircon Lu–Hf iso-
tope analyses were carried out using a RESOlution-S155 
laser-ablation system coupled with Nu Plasma III MC-
ICP-MS at the State Key Laboratory of Ore Deposit Geo-
chemistry, Institute of Geochemistry, Chinese Academy 
of Sciences, Guiyang, China. A laser spot size of 60 μm 
and a repetition rate of 6 Hz for 40 s of data acquisition 
with an energy density of 6.0 J/cm2 were used during the 
analysis. Zircon 91500, Plešovice, Mud Tank and Penglai 
were used as reference standards. Every five analyses 
were followed by one analysis of Penglai to correct time-
dependent drift of sensitivity and mass discrimination. 
Correction for isobaric interference of 176Lu on 176Hf and 
176Yb on 176Hf was corrected by using the recommended 
176Lu/175Lu ratio of 0.02655 (Machado and Simon-
etti 2001) and 176Yb/172Yb ratio of 0.5887 (Vervoort 
et  al. 2004) to calculate 176Lu/177Hf and 176Yb/177Hf, 
respectively.

In situ S isotope analysis

Sulfide minerals of different stages were chosen for in situ 
sulfur isotope analysis. The analysis was performed in thin 
section, using the Nu Plasma 1700 MC-ICP-MS together 
with the RESOlution M-50 laser ablation system equipped 
with a 193 nm ArF CompexPro102 excimer laser at the State 
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Key Laboratory of Continental Dynamics, Northwest Uni-
versity, Xi’an, China. The main analytical procedure was 
described by Bao et al. (2017) and Yuan et al. (2018). Instru-
ment drift and mass bias were corrected using a standard-
sample bracketing method with repeated measurements of 
the standard, before and after each sample. Helium gas was 
employed as carrier gas (gas flows = 0.28 L/min) and Ar 
gas was used as makeup gas (gas flows = 0.6 L/min). Each 
spot was ablated at a spatial resolution of 30 μm at 4 Hz, 
using a fluency 3 J/cm2, and comprises approximately 30 s 
background acquisition and 50 s sample data acquisition. All 
measured 34S/32S ratios were normalized to Vienna Canyon 
Diablo Troilite compositions (V-CDT). Two in-house sulfur 
reference materials of pyrite (PY-4, δ34S = 1.7 ± 0.3 ‰; Bao 
et al. 2017) and chalcopyrite (CPY-1, δ34S = 4.2 ± 0.3 ‰; 
Bao et al. 2017) were used as external standard. A pressed 
sulfide powder tablet of sphalerite (PSPT-3, δ34S = 26.4 ± 0.2 
‰; Bao et al. 2017) was used for quality control.

Oxygen isotope analysis

Magnetite, albite and apatite were concentrated by mag-
netic and density separation techniques, respectively. 
These minerals were handpicked under the binocular 
microscope. The purity of separates is estimated to be 
95%. Oxygen isotope analyses of magnetite, albite and 
apatite were performed at the Analytical Laboratory of 
the Beijing Research Institute of Uranium Geology, Bei-
jing, China. Oxygen was liberated by reacting samples 
with  BrF5, and then oxygen was reacted with carbon rods 
to produce  CO2. The extracted  CO2 for O isotope analy-
sis was measured using a MAT253 mass spectrometer. 
The results are expressed relative to the Vienna PeeDee 
Belemnite (V-PDB) standard, but the δ18O values were 
listed are referenced to the Vienna Standard Mean Water 
(V-SMOW). The δ18OV-PDB was converted to δ18OV-SMOW 
by using Coplen et al. (1983): δ18OV-SMOW = 1.03091δ1

8OV-PDB + 30.91. The analytical uncertainty is ± 0.2 ‰.
Quartz grains from late sulfide veins (Stage IV) were 

handpicked under the binocular microscope. The purity of 
quartz separates is estimated to be > 95%. Oxygen isotopes 
of quartz were measured at the State Key Laboratory of Ore 
Deposit Geochemistry, Institute of Geochemistry, Chinese 
Academy of Sciences, Guiyang, China. The oxygen was lib-
erated from the reaction of quartz with  BrF5 (Clayton and 
Mayeda 1963) and then converted to  CO2 on a platinum-
coated carbon rod. The δ18O determinations were done using 
a MAT-253 mass spectrometer. Values of δ18O are reported 
in units of per mil (‰) relative to Vienna Standard Mean 
Water (V-SMOW). The analytical uncertainty is ± 0.2 ‰.

Carbon and oxygen isotope analysis of calcite

Calcite separates from late sulfide veins (Stage IV) were 
handpicking under the binocular microscope to achieve 
purity > 95%. Calcite C and O isotopes were measured at the 
State Key Laboratory of Ore Deposit Geochemistry, Institute 
of Geochemistry, Chinese Academy of Sciences, Guiyang, 
China. The powered calcite was reacted with concentrated 
phosphoric acid in sealed vessels, and then  CO2 released was 
measured for C and O isotopic analyses. Values of δ13C and 
δ18O are reported relative to the Vienna PeeDee Belemnite 
(V-PDB) standard. However, the δ18O values are listed relative 
to Vienna Standard Mean Water (V-SMOW). The V-PDB and 
V-SMOW relationship is: δ18OV-SMOW = 1.03091δ18OV-PDB 
+ 30.91 (Coplen et al. 1983). The δ13C and δ18O values are 
reported in units of per mil (‰) and the analytical precision is 
generally ± 0.05 ‰ for δ13C and ± 0.2 ‰ for δ18O.

Magnetite and bulk ore/rock geochemistry

The analytical results are provided in ESM Tables 2 and 4.

Trace elements of magnetite

Trace elements in magnetite of Stage II contain rela-
tively high Mg (5.3–217 ppm), Al (225–2988 ppm), Si 
(139–3093 ppm), Ti (29.2–3717 ppm), Mn (43.5–619 ppm), 
and V (14.3–818 ppm); other elements such as Na, P, Ga, 

Fig. 7  Plots of Ca + Al + Mn vs. Ti + V of magnetite from the Long-
bohe and Sin Quyen deposits. Also shown are the magnetite data of 
the Lala, Dahongshan and Yinachang deposits in the Kangdian IOCG 
province (Chen et al. 2015)
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Fig. 8  Plots of  Na2O vs. 
 K2O + CaO (a), Cu vs. 
 Fe2O3(total) (b), REE vs. 
 Fe2O3(total) (c), and REE vs. 
Cu (d) for bulk samples from 
the Longbohe and Sin Quyen 
deposits. The data of the Sin 
Quyen deposit are from Li and 
Zhou (2018)

Fig. 9  The Fe and Cu ore sam-
ples for zircon analysis. a Fe 
ore (sample LBH17-66). Note 
that it is composed of albite and 
disseminated magnetite. b Cu 
ore (sample LBH17-20). Note 
that it was strongly deformed 
and consists of chalcopyrite and 
amphibole. c Micro-feature of 
sample LBH17-66 showing that 
it consists mainly of magnetite 
and albite. d Micro-feature of 
sample LBH17-20 showing that 
it consists mainly of chalcopy-
rite, pyrrhotite, and amphibole. 
Mineral abbreviations as in 
Figs. 3 and 5
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Co, Ni, Cr, Zn and Ge are relatively minor, with concentra-
tions ranging from several ppm to < 1 ppm. We have also 
analyzed the trace elemental compositions of magnetite from 
the Sin Quyen deposit. The results show that the magnetite 
compositions for both deposits are undistinguishable in the 
Ca + Al + Mn versus Ti + V diagram (Fig. 7).

Bulk sample compositions

The detailed information for selected samples is 
available in ESM Table  3. Twenty-seven samples 
are selected for major and trace elements analyses, 
including albitized host rocks, Fe and Fe-Cu ores. 
These samples display large chemical variations that 
are well correlated with relative amounts of minerals 
in these rocks/ores. For example, the Na-(Fe) altered 
rocks have highest  Na2O (up to 7.41 wt%), whereas the 
Fe and Fe-Cu ores have the highest Fe (Total  Fe2O3 
up to 91.52 wt%), Cu (> 10,000 ppm), and  K2O + CaO 
(up to 16.40 wt%) (Fig. 8a). In addition, REE,  P2O5 

and  TiO2 contents range from 8.00 to 10,063 ppm, 
0.09 to 8.83 wt% and from 0.01 to 2.15 wt%, respec-
tively, corresponding to the variable amounts of allan-
ite, apatite and titanite (Fig. 8b, c, d). It is notable 
that massive Fe ores have highest contents of  P2O5 
and  Fe2O3, consistent with the close association of 
magnetite and apatite.

Zircon trace elemental, U–Pb and Lu–Hf 
isotopic compositions

Two ore samples, LBH17-66 and LBH17-20, were selected 
for the trace elemental, U–Pb and Lu–Hf isotopic analyses 
of zircon (Fig. 2a). The first sample is essentially a magnet-
ite-mineralized meta-volcanic rock with zircon U–Pb age 
of ~ 1700 Ma (Liu and Chen 2019), which consists mainly 
of albite, magnetite, and chlorite (Fig. 9a, c). Minor cal-
cite veinlets are also present in this sample, crosscutting 
the ore minerals mentioned above (Fig. 9c). The latter is a 

Fig. 10  Photomicrographs of zircon from samples LBH17-66 and 
LBH17-20. a and b CL images of Type 1 and Type 2 zircon in sam-
ple LBH17-66, respectively. c and d CL images of Type 1 and Type 2 
zircon in sample LBH17-20, respectively. e and f BSE and CL images 
of Type 2 zircon from Fe ore. Note that Type 2 zircon contains min-

eral inclusions of hydrothermal amphibole and titanite. g and h BSE 
and CL images of Type 2 zircon in thin section of sample LBH17-20. 
Note that Type 2 zircon has close association with albite, quartz, and 
amphibole. Zr: zircon. Other abbreviations as in Figs. 3 and 5
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Cu-mineralized meta-sedimentary rock with ages as young 
as ~ 900 Ma (Liu and Chen 2019). This sample is composed 
mainly of chalcopyrite, pyrrhotite, amphibole, allanite, and 
albite (Fig. 9b, d). The whole datasets are provided in ESM 
Tables 5, 6 and 7.

Sample LBH17‑66

Two types of zircon grains have been identified in sample 
LBH17-66. Type 1 zircon grains have distinct oscillatory 
zoning in CL images and high Th/U ratios (> 0.4; Figs. 10a, 
12a). Excluding several analyses that have obviously old or 
discrete U–Pb ages, the remaining analyses for Type 1 zircon 
yield an upper intercept age of 1702 ± 14 Ma (MSWD = 1.9) 
and a weighted mean 207Pb/206Pb age of 1710 ± 10  Ma 
(MSWD = 0.7; Fig. 11a). The 176Lu/177Hf and 176Hf/177Hf 
ratios range from 0.000910 to 0.003949 and 0.281661 to 
0.281943, respectively.

In contrast, Type 2 zircon grains exhibit distinctly 
homogeneous features in CL images (Fig. 10b), and 
commonly contain inclusions of hydrothermal minerals 
such as amphibole and titanite (Fig. 10e, f). Compared 
to Type 1 zircon, they have relatively low Th/U ratios 
(0.15 to 0.56), as well as lower contents of Ti and Y 
and relatively weak Eu anomalies (Fig. 12a, b, c). Most 
analyses of these grains are concordant in the concor-
dia diagram, and yield a much younger weighted mean 
206Pb/208U age of 856 ± 7 Ma (MSWD = 0.5; Fig. 11c). 
They have also different 176Lu/177Hf (0.000373 to 
0.001083) and 176Hf/177Hf (0.282468 to 0.282607) 
ratios, corresponding to distinctly depleted, initial 
176Hf/177Hf ratios and εHf(t) values at ~ 850 Ma ranging 
from 0.282451 to 0.282595 and 7.5 to 12.7, respectively 
(Fig.  13b). Such values are remarkably higher than 
those of Type 1 zircon grains which have calculated 
176Hf/177Hf and εHf(t) values ranging from 0.281646 to 

Fig. 11  Zircon U–Pb concordia plots for Type 1 zircons from LBH17-66 (a) and LBH17-20 (b), and Type 2 zircons from LBH17-66 (c) and 
LBH17-20 (d)
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0.281907 and -21.0 to -12.1 at ~ 850 Ma, respectively 
(Fig. 13a).

Sample LBH17‑20

In sample LBH17-20, two types of zircon grains were 
recognized as well. Type 1 zircon grains have distinct 
oscillatory zoning in CL images (Fig. 10c), and exhibit 
high Th/U ratios (> 0.5; Fig. 12a). Most analyses are con-
cordant, and have 207Pb/206Pb or 206Pb/208U ages ranging 
from ~ 860 to ~ 1800 Ma with a cluster around 900 Ma (ESM 
Table 6). This cluster of analyses yields an upper intercept 
age of 907 ± 10 Ma (MSWD = 1.3) and a weighted mean 
206Pb/208U age of 904 ± 6 Ma (MSWD = 2.9; Fig. 11b). 
These grains have 176Lu/177Hf and 176Hf/177Hf ratios rang-
ing from 0.000968 to 0.002025 and 0.282392 to 0.282567, 
respectively.

Type 2 zircon grains are characterized by homogeneous 
or patchy textures in CL images (Fig. 10d), and are closely 
associated with hydrothermal minerals of albite, amphibole, 
and quartz (Fig. 10g, h). Compared to Type 1 zircon, they 
have remarkably low Th/U ratios (0.02 to 0.21), low contents 

of Ti and Y, and distinctly positive Eu anomalies (Fig. 12a, b, 
d). All analyses of Type 2 zircon form a discordant trend line 
with an upper intercept age of 854 ± 19 Ma (MSWD = 0.6; 
Fig. 11d), similar to Type 2 zircon in sample LBH17-66. 
They have initial 176Hf/177Hf ratios and εHf(t) values (calcu-
lated for ~ 850 Ma) varying from 0.282245 to 0.282351 and 
0.3 to 4.0, respectively, lower than those of Type 1 zircon 
grains in this sample, which have initial 176Hf/177Hf and εHf(t) 
values (calculated for ~ 850 Ma) ranging from 0.282396 to 
0.282546 and 4.7 to 10.9, respectively (Fig. 13a, b).

Stable isotope geochemistry

The analytical results of S, O, and C isotopes for sulfide, 
oxide, phosphate, and silicate minerals are provided in ESM 
Tables 8 and 9.

In‑situ sulfur isotopic compositions

In-situ sulfur isotopic compositions of sulfides from 
Stage III have δ34SV-CDT values ranging from 1.2 to 3.7 ‰ 

Fig. 12  Plots of Th vs. U (a), Ti vs. Y (b), and chondrite-normalized REE patterns (c and d) for Type 1 and 2 zircons from sample LBH17-66 
and LBH17-20. The chondrite data are from McDonough and Sun (1995)
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(Fig. 14a), while those of Stage IV range from 0.6 to 7.7 
‰ (Fig. 14b). As fluid inclusion data for Stage III are not 
available, the sulfur isotopic geothermometer of coexisting 
mineral pairs was used to estimate the temperatures of this 
stage (Fig. 6c). In order to reduce the potential overprint of 
regional metamorphism, only chalcopyrite-pyrrhotite pairs 
from relatively poorly deformed samples (e.g., LBH17-11, 
LBH17-21, and LBH17-25) were selected for temperature 

calculation. It is notable that the selected pairs may have 
reached isotopic equilibrium on the basis that the in-situ 
δ34SV-CDT values of pyrrhotite are reasonably heavier than 
those of chalcopyrite (Zheng and Chen 2000). Using 
the δ34SV-CDT values of the chalcopyrite-pyrrhotite pairs 
and related fractionation factor (Zheng and Chen 2000), 
the calculated temperatures for Stage III range from 332 
to 402 ºC. Temperatures in Stage IV are available from 

Fig. 13  Histograms showing 
εHf(t) values of zircon and whole 
rocks. a εHf(t) values of primary 
magmatic zircon (Type 1) from 
LBH17-66 and LBH17-20 in 
the Longbohe deposit. b εHf(t) 
values of hydrothermal zircon 
(Type 2) from LBH17-66 and 
LBH17-20 in the Longbohe 
deposit. Also shown are the 
data of the Sin Quyen deposit 
(Li and Zhou 2018). c εHf(t) 
values of magmatic zircon 
from ~ 850 Ma mafic intru-
sions in the western Yangtze 
Block, ~ 830 Ma felsic intru-
sions in the ASRR shear zone, 
and meta-volcanic rocks of the 
Longbohe Group. Note that the 
data for the mafic and felsic 
intrusions are from Meng et al. 
(2015), Li et al. (2018b) and 
Chen et al. (2019), while those 
of the meta-volcanic rocks are 
from our unpublished dataset 
(calculated at 850 Ma)
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fluid inclusion data (Cui 2007). The δ34SV-CDT values of 
sulfides in Stage IV show two peaks at ~ 1.5 ‰ and ~ 6.0 
‰ (Fig. 14b). Considering that sulfide minerals are the 
dominant phases in Stages III and IV without hematite 
or sulfate (e.g., indicating low fO2 conditions), it is sug-
gested that the sulfur species dissolved in the fluids were 
assumed to be mainly  H2S. As such, the δ34SV-CDT values 
of sulfides could be used to represent those of the parental 
fluids (Ohmoto 1972; Ohmoto and Rye 1979).

Oxygen isotopic compositions

As fluid inclusions are poorly developed in the samples, 
the oxygen isotopic analyses of mineral pairs in some 
stages were tentatively conducted, in order to calculate the 

temperatures. Even so, the calculation for Stage I cannot 
be achieved due to lack of suitable pairs in the samples of 
this stage. Instead, coexisting apatite and magnetite pairs 
are common in the massive Fe ores of Stage II (Fig. 5c, f), 
thus were good candidates for O isotopic analyses. At the 
very beginning, these candidate samples were carefully 
checked in high-resolution BSE imaging to avoid potentially 
extensive modification. Our results show that both minerals 
(i.e., the pairs) in Stage II are homogeneous and commonly 
closely associated, with regular contacts (Fig. 5f). These fea-
tures indicate that the selected magnetite-apatite pairs should 
be isotopically equilibrated, and thus their O isotopic ratios 
could be used for temperature calculation.

Our new results show that albite and magnetite crystals 
in Stage I have δ18OV-SMOW values ranging from 9.5 to 
10.5 ‰ and -1.7 to 0.1 ‰, respectively, while those of 
coexisting magnetite and apatite in Stage II range from 3.7 
to 5.6 ‰ and 10.4 to 11.0 ‰, respectively. The calculated 
temperatures for apatite-magnetite pairs in Stage II range 
from 515 to 670 ºC, corresponding to the calculated δ18O 
values ranging from 10.8 to 11.7 ‰. For Stage I, no min-
eral pairs are available for calculation, but its comparable 
mineral assemblages and locally transitional contacts with 
Stage II ores allow us to propose that the temperature for 
Stage I should be broadly comparable to that of Stage II. 
Therefore, using the maximum value of ~ 670 ºC, the cal-
culated δ18O values of Stage I fluids were estimated to be 
ranging from 4.3 to 10.1 ‰.

Quartz and calcite crystals in Stage IV have δ18OV-SMOW 
values varying from 10.4 to 12.1 ‰ and 10.1 to 11.3 ‰, 
respectively. Using the temperature of ~ 220 ºC (estimated 
by previous thermometry data of fluid inclusions; Cui 
2007), the δ18O values of the fluids were calculated to be 
ranging from -0.2 to 3.2 ‰.

Carbon isotopic compositions of calcite

Calcite in Stage IV has δ13CV-PDB values from -2.4 to -1.5 
‰. Using the temperatures of ~ 220 ºC (Cui 2007), the 
δ13C values of the fluids were calculated to range from 
-3.2 to -2.3 ‰ (Fig. 15b).

Discussion

Sources and evolution of ore‑forming fluids

In this study, we estimated the temperatures for different 
stages by using isotopic ratios of mineral pairs. The results 
show that our calculated results of temperatures for different 

Fig. 14  Sulfur isotopic compositions of sulfides in Stages III (a) and 
IV (b) from the Longbohe deposit. Data of the Sin Quyen deposit in 
grey (Li et al. 2018a; Li and Zhou 2018)
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stages do not exhibit the expected homogenization as gen-
erally observed during high-temperatures metamorphism 
(e.g., Zheng et al. 1998, 1999). This feature suggests that 
the original isotopic equilibria broadly survived during late 
metamorphism in the shear zone, and thus the calculated 
temperatures could represent those of the Fe-Cu mineraliza-
tion event in the Longbohe deposit.

Stage I is characterized by pervasive albite alteration. 
Although the temperature for this stage is not available, the 
almost identical mineral assemblages to that of Stage II sug-
gests a broadly similar temperature for both stages (515 to 
670 ºC), that in turn is consistent to the high temperature of 
up to 500 ºC as documented for the pre-ore sodic alteration 
in many IOCG systems (Perring et al. 2000; Oliver et al. 

2004; Corriveau et al. 2016). Fluids of Stage I have δ18O 
values (4.3 to 10.1 ‰) broadly similar to typical magmatic 
water (Fig. 15a), indicative of a major contribution of mag-
matic fluids. It is notable that two analyses with slightly 
higher values (e.g., 10.1 ‰) may suggest additional minor 
involvement of oxygen from high-δ18O host rocks (e.g., sedi-
mentary rocks) during fluid-rock interactions.

Stage II fluids have δ18O values (10.8 to 11.7 ‰) slightly 
higher than those of Stage I, but broadly overlapping with 
those of the magnetite stage in some magmatic fluid-related 
IOCG deposits (Fig. 15a; e.g., Starra deposit, Rotherham 
et al. 1998). Such high values tend to suggest more contri-
bution of oxygen from the host rocks, but magmatic fluids 
should still be the dominant source as supported by the high 

Fig. 15  a δ18O versus tem-
perature plots of the calculated 
fluids from various stages in the 
Longbohe deposit. Also shown 
are those of other IOCG depos-
its in the world (Williams et al. 
2005, and references therein, 
Chen et al. 2011, Chen and 
Zhou 2012, Li et al. 2015, and 
Zhao et al. 2017). b δ13C versus 
δ18O plots of the calculated flu-
ids of Stage IV in the Longbohe 
deposit
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temperatures of the fluids of up to 670 ºC. On the other hand, 
Stage III fluids have lower temperatures (332 to 402 ºC), but 
exhibit mantle-like δ34S values (1.2 to 3.7 ‰; Seal 2006) 
that are broadly comparable to the Cu stage (magmatic in 
origin) of the Sin Quyen deposit (Fig. 14a; Li and Zhou 
2018; Li et al. 2018a). These results strongly indicate that 
the fluids for the Cu mineralization are also magmatic in 
origin.

Stage IV veins are clearly undeformed, indicating that 
they postdate the deformed Fe-Cu mineralizing system 
defined by Stages I, II and III. The fluids of this stage have 
relatively low temperatures (~ 220 ºC; Cui 2007) and δ18O 
values (-0.2 to 3.2 ‰; Fig. 15a), indicating possible con-
tributions of both magmatic fluids and meteoric water. The 
magmatic contributions are also supported by the δ14C val-
ues of the fluids (-3.2 to -2.3 ‰) that are similar to mag-
matic  CO2 (Fig. 15b; Taylor 1986), likely related to abundant 
Cenozoic (~ 30 Ma) magmatic rocks in the region (e.g., Cao 
et al. 2011; Liu et al. 2012, 2015). However, the δ34S val-
ues exhibit a wide range (0.6 to 7.7 ‰) and bimodal distri-
bution with two peaks at ~ 1.5 ‰ and ~ 6.0 ‰ (Fig. 14b), 
thus indicative of multiple sulfur sources. The former 
peak is comparable to typical magmatic sources or Stage 
III sulfides, likely indicating the involvement of magmatic 
sulfur or remobilization of sulfur of Stage III sulfides dur-
ing the Cenozoic (~ 30 Ma) reactivation of the ASRR shear 
zone. Instead, the latter peak was possibly related to sulfate 
in sedimentary rocks (Taylor 1974) or even another pulse 
of high-δ34S fluids, which need more investigation in the 
future.

Classification of the Longbohe deposit as an IOCG 
deposit

Although the Sin Quyen deposit in the LSQ belt was well 
constrained to be IOCG-like (e.g., McLean 2001; Li and 
Zhou 2018; Li et al. 2018a), the genetic affinity of the Long-
bohe deposit of the same belt is highly controversial. It was 
traditionally considered to be a VMS-type (Gao 2006) or 
superimposed SEDEX-type deposit (Yang et al. 1999; Zhang 
2004; Cui et al. 2008), partially due to the strata-bound nature 
of the ore bodies or banded texture of some ores. Our study 
confirms that the Longbohe deposit shares mineralization 
styles and a paragenetic sequence with the Sin Quyen and 
other IOCG deposits worldwide (ESM Table 10). For exam-
ple, the Longbohe deposit is of hydrothermal replacement 
origin, and exhibits a paragenetic sequence of early perva-
sive pre-ore Na alteration, followed by Fe mineralization 
with abundant low-Ti magnetite and late Cu mineralization, 
similar to the Sin Quyen deposit (Li and Zhou 2018). In 
addition to Fe and Cu, it also contains variable enrichment/

mineralization of LREEs and P but is depleted in Pb, Zn or 
Ag, unlike the VMS- or SEDEX-type deposits previously 
considered (e.g., Franklin et al. 2005; Leach et al. 2005). 
In particular, magnetite of the Longbohe deposit has trace 
elemental compositions indistinguishable from those of the 
Sin Quyen deposit, and the Lala, Yinachang and Dahongshan 
deposits in the Kangdian IOCG province (Fig. 7), further 
supporting an IOCG affinity of the Longbohe deposit.

The timing and tectonic environment 
of the Longbohe–Sin Quyen Fe‑Cu belt

The identification of the Longbohe deposit as an IOCG 
deposit allows us to propose that the Longbohe–Sin Quyen 
Fe-Cu belt could be a potentially important IOCG belt along 
the ASRR shear zone. Although the Sin Quyen deposit was 
well constrained to have formed at ~ 840 Ma, the timing of 
the Longbohe deposit was not precisely known so far. Our 
study identified two types of zircon from both Fe (Stage II) 
and Cu-dominated (Stage III) ores. Type 1 zircon grains in 
both samples exhibit well-developed oscillatory zoning and 
high Th/U ratios (mostly > 0.4; Fig. 12a), similar to typical 
magmatic zircon. In particular, their ages of 1710 ± 10 Ma 
and 904 ± 6 Ma (calculated by the youngest cluster of analy-
ses; Fig. 11a, b) are comparable to the ages of the ~ 1.7 Ga 
meta-volcanic and ~ 0.9 Ga meta-sedimentary rocks of the 
hosting Longbohe Group, respectively (Liu and Chen 2019), 
further indicating that Type 1 zircons in both samples should 
be primary, magmatic zircon of the protoliths.

In contrast, Type 2 zircon grains in both samples exhibit 
similar internal textures and U–Pb ages that are remark-
ably different from Type 1 zircon (Figs. 10b, d and 11c, 
d). They have much younger ages of ~ 850 Ma, coeval 
with the Sin Quyen deposit and the regional subduction 
event lasting from ~ 850 to ~ 740 Ma (e.g., Qi et al. 2012, 
2014, 2016; Cai et al. 2014, 2015; Wang et al. 2016; Li 
et al. 2018b). Thus, these zircons were likely of meta-
morphic origin related to the subduction event or hydro-
thermal in origin related to the Fe-Cu mineralization. In 
general, metamorphic zircon can form by: (1) crystalliza-
tion from melt during anatexis (e.g., Roberts and Finger 
1997; Vavra et al. 1999); (2) nucleation and crystallization 
due to release of Zr and Si by metamorphic breakdown 
of solidus minerals (e.g., Fraser et al. 1997; Bingen et al. 
2001); (3) metamorphic recrystallization of protolith zir-
con (e.g., Hoskin and Black 2000; Hoskin and Schaltegger 
2003); or (4) direct precipitation from metamorphic fluids 
(e.g., Rubatto and Hermann 2003) or alteration products 
of protolith zircon triggered by metamorphic fluids (e.g., 
Rizvanova et al. 2000; Corfu et al. 2003). The former three 
processes generally involve high-grade metamorphism, 
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and the resultant metamorphic zircon could inherit the Hf 
isotopic compositions of precursors (e.g., earlier zircon 
or primary protoliths). However, the remarkably different 
Hf isotopic compositions of the 850 Ma zircon to those 
of magmatic zircon in the protolith or the whole rock Hf 
isotopic compositions (with enriched values) strongly 
exclude the aforementioned three processes. Also, they 
cannot be metamorphic zircons precipitated from a com-
mon metamorphic fluid related to the 850 Ma subduction 
event. The reason is that the 850 Ma zircon grains from 
the Fe and Cu ores have remarkably different chemical and 
Hf isotopic compositions to each others (Figs. 12 and 13), 
rebutting for a common metamorphic fluid source. Instead, 
the close association of the 850 Ma zircon grains with 
hydrothermal minerals (e.g., amphibole, titanite, albite or 
quartz; Fig. 10g, h) widespread in the Fe or Cu ores, well 
correlate with the hydrothermal origin of the ~ 850 Ma ore-
forming event in Longbohe. Such conclusion is further 
supported by the local presence of inclusions of hydro-
thermal minerals (such as amphibole and titanite) in these 
zircons (Fig. 10e, f).

In summary, our new dating results confirm that the 
Longbohe deposit is roughly coeval with the ~ 840 Ma Sin 
Quyen deposit. The new findings thus tightly constrain 
the nature of the LSQ Fe-Cu belt as a Neoproterozoic 
(850–840 Ma) IOCG metallogenic belt. It is notable that 
these deposits are spatially and temporally associated with 
numerous Neoproterozoic (~ 850 to ~ 740 Ma) igneous rocks 
distributed along the ASRR shear zone. These igneous rocks 
were documented to similarly exhibit geochemical affinities 
of arc magmatism, and were confirmed to be part of the giant 
Neoproterozoic arc in the western Yangtze Block before its 
displacement by the Cenozoic ASRR shear zone (Fig. 1b; 
Qi et al. 2012, 2014; Cai et al. 2014, 2015; Wang et al. 2016; 
Li et al. 2018b). Considering that the 850–840 Ma arc mag-
matism in the ASRR shear zone and the western Yangtze 
Block has formed in a subduction setting (Zhao et al. 2018 
and references therein), we propose that the Neoproterozoic 
Longbohe–Sin Quyen IOCG belt has formed in a subduc-
tion-related tectonic setting.

Incursion of external REE‑rich fluids during Cu 
mineralization

This study confirmed that the fluids for both the Fe and 
Cu mineralization (i.e., Stages II and III) of the Longbohe 
deposit are dominantly magmatic in origin. However, the 
hydrothermal zircon grains for both stages do not show 
the coherent Hf isotopic compositions (Fig. 13b). Such a 
discrepancy implies that the fluids responsible for the Fe 
and Cu mineralization may have involved different pulses 

of magmas, or derive from a common magmatic fluid that 
interacted with different country rocks of distinct Hf iso-
topic compositions. The latter possibility could be excluded, 
because the hydrothermal zircon from both the Fe and Cu 
mineralization exhibit Hf isotopic ratios, remarkably dif-
ferent from those of various country rocks or the primary 
magmatic zircon hosted in these rocks, regardless of the 
mata-volcanic or meta-sedimentary hosting rocks (Fig. 13). 
Moreover, the mantle-like O-S isotopic features of both Fe 
and Cu mineralization do not show any signs of significant 
contributions of the wall rocks particularly the sedimentary 
units (Figs. 14 and 15), which are commonly of heavy S 
isotopic values. We thus propose that the varying Hf iso-
topic compositions of the hydrothermal zircon associated 
with Fe and Cu mineralization should be related to different 
magmatic sources of the ore-forming fluids.

In order to constrain the potential magmatic sources, we 
compare the ores with the regional coeval magmatism in 
terms of Hf isotopic ratios. Neoproterozoic arc magmatism 
lasting from ~ 850 to ~ 740 Ma is widely distributed in the 
ASRR shear zone, which were confirmed to be part of the 
giant Neoproterozoic arc belt in the western Yangtze Block 
before being displaced into the Cenozoic ASRR shear zone 
(Fig. 1b; Qi et al. 2012, 2014, 2016; Cai et al. 2014, 2015; 
Wang et al. 2016; Li et al. 2018b). Available data show that 
the mafic intrusions of ~ 850 Ma in the arc belt have εHf(t) 
values of 5.4 to 14.6 (Meng et al. 2015). On the other hand, 
Hf isotopic data of ~ 850 Ma felsic intrusions are currently 
not available, and thus the Hf isotopic ratios (-13.3 to 1.3; Li 
et al. 2018b; Chen et al. 2019) of slightly younger, ~ 830 Ma 
felsic intrusions in the region were used instead by assuming 
that both intrusions (~ 850 and ~ 830 Ma) have comparable 
Hf isotopic compositions. Such an assumption is reliable, 
because Neoproterozoic felsic magmatism lasting from ~ 850 
to ~ 740 Ma are indeed geochemically similar, and are prod-
ucts of a common subduction-related event in the region (Qi 
et al. 2012, 2014, 2016; Cai et al. 2014, 2015; Wang et al. 
2016; Li et al. 2018b). Further comparison show that the 
hydrothermal zircon grains of Fe stage have high εHf(t) values 
(7.5 to 12.7) similar to those of the mafic intrusions (5.4 to 
14.6) in the region (Fig. 13b, c), while those of Cu stage has 
εHf(t) values (0.3 to 4.0) much lower than the Fe stage, but 
slightly higher than and partially overlap with those of the 
felsic intrusions (-13.0 to 1.3) in the region (Fig. 13b, c). The 
comparison indicates that the fluids for the Fe mineraliza-
tion were likely sourced from the mafic magmas, whereas 
those for the Cu mineralization involved an external, felsic 
magma-derived fluid which has mixed with the evolved mag-
matic fluids from the Fe mineralization. It is notable that the 
hydrothermal zircon of the Cu stage has remarkably elevated 
LREE contents comparable to those of the Fe stage (Fig. 12c, 
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d), indicating that the external, magmatic fluids were rela-
tively LREE-rich. The incursion of the external REE-rich flu-
ids should be responsible for the precipitation of LREE-rich 
allanite in the Cu stage, an interpretation that is supported 
by the εNd(t) values of allanite (-6.1 to -3.1 at 850 Ma) which 
are similar to those of the felsic intrusions (-11.9 to 0.0), but 
different from those of the mafic intrusions (0.4 to 6.2) or the 
country rocks (4.2 to 7.3 at 850 Ma) in the region (Liu 2022). 
Such a model involving both mafic magma-derived fluids and 
external fluids with isotopic signatures mimicking felsic mag-
mas has been also documented in other hydrothermal depos-
its, such as the Lala IOCG deposit (Chen et al. 2014) and the 
Black Mountain porphyry Cu-Au deposit (Cao et al. 2020).

General implications

Implication for Fe‑Cu metallogeny in the ASRR shear 
zone

On the basis of similar ore-hosting rocks and Proterozoic 
intrusions, the LSQ Fe-Cu belt was previously considered to 
be part of the Kangdian IOCG metallogenic province before 
being displaced into the ASRR shear zone (Zhao and Zhou 
2011; Zhou et al. 2014). However, our study did not obtain 
the expected old ages for the IOCG mineralization events 
(e.g., the ~ 1.66 and ~ 1.08 Ga major mineralization events) 
as documented in the Kangdian province (e.g., Chen and 
Zhou 2012; Zhao et al. 2013, 2017). Instead, 850–840 Ma 
documented in the Kangdian IOCG province was con-
strained to represent hydrothermal overprinting/mobiliza-
tion events (Chen and Zhou 2012, 2014; Zhao et al. 2013, 
2017; Li and Zhou 2015). Such an age inconsistency thus 
challenges the possible linkage between the LSQ belt and 
the Kangdian IOCG metallogenic province. However, it is 
important to note that in addition to the similar Proterozoic 
geologies, a number of Phanerozoic lithologies in the ASRR 
shear zone were also documented to be comparable to those 
in the Kangdian region or more broadly, the western Yangtze 
Block. Typical examples are late Permian (~ 260 Ma) basalts 
and rhyolites, as well as magmatic oxide (e.g., Mianhuadi 
in South China) and sulfide (e.g., Ban Phuc in Vietnam) 
deposits, which are well confirmed to be initially parts of the 
Emeishan plume in the western Yangtze Block before being 
displaced into the shear zone (Zhou et al. 2013; Wang et al. 
2018; Xu et al. 2019; Shellnutt et al. 2020). These lines of 
evidence are in favor of model that the Neoproterozoic LSQ 
belt could be part of the Kangdian IOCG province (Zhou 
et al. 2014). We speculate that the older ~ 1.66 and ~ 1.08 Ga 
mineralization events in the Kangdian province are also 
likely available in the ASRR shear zone but not yet discov-
ered due to the current low exploration level and a lack of 
sufficient dating results. It is believed that future exploration, 

particularly in the southern part of the ASRR shear zone 
(e.g., the part between Dahongshan and Sin Quyen), will 
provide more constraints on this possibility.

Implication for diverse IOCG systems

Our identification of the Neoproterozoic LSQ IOCG belt as a 
subduction-related IOCG belt allows us to make a compari-
son with other settings and thus to understand the diversity 
of IOCG systems. Firstly, compared to Precambrian intra-
continental IOCG deposits worldwide, the LSQ IOCG belt 
tends to exhibit slightly different features (ESM Table 10). 
For example, the REE mineralization in the LSQ IOCG belt 
is dominated by REE-silicates (e.g., allanite), different from 
most others formed in Precambrian intra-continental IOCG 
deposits in which REE occur as REE fluorocarbonates, or 
phosphates with minor REE silicates (e.g., Kangdian prov-
ince; Chen and Zhou 2014, 2015; Li and Zhou 2015). Such 
a difference may result from the high Si, Al, Ca and Cl but 
low F activities of the ore-forming fluids, which is evident by 
the common presence of Cl-rich amphibole and biotite but 
rare appearance of fluorite in the Longbohe and Sin Quyen 
deposits (e.g., Li and Zhou 2018). Despite not exclusive, such 
a relatively F-poor but Cl-rich nature of magmatic fluid tends 
to be more common in subduction-related systems (e.g., Wal-
lace 2005), whereas the magmas and the related fluids from 
intra-continental rifting setting could be generally enriched 
in F (e.g., Zhang et al. 2022). Secondly, Precambrian intra-
continental or subduction-related IOCG deposits tend to 
have relatively diverse metal associations (e.g., REE, U, Ag, 
Co, Mo, and Nb) in addition to Fe and Cu when compared 
to Phanerozoic subduction-related ones (e.g., the Central 
Andean belt) (ESM Table 10), possibly related to the metal-
enriched nature of relatively ancient host rocks (e.g., Chen 
and Zhou 2015; Liu et al. 2021). In such case, the LSQ belt 
is able to be distinguishable from the Phanerozoic examples 
by the remarkable enrichments of REEs (ESM Table 10), 
possibly ascribed to the different sources of the ore-forming 
fluids (e.g., REE-rich felsic magmas).

However, there are only a few subduction-related IOCG 
belts currently identified. Their rarity in the Precambrian 
can be, at least partially, ascribed to long-term uplift-
denudation leading to poor preservation (e.g., porphyry 
systems; Wilkinson and Kesler 2007; Richards and Mumin 
2013). Available studies have shown that Phanerozoic sub-
duction-related IOCG deposits formed at depths generally 
less than 5 km (Barton 2014). Considering the high denu-
dation rates in convergent belts (e.g., ~ 4.6 to 56.5 m/Ma; 
Schaller et al. 2018), most Precambrian IOCG deposits 
in convergent margins have a small chance of preserva-
tion. Thus, the rarity of Precambrian subduction-related 
IOCG deposits could be partially a function of erosion-
preservation, in a scenario similar to porphyry Cu system.
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Conclusions

The ~ 850 Ma Longbohe Fe-Cu-(LREE) deposit in the north-
western section of the LSQ Fe-Cu belt displays early Na 
alteration (I), Fe (II) and late Cu (III) mineralization stages 
that are comparable to the coeval Sin Quyen IOCG deposit in 
the same belt. Mineral assemblages of Stages I, II and III are 
variably metamorphosed and foliated, and are locally cross-
cut by abundant, post-deformational Cu-mineralized veins 
(Stage IV). Both Fe and Cu mineralization mainly formed 
from high- to medium-temperature (332 to 670 ºC) magmatic 
fluids. However, Hf isotopic compositions of hydrothermal 
zircon for the Fe and Cu stages imply that the magmatic fluids 
responsible for the Fe mineralization were derived from coeval 
mafic intrusions, whereas the Cu mineralization was related to 
the incursion of additional, external REE-rich fluids derived 
from coeval felsic magmas. This study confirms that the Long-
bohe–Sin Quyen Fe-Cu belt is a Neoproterozoic (850–840 Ma) 
IOCG belt formed in a subduction-related setting. The belt 
has features (e.g., enrichments of REEs as allanite) that are 
slightly different from other Precambrian intra-continental and 
Phanerozoic subduction-related IOCG deposits. The rarity of 
subduction-related IOCGs in the Precambrian is attributed to 
the poor preservation of potential deposits in convergent belts, 
similar to copper porphyry systems.
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