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Abstract Giant sedimentary rock-hosted stratiform copper
(SSC) deposits commonly occur in rift environments, tem-
porally coincident with the breakup of the Rodinia and
Pangea supercontinents. However, whether or not such
deposits have also formed during the breakup of the Paleo-
proterozoic Columbia supercontinent is not well known. A
group of dolostone-hosted Cu deposits in late Paleoproter-
ozoic rift-related sedimentary sequences of the Dongchuan
Group, South China, form one of the largest SSC districts in
the world. Being one of the largest SSC deposits in the
region, the Yinmin deposit has stratiform Cu orebodies
intruded by dolerite dykes. One dyke has a SIMS zircon
U–Pb age of 1,701±28 Ma, slightly younger than the ore-
hosting strata with a zircon U–Pb age of 1,742±13 Ma for a
tuff unit. Six chalcopyrite and bornite separates from strat-
iform orebodies contain highly radiogenic Os and extremely

low common Os and yield a weighted mean Re–Os model
age of 1,666±82 Ma and a 187Os–187Re errorchron age of
1,585±100 Ma. The present zircon U–Pb and sulfide Re–Os
ages thus constrain the timing of the mineralization at
~1,700 Ma. The Yinmin deposit and, by inference, other
SSC deposits in the region, arguably represent a large-scale
SSC mineralization event during the late Paleoproterozoic.
The formation of these deposits was coeval with the initial
breakup/fragmentation of the Columbia supercontinent.
This study highlights the temporal and likely genetic links
between large-sized SSC deposits and the supercontinent
cycle.
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Introduction

Sedimentary rock-hosted stratiform Cu deposits commonly
occur in intracontinental sedimentary basins, a setting favorable
for the formation of red-bed sequences and hence the develop-
ment of highly oxidized, saline basinal brines (Kirkham 1989;
Hitzman et al. 2005). Movement of oxidized, cupriferous ba-
sinal fluids across a reduction front, which results in dramatic
changes in redox state of the fluids, has been suggested as the
main mechanism for large-scale sulfide precipitation (Brown
1997; Hitzman et al. 2005, 2010). Large-scale production of
such oxidized fluids may not have been possible until the early
Paleoproterozoic when the global atmosphere and oceans be-
came oxidized (Holland 2005; Hitzman et al. 2010).

Failed continental rifts, which subsequently became
intracratonic basins filled with syn-rift red-bed sequences,
have been considered as the most favorable tectonic setting
for SSC deposits (e.g., Kirkham 1989; Brown 1997;
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Hitzman et al. 2010). Available data show that giant SSC
deposits formed in late Neoproterozoic and late Paleozoic
basins, temporally coincident with the breakup of the Rodinia
and Pangea supercontinents, respectively. Hitzman et al.
(2010) proposed that the formation of large-scale SSC depos-
its is a combined consequence of continental breakup, evap-
orite deposition, and global glaciation. However, there is no
well-defined example that SSC deposits formed associated
with the breakup of the late Paleoproterozoic Columbia
supercontinent.

Numerous dolostone-hosted Cu deposits, traditionally
known as “Dongchuan-type” Cu deposits in the Chinese
literature (e.g. Ran 1989; Gong et al. 1996), are developed
in the late Paleoproterozoic Dongchuan Group in the Kang-
dian region, Yangtze Block, South China. These deposits
share mineralization features typical of SSC deposits (Ran
1989; Hua 1990a; Gong et al. 1996; Zhao et al. 2012). But a
major problem of better understanding of these deposits is the
lack of precise isotopic ages which hamper to understand the
geodynamic setting of the ore mineralization.

Recent studies have shown that the Yangtze Block was
likely a component of the Columbia supercontinent (Zhang et
al. 2006; Sun et al. 2008; Zhao et al. 2010). The Dongchuan
Group has been suggested to have formed in an intraconti-
nental rift basin likely during the initial breakup/fragmentation
of the Columbia supercontinent (Zhao et al. 2010). In this
paper, we present sulfide Re–Os dates of stratiform ores and a
zircon U–Pb age of a dolerite intruding the stratiform orebody
in order to constrain the timing of Cu mineralization. The new
dataset indicates a large-scale SSC metallogenic event in the
late Paleoproterozoic and permit a link between pervasive
stratiform Cu mineralization in South China and the initial
fragmentation of the Columbia supercontinent.

Geological background

The Yangtze Block is bounded by the Tibetan Plateau to the
west and by the Cathaysia Block to the southeast, and is
separated from the North China Craton by the Qinling–
Dabie–Sulu Orogen to the north (Fig. 1a). The Precambrian
Yangtze Block consists predominantly of Meso- to Neopro-
terozoic strata and Neoproterozoic igneous rocks. Archean
and Paleoproterozoic rocks were only previously known in
the northern part of the Yangtze Block. They comprise
~2.9 Ga tonalitic–trondhjemitic–granitic gneisses, which un-
derwent granulite facies metamorphism during the period of
2.03 to 1.97 Ga (Zhang et al. 2006; Wu et al. 2008) and were
intruded by A-type granites and mafic dykes at ~1.85 Ga
(Peng et al. 2009; Xiong et al. 2009). These Paleoproterozoic
metamorphic and magmatic events have been linked to the
assembly and breakup of the Columbia supercontinent (Zhang
et al. 2006; Sun et al. 2008; Wu et al. 2008).

In the western Yangtze Block, Proterozoic strata are wide-
spread in the Kangdian region and are mainly controlled by
NS- to NNE-trending faults (Fig. 1b). The Paleoproterozoic
Dongchuan Group comprises, from the base to the top, the
Yinmin, Luoxue, E’touchang, and Luzhijiang Formations
(Fms) (ESM 1). The Yinmin Fm is mainly composed of
hematite-bearing purplish-red siltstone and sandstone, with
basal conglomerate in places (ESM 1 and 2a–b) (Wu et al.
1990). These rocks are thought to be the oldest continental
red-bed units in the Yangtze Block (Hua 1990b; Wu et al.
1990; Zhao et al. 2010). The uppermost part of the Yinmin Fm
consists of intercalated siltstone and dolostone that are transi-
tional to the thick-layered basal dolostone of the Luoxue Fm.
Conformably overlying the Yinmin Fm (ESM 1), the Luoxue
Fm consists of thick layers of grayish-white dolostone and
argillo-arenaceous dolostone. The contact between the
Yinmin and Luoxue Fms is generally sharp (ESM 2a) sug-
gesting a rapid marine transgression. Lamellar, cylindrical,
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Fig. 1 a Simplified tectonic map showing the study area in the
Yangtze Block; b a geological map showing the distribution of the
Dongchuan Group and the stratiform Cu deposits in the Kangdian
region, SW China (modified from Wu et al. 1990)
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and spherical stromatolites (ESM 2c) are common in the basal
part of the Luexue Fm (Gong et al. 1996). The E’touchang Fm
is composed of black shale with minor amounts of limestone
and siltstone. Gray dolostone, argillaceous dolostone, and
subordinate interbeds of limestone and siltstone dominate
the Luzhijiang Fm.

The strata of the Dongchuan Group are intruded by
numerous breccia bodies, regionally known as the Yinmin
Breccia (Wu et al. 1990) (Fig. 1b). These breccia bodies
range from a few meters to several kilometers in length. The
breccias are both clast- and matrix-supported and contain
rounded to angular fragments of Yinmin Fm siltstone and
sandstone (ESM 2d), with less common clasts from the
Luoxue and Etouchang Fms and rare mafic igneous clasts.
The fragments range from <1 cm to tens of meters in
diameter. They are cemented by a matrix of hydrothermal
dolomite, ankerite, albite, quartz, potassium feldspar, and
biotite and pulverized rocks. The formation of the Yinmin
Breccias was attributed to the former presence of salt (Ruan
et al. 1991) which was thought to have originally been
present in the lower Yinmin Fm.

Tuffaceous volcanic rocks are locally present in the Yinmin
Fm (ESM 1). Zircons from a tuff unit of the Yinmin Fm have a
LA-ICPMS U–Pb age of 1,742±13 Ma (Zhao et al. 2010).
Detrital zircons from the Yinmin Fm have U–Pb ages of ~3.5
to ~1.78 Ga (Zhao et al. 2010). Chang et al. (1997) reported a
whole-rock Pb–Pb isochron age of 1,716±56 Ma for dolo-
stone of the Luoxue Fm (ESM 1). Thus, the available age data
indicate that the lower parts of the Dongchuan Group formed
during the late Paleoproterozoic. The Dongchuan Group is
intruded by numerous late Paleoproterozoic dolerite intrusions
and is unconformably overlain by Meso- to Neoproterozoic,
and Mesozoic carbonate and clastic sedimentary rocks.

Sedimentary rock-hosted stratiform copper deposits
in the Kangdian region

Sediment-hosted stratiform copper deposits are well devel-
oped in the Dongchuan Group of the Kangdian region. They
are best represented by those in the Dongchuan district,
including the Tangdan, Luoxue, and Yinmin deposits
(ESM 3). The cumulative tonnage in the Kangdian region
is estimated to be in excess of 600 Mt at ~1 % Cu based on
old exploration data (Gong et al. 1996). It would rank the
Kangdian region as the world’s 3rd or 4th largest sediment-
hosted stratiform copper district after the Central African
Copperbelt and the Kupferschiefer (Zhao et al. 2012).

The Yinmin deposit is one of the largest stratiform Cu
deposits in the region, with approximately 50 Mt contained
copper. Copper orebodies are hosted in dolostone of the
Luoxue Fm and are roughly parallel to stratification. They
are mostly located at the base of the Luoxue Fm, immediately

above the Yinmin Fm (ESM 4). Individual ore bodies are
usually several to tens of meters in thickness, but can extend
for more than 10 km along the lithological interface. Ore
bodies are commonly crosscut or disrupted by faults and
dolerite dykes (Fig. 2 and ESM 4).

Sulfides are preferentially localized along the laminations
and/or fractures of the host dolostone (ESM 5a and b).
Chalcopyrite and bornite are the dominant ore minerals,
occurring as disseminations, veinlets, and less commonly
stockworks. The orebodies are more or less overprinted by
supergene chalcocite and digenite. Copper sulfides are as-
sociated with authigenic quartz and ankerite (ESM 5c and d),
which are normally coarser than the carbonate minerals of the
host dolostone.

Siliciclastic and tuffaceous rocks at the deposit scale have
been widely affected by hydrothermal alteration consisting
of quartz, ankerite, K-feldspar, sericite (muscovite), albite,
biotite, chlorite, hematite, apatite, and tourmaline. Hydro-
thermal alteration of the dolostone is best represented by K-
feldspar overprinted by quartz and ankerite. Precipitation of
copper sulfides was closely associated with silicification.

Isotopic ages

Zircons from a dolerite dyke and ore-hosting strata were
measured for U–Pb isotope dates, and Cu-sulfide separates
from stratiform ores were analyzed for Re–Os ages. Analyt-
ical methods are described in EMS 6.

Zircon U–Pb ages

Siltstone of the Yinmin Formation (YN11-05) and a dolerite
dyke (DC-13) crosscutting the stratiform Cu orebody
(Fig. 2a) at the 2,472-m-level adit of the Laoxinshan seg-
ment in the Yinmin mine were collected for zircon U–Pb
dating. The dyke with over 100 m in width is the largest one
in the mine district. It nearly vertically intruded the ore-
hosting strata and the stratiform Cu orebody (Fig. 2a). Strat-
iform Cu orebodies were disrupted by the dyke suggesting
that it postdates ore mineralization.

Zircons of the dolerite dyke are light brownish to slightly
black, prismatic in shape, and 80–150 μm long with length/
width ratios of 1.5–2.5. They do not have obvious zoning in
CL images. Most grains show black fractures under trans-
mitted light, likely resulting from radiation damage given
that they have high Th up to 7,325 ppm and U up to
1,880 ppm (Table 1). Five analyses (spots 1, 2, 6, 9, and
13) have nearly concordant U–Pb ages with a weighted
mean 207Pb/206Pb age of 1,701±28 Ma (2σ, Fig. 3a). Spots
3, 7, 8, and 10–12 have a large proportion of common Pb
(>4 %) and extremely high Th (2,288–7,325 ppm) and U
(329–1,697 ppm), possibly resulting from overprint by later
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U-rich hydrothermal fluids. Analyses of these grains yielded
meaningless U–Pb ages and were not included in the age
calculation. The remaining seven analyses plot on a discor-
dant line and give an upper intercept age of 1,706±19 Ma
(Fig. 3a) and a lower intercept at 236±95 Ma. The weighted
mean age of the concordant grains (1,701±28 Ma) is indis-
tinguishable from the upper intercept age and is interpreted
as the emplacement age of the dolerite dyke.

Detrital zircons of sample YN11-05 from the Yinmin
Formation are mostly short-prismatic, brown to transparent,
and sub-angular to sub-rounded. Most zircons are ca. 50–
100 μm long and have oscillatory zoning, but some show
faint and broad zoning or no obvious zoning in CL images.
Most analyses do not yield concordant ages possibly due to
Pb loss. Their 207Pb/206Pb ages range from 1,850 to
2,902 Ma (Fig. 3b and ESM 7), and the majority of ages
falls into three major populations at ca. 1,850–1,920 Ma,
2,250–2,350 Ma, and 2,650–2,750 Ma. The age results are
consistent with those obtained from the strata of the Yinmin
Formation (Zhao et al. 2010). When combined, the detrital
zircons have three age peaks at ~1,850 Ma, ~2,300, and
~2,700 Ma (Fig. 3c).

Sulfide Re–Os ages

Rhenium–osmium isotopic data of nine chalcopyrite and
bornite separates are summarized in ESM 8. They have
187Re ranging from 8.4 to 564 ppb and 187Os from 0.26 to
15.1 ppb. Due to the high radiogenic 187Os and very low
common Os (less than 0.024 ppb), these samples have
extremely large 187Re/188Os (>7,800) and 187Os/188Os ra-
tios, and can be regarded as low-level highly radiogenic
(LLHR) sulfides (Stein et al. 2000). Consequently, these
samples can be used to calculate Re–Os model ages like
those of molybdenite and an 187Re vs 187Os isochron plot is
applied instead of 187Re/188Os vs 187Os/188Os due to the
large uncertainties of 188Os. Two samples, YMZ-51 and
YMZ-53, have geologically meaningless model ages of
2,332 and 2,513 Ma, which are much older than the ore-
hosting strata of ~1,740 Ma. The sample YMZ-81 has a
relatively young model age of 1,424±13 Ma. The other six
samples have model ages ranging from 1,571 to 1,822 Ma
with a weighted average model age of 1,666±82 Ma (2σ) and
define a 187Re vs 187Os errorchron age of 1,585±100 Ma (2σ,
Fig. 4).

Fig. 2 a A simplified
geological map of the level
2,472 adit showing a dolerite
dyke intruding the stratiform
Cu orebodies; the crosscutting
relationship has been observed
at different levels of adits, and
the intrusion of the dyke
postdated Cu mineralization;
b Field photo showing the
dolerite dyke intruding the
rocks of the Yinmin Fm; c
Typical texture of the dolerite
dyke composed of plagioclase,
clinopyroxene, and Fe-oxides
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Discussion

Ages of the SSC deposits in Dongchuan district

Mineralization ages of the SSC deposits in the Kangdian
region were poorly constrained, largely due to the lack of
minerals that are suitable for traditional isotopic dating
method. Previous geochronological studies, mostly using
sulfide Pb–Pb dating, yielded ages spanning from 1.7 to
0.7 Ga (e.g., Gong et al. 1996). Qiu et al. (2002) and Ye et
al. (2004) attempted to date the mineralization using
40Ar/39Ar analysis of inclusion fluids extracted from quartz,
yielding ages mostly between ~780 and ~700 Ma. These
40Ar/39Ar ages led them to conclude that the stratiform Cu
deposits were genetically related to the extensive Neopro-
terozoic magmatism and metamorphism in the Yangtze
Block. However, fluid inclusions in quartz could have been
derived from multiple sources or trapped during multiple
stages and are likely affected by secondary fluid inclusions.
The Kangdian region experienced a pervasive tectonother-
mal event at the Neoproterozoic, when 40Ar/39Ar dates of
biotite and amphiboles have been reset (e.g., Zhao and Zhou
2011). Thus, these 40Ar/39Ar ages of quartz fluid inclusions
previously published also likely reflect such a thermal over-
print event, rather than the true age of mineralization.

Zircon U–Pb isotope analysis is the most robust method
for geochronological study. The geological relationship be-
tween the dolerite dykes and the ore bodies provides an
ideal opportunity to bracket mineralization ages. Zhao et
al. (2010) obtained a zircon U–Pb age of ~1,742±13 Ma
for volcanic rocks of the Yinmin Fm and detrital zircons
from the Yinmin Fm gave the youngest age of ~1,780 Ma
(Fig. 3b). These zircon ages thus suggest that the ore-
hosting strata were formed at ~1,740 Ma. The strata were
intruded by numerous dolerite dykes and the largest one was
chosen for zircon U–Pb dating by this study. This dyke
structurally crosscutting Cu orebodies (Fig. 2a) has been
observed at different levels of underground workings. It
disrupts the continuity of the orebody and postdates Cu
mineraliztion. Therefore, the dolerite dyke with the age of
1,701±28 Ma provides a minimum age constraint on the Cu
mineralization.

Moreover, this study obtained Re–Os ages for Cu sul-
fides from the stratiform orebodies that provide additional
information about the timing of sulfide mineralization. Be-
cause chalcopyrite and bornite from the Yinmin mine have
high radiogenic 187Os and extremely low common Os, their
Re–Os model ages can provide accurate isotopic dates. Two
chalcopyrite samples (YMZ-51 and YMZ-53) have indeed
impossible model ages of ~2,513 and ~2,332 Ma, much
older than the ~1,740 Ma country rocks. Obviously, these
two model ages are geologically meaningless. However, the
molybdenite standard HLP has the age of 223.0±2.1 MaT
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(ESM 8) in good agreement with the certified value of 221.4±
5.6 Ma (Du et al. 2004), suggesting that our analytical

procedure is correct. The impossibly old model ages can be
explained by addition of radiogenic Os or loss of Re from the
sulfides. In consideration of their extremely low common Os
concentrations, it is less likely that the chalcopyrite could gain
extra Os from outside. We thus suggest that loss of Re is
responsible for the apparently older ages of the two chalcopy-
rite samples. Based on the same argument, chalcopyrite sam-
ple YMZ-81with a much younger model age of ~1,424 Ma is
likely due to the addition of Re. Our study thus suggests that
Re was likely remobilized in some chalcopyrite samples from
the Yinmin deposit. The other six samples with model ages
ranging from 1,571 to 1,822 Ma are hence considered to be
less affected by Re remobilization and are used for age calcu-
lation in this study.

A prerequisite to define an isochron age is that all sam-
ples have the same initial isotope compositions and that the
isotope system remains closed after mineral formation. For
the 187Re vs 187Os plot used for the LLHR sulfides, it
requires that Re and Os remain immobile after sulfide for-
mation. Therefore, the three samples that may have been
affected by Re remobilization are discarded. The other six
samples less affected by remobilization have an errorchron
age of 1,585±100 Ma, which is in agreement with their
weighted average Re–Os model age of 1,666±82 Ma. Both
ages have large uncertainties, but they provide an additional
constraint on the timing of ore formation. Both ages are broad-
ly consistent with the SIMS zircon U–Pb age of 1,701±28 Ma
for a dolerite dyke that crosscuts the stratiform Cu orebody.

In summary, the Re–Os and U–Pb isotopic data constrain
the age of the Cu mineralization of the Yinmin deposit at
~1,700 Ma, i.e., shortly after deposition of the ore-hosting
strata at ~1,740 Ma. This age is consistent with textural
evidence that sulfide mineralization in the Dongchuan
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district took place during early diagenesis (Zhao et al. 2012).
As the SSC deposits in the Dongchuan district have similar
mineralization styles, it is also inferred that these deposits
have a common origin in the late Paleoproterozoic.

Possible link to the Columbia supercontinent

Collisional events at 2.1 to 1.8 Ga have been recorded in a
number of Precambrian cratons and are thought to be related
to the assembly of the Paleoproterozoic Columbia supercon-
tinent (Rogers and Santosh 2002; Zhao et al. 2002). In the
traditional reconstruction models (Rogers and Santosh
2002; Zhao et al. 2002), the Yangtze Block is not included
in the Columbia supercontinent, due to the lack of geolog-
ical and geochronological data for that time. However, re-
cent studies reveal that the Yangtze Block may have been
involved in this global Paleoproterozoic orogenic event
(Zhang et al. 2006; Sun et al. 2008; Wu et al. 2008; Peng
et al. 2009; Zhao et al. 2010). For example, the 2.05–1.9 Ga
magmatism and granulitic metamorphism in the northern
Yangtze Block have been interpreted to be a response of
the assembly of the Columbia supercontinent (Zhang et al.
2006; Sun et al. 2008; Wu et al. 2008). The 2.05–1.95 Ga
detrital zircons of metamorphic origin have been identified
in the Dongchuan Group, also implying that the orogenic
event may have taken place in the Yangtze Block (Zhao et
al. 2010).

The Columbia supercontinent was likely transformed to
an extensional setting at 1.75 to 1.6 Ga as indicated by the
occurrence of mafic dyke swarms, anorthosites, rapakivi
granites, and intracontinental rift basins (e.g. Zhao et al.
2004, 2009; Peng et al. 2008). In the western Yangtze
Block, the Dongchuan Group with a zircon U–Pb age of
1,742±13 Ma has been considered to have formed in a
continental rift basin (Hua 1990b; Wu et al. 1990; Zhao et
al. 2010). The continental rift setting is also indicated by the
presence of ~1.70 to 1.65 Ga dolerite dykes. These dykes
have geochemical features resembling those of within-plate
basalts and are consistent with an intracontinental extension-
al rift setting (Zhao et al. 2010; Zhao and Zhou 2011).
Records from both sedimentary and igneous rocks support
that the western Yangtze Block was in a continental-rift
setting at ~1.7 Ga. These observations suggest that the
Paleoproterozoic tectonic evolution of the Yangtze Block
can be correlated with the assembly and breakup of the
Columbia supercontinent.

Previous studies have shown that SSC deposits world-
wide formed mostly in late Neoproterozoic and Permian
continental rift basins, coincident with the breakup of the
Rodinia and Pangea supercontinents, respectively (Brown
1997; Hitzman et al. 2010). Both time periods are marked
by extensive evaporite deposition and major global glacial
events (Hitzman et al. 2010; Warren 2010), which are

thought to be important in ore formation. Such a link be-
tween large-scale SSC mineralization and the superconti-
nental cycle has also been suggested to apply to the late
Paleoproterozoic (Hitzman et al. 2010). In the early Paleo-
proterozoic, a major oxidation event led to the formation of
the oldest red beds (Holland 2006; Campbell and Allen
2008), a prerequisite for the formation of SSC deposits
(Kirkham 1989; Brown 1997; Hitzman et al. 2010). This
implies great potential for SSC deposits during the breakup
of the Columbia supercontinent. The copper deposits in the
Paleoproterozoic Kodaro–Udokan basin of Siberia were
possibly formed during this event (Hitzman et al. 2010).
However, the paucity of age data for the Udokan basin
makes it difficult to understand its evolutionary history.

Identification of the late Paleoproterozoic SSC deposits in
South China provides evidence for a temporal link between
the formation of SSC deposits and the initial fragmentation of
the Columbia supercontinent. This study highlights the tem-
poral and likely genetic links between large-sized SSC depos-
its and the supercontinent cycle. An additional implication is
that continental blocks that once were part of Columbia,
notably where rift basins developed in such blocks, may have
potential to host contemporaneous SSC deposits.

Conclusions

Zircon U–Pb and Cu-sulfide Re–Os dating from the Yinmin
deposit suggest that the “Dongchuan-type” Cu deposits in
South China were formed in the late Paleoproterozoic.
These deposits likely represent one of the oldest large-scale
SSC mineralization events on Earth. This study provides
unequivocal geochronological evidence for the existence of
Paleoproterozoic SSC deposits and demonstrates their tempo-
ral link to the initial breakup of the Columbia supercontinent.
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