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Gejiu is geographically located near Gejiu city, SW China. It is one of the largest tin-polymetallic districts in the
world and contains approximately 3 million tons (Mt) of Sn and smaller quantities of Cu, Pb, and Zn. The deposit
primarily yields three different types of ore: skarn-hosted ore, basalt-hosted stratiform ore, and carbonate-
hosted stratiform ore. Kafang is one of the primary ore deposits in the Gejiu district and is an unusual occurrence
hosted in basaltic rocks. Genetic models of the Kafang deposit suggest that it is related either to Anisian (Lower
stage of Middle Triassic) Gejiu basalts or to Cretaceous Gejiu granite. In this study, we performed zircon SIMS
U–Pb dating, major and trace element analyses, and Sr–Nd–Pb isotopic analyses for the Gejiu basalts and S isoto-
pic analyses for stratiform Cu ore. Our results and previous studies are used to interpret the petrogenesis of the
Gejiu basalts and the origin of the basalt-hosted stratiform Cu deposit. The SIMS zircon U–Pb analyses of the
Gejiu basalts yield an age of 244.4 Ma. The trace element ratios of the Gejiu basalts are similar to those of
ocean island basalt and have positive εNd(t) values (ranging from 0.6 to 2.5) and uniform (87Sr/86Sr)i values
(ranging from 0.70424 to 0.70488). These ratios are close to those of the Permian Emeishan flood basalt. Thus,
the Gejiu basalts may represent coeval volcanisms within the plate involving remelting of the Emeishan plume
head through a stress relaxation process after the main plume event. The Pb and S isotopic compositions of the
Gejiu basalts and the stratiform Cu ores indicate that the source of Cu and S is primarily derived from the Gejiu
basalts. However, the age of sulfide mineralization (84.2–79.6 Ma) and the age of hydrothermal alteration
(85.5–81.9 Ma) are temporally consistent with the age of the Cretaceous granite emplacement (85.5–83.3 Ma).
From a petrological and geochemical study, we determine that the Gejiu basalts may have been subjected to per-
vasive granite-related hydrothermal alteration during the emplacement of granite. These processes increase the
K and Mg contents of basalt and probably caused the formation of the Cu ores. Thus, the Kafang stratiform Cu
deposit can be considered as a granite-related hydrothermal deposit.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The southern part of China is composed of two major blocks, the
Yangtze and the Cathaysia blocks. The ocean between the Yangtze and
the Cathaysia blocks closed at approximately 1000 to 900 Ma (e.g., Li
et al., 2007). The Gejiu district is tectonically located to the west end
of the Cathaysia block and is bounded by the Yangtze block to the
north and the Red River fault to the south. This district is also located
in the southern part of the intermediate zone (Xu et al., 2004) of the
Permian Emeishan Large Igneous Province (ELIP) (Fig. 1a). Gejiu is
one of the largest tin districts in the world. It contains approximately
3million tons (Mt) of Sn and smaller amounts of Cu, Pb, and Zn. Several
g).
parallel EW-trending faults and two NE-trending faults in the eastern
part control the general configuration of the mineralization and distri-
bution of five polymetallic deposits in the Gejiu district from north to
south (Fig. 1c): the Malage, Songshujiao, Gaosong, Laochang, and
Kafang deposits. Three types of ore are primarily found in the Gejiu
district: (1) skarn-hosted ore, (2) Anisian basalt-hosted stratiform ore,
and (3) Middle Triassic Gejiu Formation carbonate-hosted stratiform
ore. The origin of the Gejiu deposits and the mechanism for such an ac-
cumulation of Sn–Cu–Pb–Zn have long been controversial. Most re-
searchers believe the skarn-type ore to be genetically related to Late
Cretaceous granite (e.g., 308 Geological Party, 1984; Zhuang et al.,
1996;Mao et al., 2008; Cheng et al., 2013). Recently, the age of the gran-
ite has been constrained to 85.5–83.3 Ma (Cheng and Mao, 2010); the
age of mineralization (95.3 to 77.4 Ma) is also confirmed by the
40Ar–39Ar dating of muscovite and phlogopite and by the Re–Os dating
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Fig. 1. (a) Simplified tectonicmap showing the study area in relation to South China'smajor tectonic units and the Emeishan Large Igneous Province district (Li et al., 2007; Xu et al., 2004).
(b) Geological map of the Gejiu–Kaiyuan district. (c) Geological map of the Gejiu district. The green regions with dashed borders are the vertical projections of underground basalts.
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of molybdenite (Cheng et al., 2012, 2013). However, because many
ore bodies are approximately stratiform, the origin of the basalt-
hosted and carbonate-hosted stratiform ore has been proposed as
syngenetic, belonging to the volcanogenic massive sulfide (VMS) and
the sedimentary-exhalative (SEDEX) deposits, respectively (e.g., Li,
1991; Tan et al., 2006; Li et al., 2006; Zhang et al., 2007; Lu, 2008;
Qian, 2012).

Although the amount of research regarding granite-related hydro-
thermal origins has been growing substantially, theGejiu basalts remain
an important key to resolving these debates from another aspect
because the geochemistry of the basalts is critical to revealing the petro-
genesis and the relationship between the volcanism and the associated
stratiform ore. Previous studies imply that the Gejiu basalts were once
viewed as a set of mafic–ultramafic rock assemblages with high K and
Mg contents that were deposited on the extensional continental plate
(e.g., Li et al., 2008; Y.S. Li et al., 2009; Zhang et al., 2009; Fang and Jia,
2011). A contemporary Anisian-age magmatism has also been discov-
ered in the Kaiyuan district. Zhang et al. (2013, 2014) suggested that
the Gejiu and Kaiyuan basalts are the remelting products of the
Emeishan plume at 247.7 Ma after the main Emeishan plume event
(260–257 Ma, from Shellnutt et al., 2012). However, these studies fail
to explain the association between the basalts and the Kafang strat-
iform Cu deposit. Although detailed petrological and geochemical
studies have been undertaken on the Gejiu basalts, several questions
remain unresolved: (1) The precise eruption age of the Gejiu basalts
is uncertain. (2) The source of ore-forming material of the stratiform
Cu deposit needs to be confirmed by additional evidence such as Pb
and S isotopic compositions of both basalt and ore. (3) The geochem-
istry of the Gejiu basalts is largely different from that of the Kaiyuan
basalt. How the Gejiu basalts with high K andMg contents were gen-
erated and whether these characteristics are related to the ore-
forming process need to be explained. (4) Due to the lack of the erup-
tion age and Sr–Nd isotopic data, the tectonic setting and the mantle
source of the basalt remain unclear. These four problems are critical
to resolve whether the basalt-hosted stratiform Cu deposit is a VMS
deposit.

This study builds on previous research, and incorporates field inves-
tigation, zircon SIMS U–Pb data, major and trace element composition,
Sr–Nd–Pb isotopic composition of the Gejiu basalts, and the S isotopic
composition of the Kafang stratiform Cu deposit, with the aims of
(1) constraining the timing of the Gejiu basalts, (2) investigating the
origin of the Kafang stratiform Cu deposit, and (3) determining the
cause of the abnormal K and Mg to reveal the tectonic and mantle
source of the Gejiu basalts. Finally, the results are integrated into a
genetic model of the Kafang stratiform Cu deposit.

2. Geological setting

The Gejiu district underwent a long, complex history of tectonic ac-
tivity, which led to a series of faulting and folding structures at various
scales (Cheng and Mao, 2010). The NS-trending Gejiu fault divides the
Gejiu district into eastern andwestern parts. The Kafangdeposit is locat-
ed in the southernmost part of the Gejiu district. Different from other
deposits in the Gejiu district, which are characterized by dominant Sn
mineralization, the Kafang deposit contains only Cu, with defined re-
serves of approximately 0.4 Mt of Cu. The ores consist of several layers
(stratiform) hosted in the Gejiu basalt.

Lithologies in the district are made up of a 3-km-thick sequence of
Permian and Triassic clastic rocks with interlayered basaltic lavas in
the Middle Triassic sequence. The rocks comprise of ~400–1400 m of
Gejiu Formation carbonates with intercalations of Anisian (Lower stage
of Middle Triassic) basaltic lavas. These carbonates and the interlayered
basaltic lavas are the most important ore-hosting strata. According to
Xue (2002) andYBGMR(1982), these lavas are in bothGejiu andKaiyuan
districts (Fig. 1b). Recently, the age of Kaiyuan basalts (247.7 ± 1.7 Ma)
has been constrained by Zhang et al. (2014).

Cretaceous igneous rocks are emplaced in both the eastern and the
western parts of Gejiu district. The granite primarily intrudes the
eastern part of the Gejiu Formation, with ages of 85.5–83.3 Ma (Fig. 2).
The granite has two types of texture: porphyritic and equigranular.
Both originate from the same granite magma that experienced different
degrees of fractional crystallization. The equigranular granite is mostly
distributed deep underground and only sporadically in the south
Laochang and Kafang areas (Cheng and Mao, 2010).

3. Field geology and petrography

3.1. The Gejiu basalts

The Gejiu basalts cover an area of N125 km2. The basalt is mostly
unexposed and hosted in the lower part of the Gejiu Formation. The
basalt samples were collected at three different sites, the Kafang (KF),
the Laochang (LC), and the Qilinshan (QLS) (Fig. 1c). The details of the
samples are listed in Table 1.



Fig. 2. Stratigraphic column of the Gejiu deposit.
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The KF and LC basalts are conformably interbeddedwith sedimenta-
ry units of the Gejiu Formation (Fig. 3a and c). The basalts dip to the
northwest at an angle of 10°–30°. The thickness of a single layer of the
basalt ranges from 0.05 to 30 m, and the total thickness is N100 m
(Wang, 1993). There are severalmarble lenses interbeddedwith the ba-
salt. Whole-rock samples were collected from the Qianjin adit in the
Kafang deposit (1800 m above sea level) and from the #130 adit in
the LC deposit (1710 m above sea level). The samples were collected
along strike at ≈50-m intervals. The KF and LC basalts could barely be
distinguished by their petrological characteristics alone. The basalts
are primarily dark green or dark gray in color, and exhibit massive and
amygdaloidal structures. The schistosity is extensively developed, and
the primary textures are intergranular and intersertal. The primary
fabrics and mineralogy of the fresh basalt are uncertain because the KF
and LC basalts are overprinted by pervasive late-stage alteration. The
alteration minerals are phlogopite, actinolite, chlorite, tremolite and bi-
otite. The accessory minerals include ilmenite, magnetite and sulfides
(Fig. 4a). Sulfide mineralization is hosted by the KF and LC basalts
(Fig. 4b). Significantly, some of the KF basalts that are spatially close to
Table 1
Details of the samples used in this study.

Sample Lithology Location Altitude

KF-1 Amygdaloidal basalt Kafang Qianjin adit 1800 m
KF-2 Amygdaloidal basalt Kafang Qianjin adit 1800 m
KF-3 Amygdaloidal basalt Kafang Qianjin adit 1800 m
KF-4 Massive basalt Kafang Qianjin adit 1800 m
KF-5 Massive basalt Kafang Qianjin adit 1800 m
KF-6 Massive basalt Kafang Qianjin adit 1800 m
KF-7 Massive basalt Kafang Qianjin adit 1800 m
KF-8 Massive basalt Kafang Qianjin adit 1800 m
KF-9 Massive basalt Kafang Qianjin adit 1800 m
LC-1 Massive basalt Laochang Zhuyeshan #130 adit 1710 m
LC-2 Amygdaloidal basalt Laochang Zhuyeshan #130 adit 1710 m
LC-3 Massive basalt Laochang Zhuyeshan #130 adit 1710 m
LC-4 Amygdaloidal basalt Laochang Zhuyeshan #130 adit 1710 m
LC-5 Massive basalt Laochang Zhuyeshan #130 adit 1710 m
LC-6 Massive basalt Laochang Zhuyeshan #130 adit 1710 m
LC-7 Massive basalt Laochang Zhuyeshan #130 adit 1710 m
LC-8 Massive basalt Laochang Zhuyeshan #130 adit 1710 m
LC-9 Massive basalt Laochang Zhuyeshan #130 adit 1710 m
QLS-1 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-2 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-3 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-4 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-5 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-6 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-7 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-8 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-9 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-10 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
QLS-11 Amygdaloidal basalt N 23°19′16.4″, E 103°17′3.8″ 1771 m
the granite have undergone intense alteration and have been largely
transformed into diopsidite. Qian (2012) reported the geological and
geochemical characteristics of this rock type, and suggested that a hy-
drothermal activity occurred simultaneously with the basalt eruption.

The outcrop of the QLS basalt is situated in the eastern part of the
Songshujiao deposit. The exposed QLS basalt has been referred to as
part of the KF and LC basalts by previous studies (e.g., Li et al., 2006).
A large volume of the QLS basalt is pervasively weathered (Fig. 3e).
Our sampling location at N 23°19′16.4″, E 103°17′3.8″, 1771 m above
sea level, is an underground adit, whichmade it feasible to obtain unal-
tered samples of the QLS basalt. These samples were collected along
strike at≈20-m intervals. The QLS basalt is dark green,with amygdales.
The amygdales are asymmetrical, being 0.2–2 cm in diameter and hav-
ing a preferred orientation. The amygdales are primarily filled with
chalcedony with manifold sharp edges and asymmetrical texture.
Unlike the KF and LC basalts, the minerals of the QLS basalt underwent
little alteration or mineralization. The basalt is primarily composed of
oriented plagioclase, and fine-grained clinopyroxene, ilmenite and
magnetite (Fig. 4c and d).

3.2. The Kafang stratiform Cu deposit

The stratiform Cu ores are hosted in the KF basalt in the Qianjin adit,
1800 m above sea level. Generally, the sheet-like basalt-hosted ores are
about ~200–400m in length, and the thickness ranges between 0.1 and
10m. The Cu contents of the stratiformores are generally higher toward
the hosted basalt and are commonly lower toward the wall rock. The
contacts between ore and basalt and between ore and wall rock are
clear, as shown in Fig. 5a. The oreminerals are dominated by chalcopyrite
and pyrrhotite, and these two minerals in hand specimens exhibit an al-
ternating layer structure (Fig. 5b) and idiomorphic or hypidiomorphic
granular texture under amicroscope. The gangueminerals include phlog-
opite, actinolite, calcite, tremolite, and chlorite. Phlogopite and actinolite
are intergrown with chalcopyrite and pyrrhotite. The basalt underwent
phlogopite alteration and sulfide mineralization while the nearby Gejiu
Formation experienced marmorization.
Mineral association

Phlogopite + plagioclase + clinopyroxene + ilmenite + magnetite
Phlogopite + plagioclase + clinopyroxene + ilmenite + magnetite + sulfides
Phlogopite + actinolite + clinopyroxene + ilmenite
Phlogopite + plagioclase + clinopyroxene + ilmenite + magnetite
Phlogopite + tremolite + chlorite + ilmenite + magnetite + sulfides
Phlogopite + actinolite + chlorite + ilmenite + magnetite
Phlogopite + actinolite + tremolite + chlorite + ilmenite + magnetite + sulfides
Phlogopite + actinolite + ilmenite + magnetite + sulfides
Phlogopite + tremolite + chlorite + ilmenite + magnetite + sulfides
Phlogopite + actinolite + plagioclase + ilmenite + magnetite
Biotite + actinolite + plagioclase + ilmenite + magnetite
Phlogopite + actinolite + plagioclase + clinopyroxene + ilmenite
Phlogopite + actinolite + plagioclase + ilmenite + magnetite + sulfides
Phlogopite + actinolite + plagioclase + ilmenite + magnetite
Phlogopite + actinolite + tremolite + ilmenite + magnetite + sulfides
Tremolite + biotite + chlorite + ilmenite + magnetite + sulfides
Tremolite + biotite + chlorite + ilmenite + magnetite + sulfides
Phlogopite + actinolite + plagioclase + clinopyroxene + ilmenite
Plagioclase + clinopyroxene + ilmenite + magnetite
Plagioclase + clinopyroxene + ilmenite + magnetite
Plagioclase + clinopyroxene + ilmenite + magnetite
Plagioclase + clinopyroxene + ilmenite
Plagioclase + clinopyroxene + ilmenite + magnetite
Plagioclase + clinopyroxene + ilmenite + magnetite
Plagioclase + clinopyroxene + ilmenite + magnetite
Plagioclase + olivine + clinopyroxene + ilmenite + magnetite
Plagioclase + olivine + clinopyroxene + ilmenite + magnetite
Plagioclase + clinopyroxene + ilmenite + magnetite
Plagioclase + clinopyroxene + ilmenite + magnetite



Fig. 3. (a)Geologic section of basalts in theKafangdeposit. (b)Detailedmapof basalts in theKafang deposit (height=1800m) and sampling locations. (c) Geologic section of basalts in the
LC deposit. (d) Detailed map of basalts in the LC deposit (height = 1710 m) and sampling locations. (e) Sampling locations of the QLS basalts.
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4. Analytical procedures

4.1. Zircon SIMS U–Pb dating

The altered basalt sample XSDI from south Kafang district was se-
lected for the chronological study. For cathodoluminescent (CL) imag-
ing, representative zircon grains were handpicked, mounted in epoxy
resin disks, subsequently polished and coated with carbon. The internal
morphology was examined using CL prior to U–Pb isotopic analyses.
Zircon U–Pb dating was conducted using a Cameca SIMS 1280 ion mi-
croprobe (CASIMS) at the Institute of Geology and Geophysics, Chinese
Academy of Sciences. During analyses of the zircons, the standard zircon
91500was used to calibrate the Pb/U ratio and U concentration. The an-
alytical procedures used were similar to those described by X.H. Li et al.
(2009). The measured Pb isotopic compositions were corrected for
common Pb using non-radiogenic 204Pb. The average uncertainty for
measured ratios (except for spot XSDI@5) of 206Pb/238U was 1.6%, and
the calculated weighted mean ages are within 95% confidence limits.
The age computations and concordia diagramsweremade using Isoplot
(version 3.0) (Ludwig, 2003).

4.2. Whole-rock major and trace element analyses

Nine KF basalts, nine LC basalts and eleven QLS basaltswere selected
for whole-rock major element analyses. The analyses were performed
by the Mineral-Chemex Division of ALS Laboratory Group (Guangzhou,
China). The calcined or ignited sample for major element analyses
(0.9 g) was added to 9.0 g of lithium borate flux (50%–50% Li2B4O7–

LiBO2), mixed well and fused in an auto fluxer at a temperature of
1050–1100 °C. A flat molten glass disk was prepared from the resulting
melt. This disk was then analyzed using X-ray fluorescence spectrome-
try. The uncertainties were ≤2% for the major elements.



Fig. 4. (a) KF basalt, showing phlogopite (Phl), clinopyroxene (Cpx), plagioclase (Pl), and sulfide (Sul); image is from Zhang et al. (2012a). (b) KF basalt, showing amygdale filled with
pyrrhotite (Po). (c) QLS basalt, showing chalcedony (Cln) amygdales and groundmass plagioclase. (d) QLS basalt.
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The samples were analyzed for trace elements using a Perkin–Elmer
Sciex ELAN DRC-e inductively coupled plasma mass spectrometer
(ICP-MS) at the Institute of Geochemistry, Chinese Academy of Sciences
after a 36-hour digestion using a mixture of HF and HNO3 acids in high-
pressure bombs following the procedure of Liang et al. (2000). Standard
additions, pure elemental standards for external calibration, and GBPG-
1, AMH-1, and OU-6 as referencematerials were used. The uncertainties
were ≤10% for the majority of the trace elements.

4.3. Analyses of Rb–Sr and Sm–Nd isotopic compositions

Six QLS basalts (QLS-6 to QLS-11) were selected for the Rb–Sr and
Sm–Nd isotopic measurements using a MAT-262 TIMS at the Institute
of Geochemistry, Chinese Academy of Sciences. The chemical separation
and isotopicmeasurement procedures followed Zhang et al. (2002). The
Fig. 5. (a) Outcrop of the Kafang stratiform Cu ore body.
sample powders were leached in purified 6 N HCl for 24 h at room tem-
perature to minimize the influence of surface alteration or weathering,
especially for Sr isotopic ratios. Sample powders were spiked with
mixed isotope tracers, then dissolved in Teflon capsules with HF and
HNO3. Sr and REE fractions were separated in solution using cationic
ion-exchange resin columns. Nd was separated from REE fractions
using cationic ion-exchange columns and P507 extraction and eluviation
resin. The collected Sr and Nd fractions were evaporated and dissolved in
2% HNO3 to yield solutions for analysis by mass spectrometry. The mass
fractionation corrections for the Sr and Nd isotopic ratios was based on
ratios of 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.
The analyses of the standards during the period of analyses were as
follows: the NBS987 Sr standard yielded a 87Sr/86Sr ratio of 0.710250 ±
0.000007, and the JNdi-1 Nd standard yielded a 143Nd/144Nd ratio of
0.512109 ± 0.000005, which were in agreement with reference values
(b) Hand specimen of basalt-hosted stratiform ore.
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(0.710248 for 87Sr/86Sr, 0.512115 for 143Nd/144Nd). The average uncer-
tainties for measured Rb–Sr and Sm–Nd ratios were 0.000005 and
0.000002, respectively.

4.4. Analyses of Pb isotopic compositions

Three KF basalts (KF-5, KF-8 and KF-9) and six QLS basalts (QLS-6 to
QLS-11) were selected for the Pb isotope analyses. The analyses were
carried out using a GV Isoprobe-T thermal ionizationmass spectrometer
(TIMS) at the Beijing Institute of UraniumGeology. The analytical proce-
dure involved dissolution of samples using HF and HClO4 in crucibles,
followed by basic anion exchange resin to purify Pb (Zhang et al.,
2002). Analytical results for the standard NBS981 are 208Pb/204Pb =
36.611 ± 0.004 (2σ), 207Pb/204Pb = 15.457 ± 0.002 (2σ) and
206Pb/204Pb = 16.937 ± 0.002 (2σ), in agreement with the reference
value (Belshawet et al., 1998). The average 2σ uncertainties for mea-
sured ratios of 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb were 0.002,
0.002 and 0.005, respectively.

4.5. Analyses of S isotopic compositions

A total of 23 sulfides (chalcopyrite and pyrrhotite) which had
been separated from the representative stratiform Cu ore in Kafang
Qianjin adit were selected. The samples were weighed (60–70 μg) and
combusted in an elemental analyzer furnace at 1030 °C to prepare SO2

for the S isotope analyses. The analyses were carried out using a contin-
uous flow stable isotope ratio mass spectrometer (CF-IRMS) at the
Institute of Geochemistry, Chinese Academy of Sciences. The internal
standard used was 04415 Ag2S. δ34S values are reported relative to the
Table 2
U–Pb isotopic compositions for zircon from the Gejiu basalt sample XSDI.

Sample U Th Th/U f206% 207Pb/206Pb σ (%)

(ppm) (ppm) Ratio Ratio

Basaltic zircons
XSDI@18 818 226 0.28 0.24 0.05184 1.86
XSDI@2 715 173 0.24 0.08 0.05296 1.59
XSDI@25 440 267 0.61 0.24 0.05028 2.12
XSDI@17 405 220 0.54 0.13 0.05104 2.65
XSDI@16 1416 292 0.21 0.41 0.05563 1.36
XSDI@20 521 340 0.65 2.79 0.07278 1.96
XSDI@30 678 180 0.27 0.05 0.05172 2.46
XSDI@19 770 582 0.76 0.09 0.05131 1.58
XSDI@22 360 232 0.64 3.4 0.08257 1.91
XSDI@29 1039 1142 1.10 0.36 0.05282 2
XSDI@3 691 231 0.33 0.08 0.05146 1.53
XSDI@13 256 105 0.41 0.12 0.04994 2.63
XSDI@21 462 305 0.66 0.18 0.0508 2.04
XSDI@32 499 351 0.70 0.12 0.05473 1.95
XSDI@1 571 109 0.19 0.21 0.05076 1.77
XSDI@4 501 282 0.56 0.11 0.05111 1.87
XSDI@23 458 293 0.64 2.18 0.06363 2.2
XSDI@24 848 775 0.91 0.19 0.05261 2.18
XSDI@28 672 224 0.33 0.09 0.05036 1.87
XSDI@9 565 135 0.24 0 0.05284 1.74
XSDI@26 409 233 0.57 0.74 0.05667 2.17

Hydrothermal zircons
XSDI@10* 1163 171 0.15 0.43 0.05334 1.19
XSDI@27* 718 176 0.25 0.63 0.05153 1.82
XSDI@31* 555 167 0.30 1.16 0.05413 2.2
XSDI@11* 239 210 0.88 3.78 0.05202 5.25
XSDI@14 258 59 0.23 1.87 0.05739 5.53
XSDI@7 89 35 0.39 5.96 0.06252 6.75
XSDI@12 151 67 0.44 2.26 0.07071 4.61
XSDI@5* 11 21 2.03 18.2 0.07911 16.38
XSDI@6 284 460 1.62 0.77 0.04811 5.7
XSDI@8 226 71 0.31 11.9 0.06526 6.37

Inherited zircon
XSDI@15* 147 78 0.53 0.55 0.09071 1.12

Note: f206Pb% is (common 206Pb / total206Pb) × 100; the sample with * is not used for the weig
Canyon Diablo Troilite (CDT). The average standard deviation (SD) for
measured ratios was 0.03‰.

5. Results

5.1. Zircon SIMS U–Pb geochronology

The zircon U–Pb analytical results are reported in Table 2. Three types
of zircon have been classified based on weighted mean 206Pb/238U age,
f206Pb%, and Th and U contents: (1) basaltic zircon, (2) hydrothermal
zircon, and (3) inherited zircon.

(1) The basaltic zircons are 100–150 μm in size and exhibit euhedral
appearance with light and visible magmatic oscillatory zon-
ing. Inclusions, cores, and cracks are absent, as shown in the
cathodoluminescence (CL) images (Fig. 6a). The f206Pb% value
is low, ranging from 0.05 to 3.4. These zircons have a relatively
wide range in Th (105–1142 ppm) and U (256–1416 ppm)
contents, with Th/U ratios ranging from 0.19 to 1.10. All 21 zir-
con grains fall within a single population with a weighted
mean 206Pb/238U age of 244.4 ± 2.8 Ma (MSWD = 2.8)
(Fig. 6b).

(2) The hydrothermal zircons are 50–100 μm in size, and the
206Pb/238U age of these zircons is much younger than that of
the basaltic zircons, ranging from 226.5 to 79.7 Ma; their
f206Pb% value is higher than that of the basaltic zircons, rang-
ing from 0.43 to 18.2. These zircons have relatively low con-
tents of Th (21–460 ppm) and U (11–1163 ppm), with Th/U
ratios ranging from 0.15 to 2.03. Half of the zircon grains
207Pb/235U σ (%) 206Pb/238U σ (%) 206Pb/238U σ (Ma)

Ratio Ratio Age (Ma)

0.28344 2.77 0.0411 1.52 259.9 3.9
0.291 2.32 0.0403 1.55 254.9 3.9
0.26518 3.1 0.0397 1.51 251.1 3.7
0.27324 3.3 0.0396 1.51 250.4 3.7
0.28513 2.53 0.0395 1.5 249.6 3.7
0.27558 5.89 0.0393 1.52 248.6 3.7
0.27809 2.95 0.0393 1.52 248.4 3.7
0.27376 2.31 0.0392 1.5 248.1 3.7
0.2996 6.8 0.0388 1.53 245.2 3.7
0.26541 2.91 0.0385 1.53 243.7 3.7
0.26945 2.32 0.0385 1.5 243.3 3.6
0.25927 3.41 0.0384 1.61 242.8 3.8
0.25989 2.96 0.0382 1.5 241.6 3.6
0.28145 2.62 0.038 1.5 240.3 3.5
0.25598 2.7 0.0378 1.57 239.4 3.7
0.26194 2.59 0.0378 1.51 239.4 3.6
0.24182 8.2 0.0378 1.55 239.2 3.6
0.26602 2.93 0.0378 1.51 238.9 3.5
0.25834 2.56 0.0377 1.51 238.8 3.5
0.27351 2.31 0.0375 1.52 237.6 3.5
0.26273 5.13 0.0375 1.52 237.2 3.5

0.24617 2.52 0.0358 1.5 226.5 3.3
0.20917 3.45 0.0326 1.55 206.6 3.1
0.17702 6.83 0.0286 1.54 181.6 2.8
– – 0.0154 1.76 98.5 1.7
0.07918 13.59 0.0135 1.71 86.3 1.5
– – 0.0131 2.62 83.9 2.2
0.09277 13.07 0.0127 1.64 81.3 1.3
– – 0.0126 9.14 80.5 7.3
0.07211 9.42 0.0125 1.61 79.8 1.3
– – 0.0123 2.57 78.7 2

2.56313 2.15 0.2147 1.5 1253.7 17.1

hted mean 206Pb/238U age calculation.



Fig. 6. (a) Cathodoluminescence images for the basaltic zircons from sample XSDI for SIMS dating. (b) U–Pb concordia plots showing results of SIMS dating of zircons.
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(5 in 10) fall within a single population with a weighted mean
206Pb/238U age of 81.9 ± 3.7 Ma (MSWD = 3.7).

(3) The inherited zircon, spot XSDI@15 with a 206Pb/238U age of
1254± 17Ma, is the oldest zircon. The inherited zircon is nor-
mally found within the basaltic magma in the Gejiu–Kaiyuan
district (Zhang et al., 2013).

5.2. Major and trace element compositions

The whole-rock major and trace element compositions (normalized
to 100 wt.% anhydrous) and the CIPW norm calculation are reported in
Supplementary Table S1.

5.2.1. The KF basalt
All of the KF basalts plot in the field of alkaline basalt in the Zr/Ti vs

Nb/Y diagram (Fig. 7a) of Winchester and Floyd (1977) and revised by
Pearce (1996), which may be used to classify the rocks according to
their alkalinity and stage of differentiation using immobile elements.
The TiO2 contents have a small range from 2.28 to 2.88 wt.%. The KF ba-
salt contains extraordinarily high levels of MgO (9.63–20.8 wt.%) and
lower SiO2 (40.2–46.5 wt.%) compared with the LC and QLS basalts.
The KF basalt contains higher amounts of K2O (1.26–6.94 wt.%) than
Na2O (0.31–1.74 wt.%), with K/Na ratios far greater than 1 (Fig. 7b).
Fig. 7. (a) Zr/Ti vs. Nb/Y classification d
The KF basalt has strongly positive Rb (as high as 2140 ppm) and K
anomalies, slight Pb anomalies, and variable Sr contents but is devoid
of any Eu anomalies. The (La/Yb)N values (primitive-mantle-normalized
using data from Sun and McDonough, 1989) range from 8.51 to 13.9.
Both in the primitive-mantle-normalized trace element diagram
(Fig. 8a) and in the chondrite-normalized rare earth element (REE)
diagram (Fig. 8b), the KF basalt displays patterns of enrichment in the
large-ion lithophile elements (LILE) relative to the high field strength
elements (HFSE). Furthermore, the patterns are similar to those of the
Kaiyuan basalt reported by Zhang et al. (2013).

5.2.2. The LC basalt
The LC basalt is alkaline in composition (Fig. 7a). The basalt is

characterized by high MgO (10.3–14.4 wt.%) and a small range of
SiO2 (45.8–47.1 wt.%) concentrations. The TiO2 concentrations
range from 2.59 to 3.26 wt.%. The LC basalt contains more K2O
(0.87–4.60 wt.%) than Na2O (0.63–2.03 wt.%), with K/Na ratios greater
than 1 (Fig. 7b).

The LC basalt has positive Rb (as high as 784 ppm) and K and Pb
anomalies, but lacks any Eu anomaly. It is enriched in LREE and has
(La/Yb)N values ranging from 10.8 to 17.5. The patterns of theQLS basalt
are similar to those of the Kaiyuan basalt on the primitive-mantle-
normalized trace element diagram (Fig. 8c) and the chondrite-
normalized REE diagram (Fig. 8d).
iagram. (b) Na2O vs K2O diagram.



Fig. 8. Primitive-mantle-normalized trace element patterns and chondrite-normalized REE patterns of the Gejiu basalts. Normalization and ocean island basalts (red line) values followed
Sun and McDonough (1989).
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5.2.3. The QLS basalt
The QLS basalts correlate with the alkaline basalt in the Zr/Ti vs

Nb/Y diagram (Fig. 7a). The QLS basalts are characterized by high
SiO2 (45.3–48.7 wt.%) and TiO2 (2.59–3.08 wt.%) and low MgO
(7.49–11.3 wt.%) concentrations compared with the KF and LC ba-
salts. In contrast with the KF and LC basalts, the QLS basalt contains
more Na2O (1.91–3.98 wt.%) than K2O (0.84–2.49 wt.%), with K/Na
ratios of less than 1 (Fig. 7b).

The QLS basalt is enriched in LILE relative to HFSE,with strongly pos-
itive Pb anomalies and no obvious Rb (11.8–35.3 ppm) or K anomalies.
The rocks have (La/Yb)N ratios from 7.62 to 17.86 andmildly positive Eu
anomalies. The patterns of the QLS basalt are similar to those of the
Kaiyuan basalt on the primitive-mantle-normalized trace element dia-
gram (Fig. 8e) and the chondrite-normalized REE diagram (Fig. 8f).

5.3. Sr and Nd isotopic compositions

The 87Sr/86Sr and 143Nd/144Nd ratios of selected samples are listed in
Table 3. The initial isotopic ratios were corrected to a nominal age of
244 Ma. All of the analyzed QLS basalts have variable positive εNd(t)
values ranging from 0.6 to 2.5 and uniform (87Sr/86Sr)i values ranging
from 0.7042 to 0.7049. The plots of the Sr–Nd isotopic compositions indi-
cate a negative correlation between the compositions of the QLS basalts
and the mantle array, similar to the Kaiyuan basalt and overlapping
with that of the Emeishan flood basalt (Wang et al., 2007).

5.4. Pb isotopic compositions

The Pb isotopic compositions of the Gejiu basalts of this study and of
the ore from the Kafang deposit in the literature are presented in
Table 4. The KF and QLS basalts have a 206Pb/204Pb range from 18.930 to
19.001, a 207Pb/204Pb range from 15.592 to 15.708, and a 208Pb/204Pb
range from 38.670 to 39.527. The initial isotopic ratios were corrected
Table 3
Sr–Nd isotopic compositions of QLS basalt.

Sample Rb Sr 87Sr/86Sr σ (87Sr/86Sr)i S

QLS-6 35.3 829 0.704677 4 0.70424 8
QLS-7 20.5 389 0.705195 5 0.70466 7
QLS-8 18.1 354 0.705405 7 0.70488 7
QLS-9 19.6 349 0.705411 6 0.70484 6
QLS-10 27.8 515 0.705000 7 0.70445 7
QLS-11 14.9 312 0.705228 4 0.70474 6

Note: (87Sr/86Sr)i, (143Nd/144Nd)i and εNd(t) were calculated for 244 Ma.
to nominal ages of 244 and 84 Ma, respectively. The (206Pb/204Pb)244 Ma

values range from 17.475 to 18.214, the (207Pb/204Pb)244 Ma values
range from 15.539 to 15.699, and the (208Pb/204Pb)244 Ma values range
from 37.557 to 38.432; the (206Pb/204Pb)84 Ma values range from 18.307
to 18.562, the (207Pb/204Pb)84 Ma values range from 15.576 to 15.705,
and the (208Pb/204Pb)84 Ma values range from 38.484 to 39.038.

5.5. S isotopic compositions

The S isotopic compositions are reported in Table 5. The 23 samples
of this study and the 14 samples from the literature covered all of the S
isotopic compositions of the Kafang deposit. The δ34S values have a
Gaussian distribution; small variations are exhibited, yielding positive
δ34S values in the range of 1.51 to 5.11‰.

6. Discussion

6.1. Onset of magmatism and mineralization

6.1.1. Eruption and alteration ages of the Gejiu basalts
According to Xue (2002), YBGMR (1982), and Zhang et al. (2014),

the basalts emplaced into the Gejiu Formation have been discovered
at Kafang, Laochang, and Qilinshan in the Gejiu district and at
Dongliancun and Bapanzhai in the Kaiyuan district (Fig. 1b). The zir-
con geochronology study suggests that the Gejiu basalts were
erupted at 244.4 ± 2.8 Ma. This age is consistent with the age of the
Kaiyuan basalt (247.7 ± 1.7 Ma) within uncertainty and is also consis-
tent with the age of the Gejiu Formation (245–237 Ma). Thus, our
data confirm that the age of basalticmagmatism is constrained between
247.7 and 244.4 Ma.

The zircon geochronology also records a hydrothermal event with
an age of 81.9 ± 3.7 Ma. Phlogopite abounds in the KF and LC basalts
(e.g., Wang, 1993), and Zhang et al. (2012a) reported a phlogopite
m Nd 143Nd/144Nd σ (143Nd/144Nd)i εNd(t)

.45 38.1 0.512665 2 0.512447 2.5

.30 32.1 0.512611 2 0.512388 1.4

.73 34.9 0.512637 2 0.512419 2.0

.86 29.0 0.512589 4 0.512357 0.7

.04 31.1 0.512615 3 0.512392 1.4

.99 29.3 0.512582 1 0.512348 0.6



Table 4
Pb isotopic compositions of the Gejiu basalt and the Kafang stratiform Cu deposit.

Sample Location Mineral 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ Reference

KF-5 Kafang Qianjin adit Basalt bulk powder 19.001 0.003 15.697 0.003 39.527 0.007 This study
KF-8 Kafang Qianjin adit Basalt bulk powder 19.001 0.003 15.683 0.002 39.386 0.006 This study
KF-9 Kafang Qianjin adit Basalt bulk powder 18.608 0.003 15.668 0.002 39.073 0.006 This study
QLS-6 N 23°19′16.4″, E 103°17′3.8″ Basalt bulk powder 18.637 0.001 15.611 0.001 38.981 0.003 This study
QLS-7 N 23°19′16.4″, E 103°17′3.8″ Basalt bulk powder 18.39 0.002 15.708 0.002 38.67 0.004 This study
QLS-8 N 23°19′16.4″, E 103°17′3.8″ Basalt bulk powder 18.651 0.002 15.592 0.002 38.947 0.005 This study
QLS-9 N 23°19′16.4″, E 103°17′3.8″ Basalt bulk powder 18.528 0.003 15.608 0.002 38.812 0.005 This study
QLS-10 N 23°19′16.4″, E 103°17′3.8″ Basalt bulk powder 18.474 0.002 15.614 0.002 38.707 0.004 This study
QLS-11 N 23°19′16.4″, E 103°17′3.8″ Basalt bulk powder 18.477 0.002 15.622 0.002 38.731 0.004 This study
QJK-16CP Kafang 1820 adit Chalcopyrite 18.253 15.553 38.155 Yang et al. (2010)
QJK-29CP Kafang 1870 adit Pyrrhotite 18.214 15.533 38.045 Yang et al. (2010)
QJK-16PR Longshujiao Pyrrhotite 18.315 15.59 38.36 Yang et al. (2010)
DGL-16PR Donggualin 1640 adit Pyrrhotite 18.443 15.626 38.568 Yang et al. (2010)
DGL-15CP Donggualin 1640 adit Chalcopyrite 18.556 15.666 38.773 Yang et al. (2010)
DGL-7PR Donggualin 1690 adit Pyrrhotite 18.447 15.65 38.717 Yang et al. (2010)
JZL-2CP Jinzhulin 2055 adit Chalcopyrite 18.516 15.666 38.844 Yang et al. (2010)
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40Ar–39Ar plateau age of 85.0± 0.6Ma for the KF basalt. The hydrother-
mal zircon age and the 40Ar–39Ar altered age of the KF basalt are
consistent with the magmatic zircon U–Pb age (85.5–83.3 Ma) of the
Cretaceous granite reported by Cheng and Mao (2010). Accordingly,
the alteration process of the KF basalts is temporally related to the em-
placement of the Cretaceous granite.

6.1.2. Mineralization age of the Kafang deposit
The Anisian basalts are widely spread throughout the Gejiu and

Kaiyuan districts. If the mineralization is synchronous with the basalts,
Table 5
S isotopic compositions of the Kafang stratiform Cu deposit.

Sample Location Mineral

11KF-34G Kafang 1820 adit I-9-3 Chalcopyrite
11KF-34F Kafang 1820 adit I-9-3 Chalcopyrite
11KF-34F Kafang 1820 adit I-9-3 Pyrrhotite
11KF-34D Kafang 1820 adit I-9-3 Chalcopyrite
11KF-34D Kafang 1820 adit I-9-3 Pyrrhotite
11KF-34A Kafang 1820 adit I-9-3 Chalcopyrite
11KF-34A Kafang 1820 adit I-9-3 Pyrrhotite
11KF-28H Kafang 1820 adit 15-2-1 Chalcopyrite
11KF-28G Kafang 1820 adit 15-2-1 Chalcopyrite
11KF-28G Kafang 1820 adit 15-2-1 Pyrrhotite
11KF-28F Kafang 1820 adit 15-2-1 Pyrrhotite
11KF-25E Kafang 1820 adit 15-2-1 Chalcopyrite
11KF-25E Kafang 1820 adit 15-2-1 Pyrrhotite
11KF-19G Kafang Qianjin adit Chalcopyrite
11KF-19G Kafang Qianjin adit Pyrrhotite
11KF-19F Kafang Qianjin adit Chalcopyrite
11KF-19F Kafang Qianjin adit Pyrrhotite
11KF-19D Kafang Qianjin adit Chalcopyrite
11KF-19D Kafang Qianjin adit Pyrrhotite
11KF-19B Kafang Qianjin adit Chalcopyrite
11KF-19A Kafang Qianjin adit Chalcopyrite
09KF-6-1 Kafang Qianjin adit Pyrrhotite
09KF-6-2 Kafang Qianjin adit Chalcopyrite
QJK-16CP Kafang Qianjin adit Chalcopyrite
QJK-10CP Kafang Qianjin adit Chalcopyrite
QJK-43CP Kafang Qianjin adit Chalcopyrite
QJK-29CP Kafang Qianjin adit Chalcopyrite
QJK-3CP Kafang Qianjin adit Chalcopyrite
QJK-16PR Kafang Qianjin adit Pyrrhotite
S20 Kafang Qianjin adit Chalcopyrite
S21 Kafang Qianjin adit Chalcopyrite
S31-1 Jinguangpo 1820 adit Pyrrhotite
S31-2 Jinguangpo 1820 adit Pyrrhotite
S33 Jinguangpo 1820 adit Chalcopyrite
S35 Kafang Qianjin adit Chalcopyrite
S38 Kafang Qianjin adit Chalcopyrite
S40 Kafang Qianjin adit Chalcopyrite

Note: SD = standard deviation.
all of the basalts should be enriched in Cu. The Cu contents of KF basalt
range from 370 to 3460 ppm. However, the average Cu contents of QLS
basalt (47 ppm) in the Gejiu district and the Kaiyuan basalt (85 ppm)
are very low. In the Gejiu district, Cu mineralization has only been ob-
served in the KF and LC basalts. The chalcopyrite and pyrrhotite show
an alternating layer structure in hand specimen, and euhedral to
subhedral granular texture under the microscope, which implies that
chalcopyrite and pyrrhotite formed simultaneously. The pyrrhotite
filled the amygdales (Fig. 3b), indicating that sulfide mineralization
occurred later than the eruption of the basalt. Most importantly, no
δ34SV-CDT (‰) SD Reference

1.96 0.04 This study
1.83 0.05 This study
1.70 0.01 This study
1.70 0.00 This study
1.78 0.01 This study
3.34 0.04 This study
3.33 0.01 This study
2.74 0.04 This study
2.62 0.00 This study
2.06 0.01 This study
4.34 0.03 This study
1.61 0.03 This study
1.51 0.06 This study
4.68 0.03 This study
4.59 0.04 This study
4.76 0.00 This study
4.61 0.13 This study
5.11 0.03 This study
4.95 0.10 This study
4.62 0.08 This study
4.74 0.01 This study
4.06 0.00 This study
4.11 0.01 This study
1.5 – Cheng et al. (2012)
1.5 – Cheng et al. (2012)
2.9 – Cheng et al. (2012)
2.6 – Cheng et al. (2012)
2.3 – Cheng et al. (2012)
2.8 – Cheng et al. (2012)
3.3 – Qin and Li (2008)

−1.4 – Qin and Li (2008)
2.6 – Qin and Li (2008)

−1.8 – Qin and Li (2008)
1.3 – Qin and Li (2008)

−0.9 – Qin and Li (2008)
3.1 – Qin and Li (2008)

−0.9 – Qin and Li (2008)
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mineralization age has been reported to support the synchronous oc-
currence of the basalt and the stratiform ore.

Cheng et al. (2012) obtained a Re–Os isochronal age formolybdenite
samples of 84.2 ± 7.3 Ma from the Kafang stratiform Cu ore, which is
interpreted as representing the age of stratiformCuore hosted by basalt.
Zhang et al. (2012b) discovered that phlogopite coexists with chalco-
pyrite and pyrrhotite in the Kafang stratiform Cu ore. The 40Ar–39Ar
plateau age of phlogopite is 79.6 ± 0.5 Ma. Therefore, the Cu miner-
alization (84.2–79.6 Ma) of the basalt was synchronous in the Late
Cretaceous, with the granite emplacement (85.5–83.3 Ma) and
alteration process (85.0–81.9 Ma). These pieces of evidence indicate
that the basalt-hosted stratiform Cu ore is temporally related to the
granite.

6.2. Source of ore-forming material

As shown in Fig. 9, Pb isotope compositions of the stratiform ore are
similar to those of the Gejiu basalts but distinctly different from those of
the granite. These features indicate that the ore-formingmaterial of the
stratiform oremay have originated from the basalt. The unaltered basalt
has an average Cu content ranging from 47 ppm (QLS basalt) to 85 ppm
(Kaiyuan basalt). The average Cu content of granite is 9.84 ppm, which
is much less than the Cu content in the Gejiu basalts. Assuming that the
volume of the Gejiu basalts is 21 × 108 m3 (Cheng, 2012), the mass
density of the basalt is 3.0 t/m3. This is sufficient to provide at least
0.3–0.55 Mt of Cu, which is in accordance with the Cu reserve of the
Kafang deposit (0.4 Mt).

Ores from the Kafang deposit are mainly represented by chalcopy-
rite and pyrrhotite. The lack of sulfate minerals in the ore suggests
that the δ34S value of sulfide can essentially represent the total S isotope
composition of the hydrothermal fluid, i.e., δ34S∑S ≈ δ34S sulfide
(Ohmoto, 1972). Our results and previous results show δ34S values
ranging from −1.8‰ to 5.1‰ for basalt-hosted stratiform Cu ore
(Fig. 10a). The δ34S values of the stratiform ore are compatible with
the range of sulfur (0‰–5‰) in basalt, either directly from an igneous
source or obtained by leaching of sulfur-bearing minerals in igneous
rocks (e.g., Ohmoto, 1986). Furthermore, they are also close to the
range of sulfur in the Gejiu basalt (2.6‰–3.8‰) but significantly differ-
ent from that of granite δ34S values (−3.7‰–0.1‰) and the Gejiu For-
mation δ34S values (7.1‰–11.1‰) (Cheng et al., 2012), as evident
from Fig. 10b. Based on the report by Zhang et al. (2014), the unaltered
basalt has an average S content ranging from 174 ppm (Kaiyuan basalt)
to 229 ppm (QLS basalt). Thus, the Gejiu basalts could provide sulfur for
ore-forming fluid.
Fig. 9. Diagram of Pb isotope compositions of the Gejiu basalts (whose initial isotopic
ratios were corrected to nominal ages of 244 and 84 Ma), Gejiu granite (using data from
unpublished results and corrected to a nominal age of 84 Ma), and the Kafang stratiform
Cu deposit.
Based on the Pb and S isotopic characteristics, we conclude that the
ore-forming materials in the Kafang deposit are directly obtained from
the basalt.

6.3. Petrogenesis of the Gejiu basalts

6.3.1. Alteration-induced K and Mg anomalies
Rubidium (Rb) is an alkali element (Group 1), and similar to other

alkalis, it is generally very soluble inwater and hydrousfluid. As a result,
Rb is readily transported in solution and able tomove into or out of rock
alteration systems (e.g., Rollinson, 1993). The concentration of Rb in
ocean island basalts (OIB) is only 31 ppm (Sun and McDonough,
1989). The concentrations of Rb in the Gejiu basalts are ranked as fol-
lows: QLS basalt (11.8–35.3 ppm) b LC basalt (60.8–784 ppm) b KF
basalt (234–2140 ppm). It is difficult to conceive of a process of mag-
matic evolution responsible for such variation in the Rb concentrations
in the KF and LC basalts. More likely, this variation is the result of
alteration.

As evident in Fig. 11a and b, the Rb concentration (used as an alter-
ation index because of its geochemical character) may provide three in-
dications of the alteration of the Gejiu basalts: (1) The alteration caused
the increased K2O and decreased Na2O concentrations in the Gejiu ba-
salts; (2) the KF, LC, and QLS basalts have undergone extreme, interme-
diate, andweak alteration, respectively; and (3) despite theweathering,
the QLS basalts were closest in composition to the parental magma of
the Gejiu basalts.

There are two possible ways to increase the amount of K in rock:
(1) simultaneous basalt–seawater exchange reactions (e.g., Hart,
1969) or (2) a process of deuteric hydrothermal alteration (e.g., Páez
et al., 2010). If the increased K2O amounts are attributed to simulta-
neous basalt–seawater exchange reactions, the K2O concentrations of
the QLS basalt should be correspondingly high. However, the QLS basalt
has the lowest concentrations of K2O (0.84–2.49 wt.%) among the Gejiu
basalts. Consequently, the first explanation may be ruled out.

Cheng et al. (2012) suggest that all the ore-forming fluids of the en-
tire Kafang deposit were derived from the granite. The hydrothermal
zircon U–Pb age and the phlogopite 40Ar–39Ar plateau age for the KF ba-
salt are consistent with the zircon U–Pb age of the granite, indicating
that the alteration of the KF and LC basalts was temporally related to
the emplacement of the granite. Whole-rock analyses indicate that the
granite is high in K and alkali (Cheng and Mao, 2010), and the fluid
inclusions in quartz and calcite, which represent the Kafang strati-
form Cu ore, show that the average salinities of the inclusions were
from 11.0 to 22.6 wt.% NaCl equiv. (Cheng et al., 2012). Because the
KF and LC basalts are in contact with the granite (Figs. 2 and 3), the
basalt may have undergone intense granite-related hydrothermal al-
teration. Correspondingly, the amounts of K and Rb in the KF and LC
basalts increased dramatically. The QLS basalt is located several hun-
dred meters from the granite, and the Kaiyuan basalt is 50 km away
from the Gejiu district, so these basalts were much less altered than
the KF and LC basalts.

The average concentration ofMgO in the KF and LC basalts (13.3wt.%)
is higher than those of rocks of the same type, such as Emeishan high Ti
basalt (5.21 wt.%, reported by Wang et al., 2007), and some samples
had extraordinarily high levels of MgO (e.g., KF-5 and KF-7). However,
based on the classification and nomenclature of picrites (Le Bas, 2000),
none of the Gejiu basalts can be classified as picrites. This is because the
diagram can be used only if theMgO andNa2O+K2O constituents are es-
sentially primary. The granite is poor in MgO, and thus the Mg was de-
rived from a different source. Triassic dolomite is widespread and
constitutes the country rock around both the basalt and granite, and it is
enriched inMgO (average of 14.8wt.%, unpublished result). It is therefore
possible that, when the hydrothermal fluid passed through the dolomite,
it transported theMg and finallymovedMg into the basalt. Therefore, we
suggest that the Mg in basalt is gained from dolomite by the transporta-
tion of granite-related hydrothermal fluid.



Fig. 10. (a) S isotopic composition histogram of the Kafang stratiform Cu deposit. (b) S isotope distribution of the different units of the Kafang stratiform Cu deposit. The isotopic compo-
sitions of Gejiu Formation carbonates, granite, and basalt followed Cheng et al. (2012).
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During the period 85.5–83.3 Ma, granite intruded into the Gejiu For-
mation, and the KF and LC basalts underwent intense granite-related
hydrothermal alteration, which changed the major element composi-
tions of the KF and LC basalts. Major minerals in basalt such as olivine,
pyroxene, and albite will alter to minerals such as phlogopite and chlo-
rite with reactions (after Lu, 2008) as follows:

3 Mg; Feð Þ2 SiO4½ � olivineð Þ þ 2 Kþ þ 3SiO2 þ Al2O3 þ 3H2O→
2K Mg; Feð Þ3 AlSi3O10½ � OHð Þ2 phlogopiteð Þ þ 2Hþ

;

Ca Mg; Feð ÞSi2O6 pyroxeneð Þ þ 2Kþ þ 5Mg2þ þ 5Fe3þ þ Al2O3 þ 4SiO2 þ HCO3
− þ 7H2O→

2K Mg; Feð Þ3 AlSi3O10½ � OHð Þ2 phlogopiteð Þ þ CaCO3 þ 11Hþ
;

2NaAlSi3O8 Albiteð Þ þ 4 Mg; Feð Þ2þ þ 2 Fe;Alð Þ3þ þ 10H2O→
Mg; Feð Þ4 Fe;Alð Þ2Si2O10 OHð Þ8 chloriteð Þ þ 4SiO2 þ 2Naþ þ 12Hþ

:

These reactions resulted in the formation of minerals rich in K andMg
(such as phlogopite) and thus increased the levels of K2O andMgO in the
basalt.

6.3.2. Tectonic setting and mantle source of the Gejiu basalts
TheKF and LC basalts had undergonepervasive alteration. TheQLS ba-

saltwas subjected to intenseweathering. However, the linear correlations
between La and the other REE and HFSE (Fig. 11c and d), and the
Fig. 11. Variation diagrams of the Gejiu basalts: (a) Rb vs
consistent ratios between these elements, indicate that the HFSE and
REE were relatively immobile during the alteration and weathering pro-
cesses. This is consistent with the previous demonstration that HFSE
and REE are resistant during those processes (Staudigel and Hart, 1983;
Wang et al., 2007). Accordingly, the concentrations of HFSE and REE re-
ported here are assumed to be suitable proxies for evaluating the petro-
genesis of the Gejiu basalts.

Several diagrams may be used for the tectonic discrimination of ba-
saltic lava erupted in themajority of tectonic environments (Meschede,
1986; Pearce and Cann, 1973; Wood, 1980). The Nb–Zr–Y (Fig. 12a),
Ti–Zr–Y (Fig. 12b), and Hf–Th–Ta (Fig. 12c) diagrams all imply that
the Gejiu basalts are intraplate basalts (OIB and continental flood
basalts). This intraplate environment was also supported by the paleo-
geographic reconstructions of Metcalfe (2006).

The Gejiu basalts are situated within the Emeishan Large Igneous
Province (ELIP) district and are present in the Gejiu Formation. They ex-
hibit LREE-enriched patterns (Fig. 8) andOIB-like incompatible element
ratios (Fig. 13). The QLS basalt has Sr–Nd isotope ratios similar to those
of the Emeishan flood basalt (Fig. 13c) and all of the Gejiu basalts in the
Emeishan high-Ti basalt district as evident from Fig. 13d. Zhang et al.
(2014) found that the palladium-group PGE (Rh, Pd, Pt) contents of basalt
K2O, (b) Rb vs Na2O, (c) Nb vs La, and (d) Nb vs Th.



Fig. 12. Tectonic setting discrimination diagrams for the Gejiu basalts: (a) Nb–Zr–Y diagram (Meschede, 1986), (b) Ti–Zr–Y diagram (Pearce and Cann, 1973), and (c) Hf–Th–Ta diagram
(Wood, 1980).
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aremarkedly depleted comparedwith the Emeishan high Ti basalt, which
is caused by the early extraction of PPGE during the eruption of the
Emeishan basalt. Because of its younger eruption age (244.4 Ma) com-
pared with that of the Emeishan plume main event (260–257 Ma), the
Gejiu basalts may represent a volcanic series involving remelting of the
Emeishan plume head owing to the post-Emeishan large igneous prov-
ince stress relaxation of the Yangtze craton after the main Emeishan
plume event.

6.4. A possible genetic model

VMSdeposits are accumulations of sulfideminerals that precipitated
at or near the seafloor in spatial, temporal, and genetic association with
contemporaneous volcanism (Franklin et al., 1981; Barrie and
Hannington, 1999; Large et al., 2001). VMS deposits consist of a
Fig. 13. (a) Zr/Y–Nb/Y diagram (Condie, 2003) showingmantle compositional components and
(F) and subduction (SUB). (b) Nb/U vsNb (ppm) plot. OIB values are fromHofmann et al. (1986
afterWang et al., 2007). Thenumbers indicate thepercentages of participation of the crustalmat
low-Ti basalts based on Shellnutt and Jahn (2011).
concordant massive sulfide lens and discordant vein-type sulfide
mineralization located in the footwall rocks. VMS deposits are asso-
ciated with bimodal basalt–rhyolite magmatism (e.g., Wyman,
2000; Hart et al., 2004). Petrochemically, the basalt is similar to oce-
anic and continental arc basalt. For example, Swinden (1991), using
petrochemistry of the Ordovician mafic volcanic rocks in Newfound-
land, demonstrated the propensity for VMS deposits to form in
proto-arc and rifted-arc terranes. The tectonics of VMS deposits are
related either to ocean–ocean subduction, which represents an evo-
lution from nascent arc rifting to mature back-arc development, or to
ocean–continent margin to continental back-arc environments. The
dominant ore-forming fluid is modified seawater, which carries the
metals and sulfur. Most importantly, the VMS deposits are synchronous
with the basalt and its hydrothermal system (Franklin et al., 2005, and
the references within).
fields for basalts from various tectonic settings. Arrows indicate the effects of batchmelting
). (c) εNd(t) (t=244Ma) values vs initial 87Sr/86Sr diagram for the Gejiu basalts (modified
erials. (d) Ti/Y vs TiO2 plot used for the subdivision of the Emeishan basalts into high-Ti and
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The Kafang stratiform Cu deposit differs markedly from the VMS-
type deposits in several important respects. The Kafang deposit does
not develop vein-type ore bodies. The volcanism has OIB characteristics.
The tectonic setting of the basalt is within the plate. The dominant fluid
in the Kafang deposit is magmatic, and themetals and sulfur are derived
from the basalt. The formation of the basalt is temporally inconsistent
with the Cu mineralization and hydrothermal alteration. More impor-
tantly, Cheng et al. (2012, 2013) reported the precise granite emplace-
ment age and the Cu–Sn mineralization age, discovering that they
were largely synchronous. They also found evidence that the ore-
forming fluid derived from the granitic magma and that the fluid inter-
action with the Triassic basalt caused the Cu ore to form in the basalt.

A possible genetic model for the Kafang stratiform Cu deposit is
hereby proposed: The Gejiu basalts were erupted 244.4 Ma as a post-
magmatism event of the Emeishan plume, with no mineralization occur-
ring synchronously with the eruption. Thereafter, during 85.5–83.3 Ma,
the granite had intruded into the KF and LC basalts and the Gejiu Forma-
tion. The granite had evolved aK-richhydrothermalfluid. This K-richfluid
first interacted with the dolomite, gaining Mg, and then interacted with
the basalt, leaching Cu and S from the basalt and changing the minerals
and the compositions (increasing K2O and MgO contents) of the basalts.
As this fluid cooled, the chalcopyrite and pyrrhotite precipitated, and
the stratiform Cu ore formed within the altered basalt at 84.2–79.6 Ma.

7. Conclusions

The important conclusions from this study are as follows:

1. The eruption age of the Gejiu basalts is 244.4 Ma. However, the hy-
drothermal alteration (85.5–81.9 Ma) and the Cu mineralization
(84.2–79.6 Ma) of the basalts are temporally related to the Creta-
ceous granite (85.5–83.3 Ma).

2. Based on Pb and S isotopic composition studies, theGejiu basalts pro-
vide ore-forming materials to the Kafang stratiform Cu deposit.

3. The high amounts of K and Mg in the Gejiu basalts can be attributed
to hydrothermal alteration, with the granite being the source of K
and the wall-rock dolomite being the source of Mg.

4. The Gejiu basalts differ from the basalts that host typical VMS
deposits, and the Kafang stratiform Cu deposit was formed by Creta-
ceous granite-related hydrothermal processes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2015.03.011.
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