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Ore deposition took place in the Yangtze Valley episodically during the Jurassic and
Cretaceous periods, generating approximately 200 polymetallic Cu—Fe—Au, Mo, Zn,
Pb, and Ag deposits. We analysed the stable isotopes of sulphur, oxygen, and hydrogen
from the Cu—Au deposits and correlated our new data with published stable isotope
for associated Yanshanian (Mesozoic) igneous rocks. The latter bears a close relation-
ship to Cu—Au mineralization in the area. Cu—Au deposits in the middle—lower Yangtze
Valley can be divided into three types: skarn, porphyry, and volcanic. The S—O-H iso-
topic values allow constraints to be placed on the conditions of origin of these famous
Cu—Au ores and their related igneous rocks.

Sulphur from the sulphide ores mostly was derived from a magmatic source; how-
ever, a few deposits reflect a sedimentary source of sulphur. Oxygen isotope values
in quartz from the Shaxi porphyry Cu—Au deposit and from the Tongling skarn Cu—Au
deposits range from 2.6%o to 12.5%o and from —1.3%o to 24.5%o, respectively; these val-
ues represent larger variations compared with those from other Cu—Au deposits in this
metallogenic belt. Hydrogen versus oxygen isotope plots of the Cu—Au ore-forming flu-
ids demonstrate that the fluids came from different sources: the most important involved
the mixing of magmatic and meteoric water; the second most important was strictly
magmatic water; and the third most important may have been a mixture of formation
water or meteoric water that had reacted with carbonate wall rocks.

Keywords: porphyry Cu—Au deposits; stable isotope geochemistry; sulphur; hydrogen;
oxygen isotopes; middle—lower Yangtze metallogenic province

Introduction

The Yangtze Valley is one of China’s most important metallogenic provinces. Fe—Cu ore
deposition in the eastern Yangtze Craton of central to eastern China was controlled by faults
and aulacogens during the early Yanshan Epoch of the Jurassic period (Chang et al. 1991,
Zhai et al. 1996). The associated igneous rocks can be grouped into two series according to
their relationship to the metallogenesis: the Fe-related group and the Cu-related group. In
this article, we mainly study the relationship between the igneous rocks of the Cu-related
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mineralization. Ore deposition was controlled by the dominant WNW and E-W deep faults
that characterize the whole region.

The study area is located along the northern margin of the Yangtze platform and in the
southeastern part of the Sino-Korean platform (Ren et al. 1980). The Yangtze River, which
developed along deep fracture zones, is about 450 km long, extending from SE Hubei
eastward to Zhenjiang. The area along the middle and lower reaches of the Yangtze River
is commonly referred to as the lower Yangtze region. Mesozoic igneous rocks in this region
are closely associated with important copper, iron, gold, and sulphur ore deposits (Chang
et al. 1991), and this region is one of the richest copper production areas in China. The
lower part of the Yangtze Valley, from Wuhan in Hubei Province in the W to Zhenjiang in
Jiangsu Province in the E, contains more than 200 polymetallic (Cu, Fe, Au, Mo, Zn, Pb,
and Ag) deposits.

In this study, we have focused on several intrusive bodies situated along the lower
part of the Yangtze Valley related to Cu—Au mineralization: the Shaxi diorite porphyry,
the Anqing diorite, the Tongling granite, and the Chuxian granite. We also studied the
Luzong volcanic basin to compare such extrusive rocks with the intrusives because the
source magmas seem to have a close relationship with the Cu—Au mineralization.

Geological setting

The dominant W-NW and E-W lithospheric faults control the distributions of Cu (£Au
or Mo) mineralization. Igneous rocks of the region have been intensely studied throughout
the past century. As early as the 1920s, Chinese geologists recognized that granitoids from
the lower Yangtze region were different from those of the Nanling region in southeastern
China.

Figure 1 is the regional sketch of a geological—tectonical map, showing the distributions
of the granitoids related to Cu—Au mineralization. Altogether five localities of granitoid
rocks associated with Cu—Au mineralization are recognized: the Shaxi porphyry intrusive
and the Huangtun diorite intrusive related to porphyry Cu—Au deposits; the Anqing diorite
intrusive related to massive hydrothermal and skarn Cu—Au deposits; and both the Tongling
granitic intrusive and the Chuxian diorite intrusive heavily related to the skarn Cu—Au
deposit. In addition, we also studied for comparison the igneous rocks in the Luzong vol-
canic basin located in between these Cu—Au deposits, because this volcanic basin belongs
to the Jurassic to Cretaceous periods (Ren et al. 1991), in which many relatively small-
scale hydrothermal Cu—Au deposits are distributed. The main igneous rocks are Cu-related
intrusives that form several types of Cu deposits, but in most of them Au is associated with
Cu mineralization.

Comparing with these Cu—Au deposits along the lower parts of the Yangtze
Metallogenic Valley, we first summarize the detailed information on geology, tectonical
background, some geochemical features, and the mineralization (Table 1).

The five Cu—Au deposits distributed in the lower part of the Yangtze Metallogenic
region in East China have some common characteristics: the age of the intrusive or volcanic
activities in the middle to late Mesozoic period, ranging from 80 Ma to 170 Ma. Except for
the volcanic thermal-type Cu—Au deposits in the Luzong volcanic basin (Ren ef al. 1991;
Yang 1996), the Cu—Au deposits are related to the granitoid intrusives, some of which have
high potassic contents (Chang ef al. 1991; Yang 1996). The geological setting of the study
areas includes the tectonical depression of the SE margin of the Dabie orogenic belt along
the edge of the Tanlu fault zone.
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Figure 1. Distributions of famous metallic deposits and their forming ages along the middle—lower
Yangtze Metallogenic Belt (MLYMB), based on the collection maps from Chang et al. (1991), Zhai
et al. (1992), and Pan and Dong (1999); isotopic ages are based on Mao et al. (2006).

Note: Dexing porphyry Cu—Au deposit is not shown in the main map. It belongs to the MLYMB,
shown in the box map; Yulong and Duobaoshan porphyry Cu—Au deposits are not distributed along
the MLYMB, but they are two other famous porphyry Cu—Au deposits in China; their localities are
also shown in the box map.

Petrography and petrochemistry
Petrography

There are several kinds of intrusive rocks associated with the porphyry and skarn Cu-—
Au in the Yangtze Metallogenic Valley. These intrusives comprise quartz diorite porphyry,
biotite-quartz diorite porphyry, and fine- to medium-grained diorite porphyry, which have
a subhedral seriate texture. These rocks contain phenocrysts of plagioclase and alkali-
feldspar. The size of the plagioclase and feldspar crystals ranges from matrix dimensions
up to 83 mm and 5—1.5 mm, respectively. Some feldspars were severely altered to sericite,
chlorite, and kaolinite in the alteration zones. The diorite is composed of amphibole, micro-
cline, biotite, quartz, muscovite, pyrite, magnetite, apatite, sphene, and rare rutile. Some
quartz has undulatory extinction and is of several generations; most of them contain inclu-
sions of other minerals and needles of some metallic minerals, of which most are magnetite
and pyrite. The microcline occurs as subhedral crystals with cross-hatch twinning, showing
the characteristics of microperthitic intergrowth with some plagioclase. The subhedral pla-
gioclase in the diorite porphyry usually occurs as polysynthetically twinned crystals, which
have the composition of oligoclase to andesine (mostly Anys—Anys) and some plagioclase
is oligoclase-albite (Ans—Any) because of its thermal alteration (Chang ef al.1991; Yang
1996). The amphibole crystals usually occur as subhedral with sizes usually ranging from
1.3 mm to 0.1 mm, up to 10 mm. In some diorite porphyry, amphiboles can make up
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as much as 15% of the total mineral volume. Some amphibole is replaced by chlorite alter-
ation at the edges where general muscovite and quartz formed. The muscovite and biotite
are all subhedral; however, biotite is more abundant than muscovite in the diorite porphyry.
Figure 2 shows the petrological characteristics of the intrusives from the Shaxi, Anqing,
Tongling, Chuxian, and Luzong areas, from which some information can be obtained about
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the different types of Cu—Au mineralization in the lower part of the Yangtze Metallogenic
Belt.

Figure 3 shows the petrological characteristics observed in several Cu—Au ore deposits,
where some relationships can be determined regarding the different mineralization periods
of ore minerals in different types of Cu—Au mineralization in the area.

Petrochemistry

Late Mesozoic igneous rocks with Cu—Au mineralization form regional outcroppings in
the lower Yangtze region. They intrude into Neoproterozoic low-grade metamorphic rocks
or Palaeozoic to Triassic sedimentary strata. Several rock types are identified: in Figure
4, the K, O versus SiO; identifies shoshonites, which are mostly distributed in the Luzong
meso-volcanic rocks, some of which lie in the Tongling region with skarn Cu—Au mineral-
ization. The K-enriched rock association in the other ore deposits contains both shoshonite
series and ultra-potassic rocks identified by high values of Na,O + K,O (8.1-12.0%),
high K,O values (4.1-8.5%), and with K,O/Na,O ratios of 0.8-1.4. They also outcrop
to the N of the Yangtze River and along the Yangtze River (Anhui 1987; Wang and Yang
1996; Xing and Xu 1999). They are plotted in basaltic trachyandesite, trachyandesite, and
syenite fields in composition. However, the Shaxi porphyry Cu—Au deposit shows charac-
teristics of calc-alkaline series magmatism. The rocks in the Anqing and Tongling areas
belong to the high-potassic calc-alkaline series. The rock series with Na-enriched alka-
line mafic association in the region show low values of SiO, (46—56%), high alkali values
of K,0 (5.0-7.1%), and high values of Na,O/K,O ratio (1.4—4.3) (Yang 1996; Xing and
Xu 1999; Chen et al. 2001). These rocks occur along the Yangtze River near the cities
of Nanjing, Wuhu, and Tongling with one outcrop close to the Tancheng—Lujiang fault.
The associations of high-potassic calc-alkaline series or calc-alkaline series occurring in
the area N of the Yangtze River consist of monzonite and granite stocks. Diorite, quartz
diorite, and granodiorite stocks are distributed along the Yangtze River. These rocks are
closely associated with the important copper, iron, sulphur, and gold ore deposits (Chang
et al. 1991). Intrusions distributed in the region S of the Yangtze River include granites and
granodiorites, occurring as batholith and stocks. They are sulphur-type granites in terms of

d
<

Figure 2. Microscopic images of petrologic observations made of granitoids related to Cu—Au min-
eralization along the lower part of the Yangtze Metallogenic Valley. (A) Zoning texture of plagioclase
of granite in the Tongling intrusive related to the skarn Cu—Au deposit. (B) The potassic feldspar,
plagioclase, quartz, and biotite are made up of the main mineral components of the granite in the
Chuxian intrusive related to the skarn Cu—Au deposit. (C) The idiomorph crystal grain of potas-
sic feldspar in the Tongling intrusive. (D) Zoning texture of plagioclase of granite in the Anqing
intrusive related to the skarn—hydrothermal Cu—Au deposit. (E) The heavy alteration of sericitization
and argillation in porphyrite from the Shaxi intrusive related to the porphyry Cu—Au deposit. (F)
The heavy sericitization alteration of porphyrite in the Luzong volcanic rocks related to hydrother-
mal Cu—Au deposit. (G) Amphibole replaced with plagioclase around heavy sericitization altered
Luzong’s volcanic rocks. (H) The heavy alteration of sericitization and chloritization in porphyrite
from the Shaxi intrusive.

Note: All the images are taken with a Laca microscope under polarized light conditions. The scale
bar for each of the images is 0.20 mm. Abbreviations in the images: Am, amphibole; Bi, biotite;
Chl, chlorite and chloritization; Kf, potassic feldspar; Mi, microcline; Pl, plagioclase; Py, pyrite; Q,
quartz; Ser, sericite and sericitization.
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chemical composition and mineralogy (Chen et al. 1993). Some molybdenum ore deposits
are associated with this group of intrusions (Chang et al. 1991).
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Isotopic geochemistry
Sulphur isotope

To determine the isotopic variations of the ores, we systematically collected samples from
the different ore bodies. We separated the minerals by handpicking and by standard heavy
liquid and magnetic separator techniques. We broke down the samples into less than 120
meshes to obtain purified pyrite and chalcopyrite. Sulphur isotope data measured in this
deposit and those of typical Cu deposits in China are summarized in Table S1 (see online
supplementary data available at http://www.informaworld.com/tigr). Some measurements
were performed at the Institute of Coal Science, Xi’an, China, using standard techniques.
The reappearance of the data is good and the accuracy is below 0.5%o. All the results are
expressed relative to the CDT standard.

The sulphur isotopic ratios in the Shaxi—Changpushan porphyry Cu—Au deposit range
from —0.3%o to 3.0%o0 in 8”'S values; it can be calculated that the total 8”*S value is nearly
1.1%o with the paragenesis of sulphides (Pickney 1972). The very narrow variation in 5"S
values is similar to those of the larger or superlarge porphyry Cu deposits such as those
porphyry Cu—Au deposits in Dexing, Yulong, and Duobaoshan in China (Rui et al. 1984).
The result shows the very homogeneous resources of sulphur and ore solution during min-
eralization, demonstrating that the mineralization mechanism in the Shaxi—Changpushan
porphyry Cu—Au deposit is similar to those large or superlarge porphyry Cu deposits in
China. However, the sulphur isotope composition in the adjacent areas such as the Tongling
skarn Cu—Au deposit, the Luzong volcanic basin, and the Anqing deposit shows a larger
difference, ranging from —29.6%o to 15.3%0, —11.2%0 to 18.8%o, and —11.1%o to 15.2%o,
respectively.

The regional variations of sulphur isotope compositions from some Cu—Au deposits in
China are shown in Figure 5. It can be seen that the sulphur isotope values from sulphides
are very homogeneous in the Shaxi porphyry Cu—Au deposit, the Duobaoshan porphyry Cu
deposit, the Yulong porphyry Cu deposit, and the Dexing porphyry Cu deposit; whereas
in the Tongling skarn Cu—Au deposit, the Luzong volcanic area, and the Wushan skarn
Cu—Au deposit, the sulphur isotope values are very heterogeneous. The narrow sulphur
isotope values in these Cu—Au deposits may indicate that sulphides have a relatively homo-
geneous source in contrast to those deposits with an inhomogeneous source of sulphides.

<
<

Figure 3. Microscopic petrological images of ore minerals and rocks in the Shaxi porphyry Cu—
Au deposit, the Luzong volcanic Cu—Au deposit, and the Tongling skarn type of Cu—Au deposit.
(A) In the massive copper mineralization in the quartz vein, most of the copper-bearing mineral is
chalcopyrite, and the lesser amount is bornite (Yueshan massive Cu—Au deposit). (B) Most of the
copper-bearing mineral is chalcopyrite surrounded by tiny grained molybdenite (Yueshan massive
Cu—Au deposit). (C) Pyrite in the quartz vein of the Luzong volcanic thermal Cu—Au deposit. (D)
Marcasite formation accompanied with sericitization in the Luzong volcanic thermal Cu—Au deposit,
where two periods of marcasite (Marl and Mar2) can be clearly identified. (E) Chalcopyrite and
bornite appear in the Tongling skarn Cu—Au deposit, chalcopyrite is the main copper mineral, and
bornite is a minor phase. (F) Chalcopyrite and pyrite appear in the Tongling skarn Cu—Au deposit and
chalcopyrite is the main copper mineral. (G) Chalcopyrite and bornite appear in the Shaxi porphyry
Cu—Au deposit. Chalcopyrite is the main copper mineral, whereas bornite occurs in minor amount.
(H) Chalcopyrite, bornite, and molybdenite occur in the Shaxi porphyry Cu—Au deposit. Chalcopyrite
is the main copper mineral, whereas bornite occurs in minor amount.

Note: Abbreviations for the images: Cp, chalcopyrite; Py, pyrite; Bor, bornite; Mol, molybdenite;
Mar, marcasite; Qtz, quartz; Ser, sericite. The scale bar for each image is 0.20 mm.
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Figure 4. SiO, versus Al,O3, K,0, and Na,O/K,0 diagrams (after Rickwood 1989; Rollinson
1993), which show variations of the different igneous rock associations concerning the Cu—Au min-
eralization in Anhui Province (data after Chang et al. 1991; Ren et al. 1991; Xing and Xu 1995; Xing
and Xu 1996; Xing 1998; Xing and Xu 1999; Yang et al. 2006).

The sulphur isotopes in these deposits show a large range distribution according to their
different sources of ore-forming processes during the formation of these different types of
Cu—Au deposits. This can be explained by the different Cu—Au mineralizations caused by
different geological processes and fluid interaction.
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Figure 5. Histogram diagram showing the regional variations of sulphur isotope compositions of
sulphides in Cu—Au deposits in China.

Oxygen and hydrogen isotopes

Oxygen and hydrogen isotopic data from some typical Cu deposit in China are summa-
rized in Table S2 (see online supplementary data). Figure 6 plots the range of oxygen
isotope values for some Cu—Au deposits. It can be seen that the largest variations in quartz
are in the Shaxi porphyry Cu—Au deposit and the Tongling skarn Cu—Au deposits with
ranges from —1.3%o to 24.5%o. Variations in quartz in the Anqing massive hydrothermal
Cu—Au deposit and the Yulong porphyry Cu deposit in Tibet have narrow values ranging
from 6.7%o to 13.8%o and from 7.3%o to 10.3%o, respectively. However, the oxygen isotope
values vary in fluids in equilibrium with quartz and other monominerals: around —4.7%o to
5.5%o variations in the Shaxi porphyry Cu—Au deposit; 2.1-8.9%o variations in the Anqing
massive hydrothermal Cu—Au deposit; around —2.6%o to 8.0%o variations in the Dexing
porphyry Cu deposit; —6.9%o to 8.3%o variations in the Yulong porphyry Cu deposit; and
1.3-10.7%o variations in the Tongling skarn Cu—Au deposits. These characteristics may
reflect the different fluid histories during the formation of each deposit.

According to the hydrogen isotopic data from fluid inclusion and oxygen isotopic
data from quartz and other monominerals in this study and other studied results (e.g. Riu
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Figure 6. Histogram diagram showing the regional variation of oxygen isotope compositions in the
Cu—Au deposits in the lower Yangtze region in China.

et al. 1984; Chang ef al. 1991; Ren et al. 1991), §D and §" O values of ore-forming flu-
ids range from —59.9%o to —82.4%0 and from 3.5%o to 5.5%o in the Shaxi—Changpushan
porphyry Cu—Au deposits, respectively; from —46.1%o to —127.3%0 and from —3.4%o to
10.0%o in the Dexing porphyry Cu deposit, respectively; and from —94.0%o to —102.1%o
and from —6.9%o to 5.5%o in the Yulong and Malasongduo porphyry Cu deposits in Tibet,
respectively. This indicates that the ore-forming fluids in these different porphyry Cu—Au
deposits have different evolutionary histories with large variations in oxygen and hydrogen
isotopic compositions. In other kinds of Cu—Au deposits along the middle and lower parts
of the Yangtze region, such as the Tongling, Anqing, Luzong, and Wushan regions, the §D
and §'%0 values of ore-forming fluids range from —53%o to —191%o and from 0.2%o to
11.8%o, respectively; from —62%o to —78%o and from 2.1%o to 8.9%o, respectively; from
—66%0 to —111%o and from —5.6%o to 11.2%o, respectively; and from —51.6%o to —84.4%o
and from —3.5%o to 9.6%o, respectively. The ore-forming fluids for these different types of
Cu—Au deposits have even larger variations of oxygen and hydrogen isotopic compositions
compared with those of the porphyry Cu—Au deposits along the middle—lower parts of the
Yangtze region.
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Figure 7 shows 8D versus 8 "0 of the ore fluids from different Cu—Au deposits, from
which it can be seen that most of the data from the Wushan Cu—Au deposit show the
mixtures of magmatic water and meteoric water: one sample near the box of origin of
magmatic water and one sample within the box of origin of magmatic water. In the Shaxi
Cu—Au deposit, four data sets show the mixture of magmatic water and meteoric water.
Two samples are plotted in the box of origin of magmatic water, and three samples are
near the edge of the box of magmatic water; however, there are several samples plotted
far outside the box of magmatic water, which cannot be interpreted as simply a mixture
of magmatic water and meteoric water. In the Luzong volcanic thermal Cu—Au deposit,
two samples belong to a mixture of magmatic water and meteoric water and one sample is
outside the box of magmatic water. In the Tongling skarn Cu—Au deposit, most of the plots
are located within the box of magmatic water but some samples are outside the box, which
could be interpreted as a participation of formation water or meteoric water that reacted
with carbonate wall rock during the Cu—Au mineralization.

Summary

(1) Cu—Au mineralization in the middle—lower Yangtze Valley consists mainly of three
types: skarn, porphyry, and volcanic/thermal mineralization. The sulphur isotope
study shows that the major source of sulphur in the sulphides was magmatic in
origin, whereas some was derived from a sedimentary source.

(2) Oxygen isotope values for quartz in the Shaxi porphyry Cu—Au deposit and the
Tongling skarn Cu—Au deposit — ranging from 2.6%o to 12.5%o and from —1.3%o to
24.5%o, respectively — exhibit wide variations compared with other Chinese Cu—Au
deposits.

(3) Sulphur isotope data indicate a very homogeneous source of sulphur and ore
solutions during most porphyry Cu—Au mineralization, although relatively large,
heterogeneous variations of sulphur and ore solutions were present during skarn
Cu—Au mineralization.
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Figure 7. Hydrogen versus oxygen isotope diagram of the ore fluids in Cu—Au deposits in China.

(fluid)




Downloaded by [Universidad Del Norte] at 00:04 19 October 2015

754 X.-Y. Yang and I. Lee

(4) Based on the hydrogen and oxygen isotopic data, we infer that the ore-forming
fluids had different origins. The most important involved mixtures of magmatic
water and meteoric water (such as in the Wushan, Shaxi, and Luzong regions);
the second most important was a strictly magmatic water source (also as in the
Waushan, Shaxi, and Luzong regions); and the third most important probably was
from a mixture of formation water and meteoric water that reacted with carbonate
wall rocks (such as in the Tongling, Shaxi, and Luzong regions).
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