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Preface

In June 1965, a small group of European economic geologists gathered in Heidelberg,
Germany, at the invitation of Professor G. C. Amstutz and decided to establish the
Society for Geology Applied to Mineral Deposits (SGA) and to start a journal to be
called Mineralium Deposita. The first issue of the journal came out in May 1966, and
has now matured to a leading journal in economic geology The first Biennial SGA
Meeting was held successfully in Nancy, France, in 1991, with subsequent meetings
in Grenada (Spain; 1993), Prague (Czech Republic; 1995), Turku (Finland; 1997), London
(United Kingdom; 1999), Krakov (Poland; 2001) and Athens (Greece; 2003). In 2002,
the SGA Council decided that its 8" Biennial Meeting in 2005 should be held in
Beijing, China, making this the first Biennial Meeting to be convened outside Eu-
rope. Significantly, 2005 also marks the 40 anniversary of the SGA. The decision to
host this year’s premier meeting in Beijing reflects the Society’s successful transition
from its traditional European focus to a truly global organization, with 24% of SGA
members situated in North America, 13% in Australia and Oceania, and 5% in Asia.

Over the last 27 years China has made dramatic progress towards political and
economic reform, and opening the nation to the outside world. China’s rapid eco-
nomic development demands increasing amounts of minerals, fuels and materials,
and this is currently a major driver for the global economic markets. Specifically,
new policies that encourage prospecting and exploration for mineral resources in
western China, are attracting both domestic and international mining corporations.
This 8" SGA Biennial Meeting in Beijing provides outstanding opportunities for rep-
resentatives from academia, government organizations and the industry from around
the world to come together and exchange ideas, foster collaboration, and establish
long-term linkages between China and the global geosciences community.

Three major tectonic metallogenic belts extend, converge and are superimposed
in China, namely the Paleozoic Ancient Asia (or Altaides), the Mesozoic to Recent
circum-Pacific belt, and the Mesozoic/Cenozoic Tethys. Because of this protracted
tectonic evolution, the geological phenomena are complex and diverse. Some Pre-
cambrian mineral deposits occur in China, but the most significant deposits in the
country, with the highest concentration of metallic elements occur within the Meso-
zoic extensional regime of East China, within the Cenozoic post-collision regime in
Tibet and adjourning areas, and within the Paleozoic subduction - collision - post-
collision regime in Xinjiang and Inner Mongolia.

The long mining history in China is reflected by the cover of this volume which
shows a picture of mining potash salt in ca. 1,200 year old incorporated in a book of
“Tian-Gong-Kai-Wu” published in Ming Dynasty (368 years old), and the old Chi-
nese character of “ore”, and the old Chinese character of “ore”. Mining has histori-
cally played a significant role in the development of both China and many of its
neighboring countries. With this in mind, we have arranged 14 sessions focusing on
a diversity of relevant topics that include 1) tectonics, lithospheric, and mantle con-
trols on global metallogenic provinces and giant ore deposits; 2) basin evolution:
base and precious metal mineralization in sediments; 3) uranium deposits: metallogeny
and exploration; 4) magmas and base-metal ore deposits; 5) epigenetic gold systems;
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6) submarine ore systems and ancient analogues: global comparisons of VMS (spon-
sored by IGCP-502); 7) understanding ore systems through precise geochemistry,
isotope tracing and microgeochemistry; 8) general economic geology; 9) Mesozoic
to recent geodynamic and metallogeny of eastern Asia; 10) metallogeny of the Tethys-
Himalayan orogen; 11) geodynamics and metallogeny of the Altaid orogen (spon-
sored by both IAGOD and IGCP-473); 12) metallogeny of the Au-Ag-Se-Te mineral-
ized systems (sponsored by both IAGOD and IGCP-486); 13) conceptual targeting of
mineral deposits; and 14) exploration, discovery, and mine developments in China
(sponsored by SEG). Four short courses and workshops will be held prior to the
meeting, i.e.1) “geochemical mapping - regional national and global”; 2) “metallogeny:
current theory and exploration models”; 3) “gold deposits: new development and
exploration” (sponsored by SEG), and 4) “metallogeny of intrusion-related gold de-
posits in China and adjacent countries”. Another short course on magmatic sulfide
deposits (“geology, geochemistry and exploration” will be offered following the meet-
ing. Moreover, a total of 15 pre- and post-meeting field excursions have been orga-
nized. These field trips will provide the participants with unique opportunities to
visit metallogenic provinces and important deposits in China, Mongolia, Japan, New
Zealand, and Iran.

The response to our invitation to meet in Beijing has been exceptional, with over
450 extended abstracts submitted by authors from 39 countries. Following review
and editing of all submissions by ourselves and a panel of dedicated reviewers (cf.
complete list of reviewers), 400 revised submissions were accepted and are included
in this volume. These papers present a diverse and comprehensive snapshot of glo-
bal mineral resources research and exploration at the beginning of the 21° century.

On behalf of the Organizing Committee, we wish to express our sincere gratitude
for the joint sponsorship of the following organizations: China University of Geo-
sciences (Beijing); Institute of Mineral Resources, Chinese Academy of Geological
Sciences; National Natural Science Foundation of China; China Society of Geology;
Society of Economic Geologists (SEG); International Association on the Genesis of
Ore Deposits (IAGOD); Institute of Geology and Geophysics, Chinese Academy of
Sciences; Institute of Geochemistry, Chinese Academy of Sciences; and State Key Lab
for Mineral Deposit Research, Nanjing University. More than sixty students from
around the world and ten professionals from developing countries have received
financial grants to assist their participation in the meeting. This was made possible
by generous financial donations from 17 mining and exploration companies (Anglo
American; Anglogold Ashanti China; BHP Billiton Word Exploration; De Beers; Gold-
fields Australia; Ivanhoe Mines; Newmont Mining; Oxiana Resources; Placer Dome
Exploration; Rio Tinto London; Sino-0z; Sino Gold; Silvercorp Metals Inc; SRK Con-
sulting; Teck Cominco; Garrison International) and the Specialist Group in Economic
Geology of the Geological Society of Australia.

We are extremely grateful to all co-convenors involved in organizing the scientific
sessions and for their editing of numerous papers with patience, tolerance and dedi-
cation. We also wish to thank the Organizing Committee for their enthusiasm and
hard work that made this meeting possible and ensured its international recogni-
tion. We are confident this conference will be a milestone in the 40 anniversary year
of our SGA and extend a warm welcome to all participants of the 8 Biennial SGA
Meeting.

Beijing, August 2005
Jingwen Mao, Frank Bierlein
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Session 1

Tectonics, lithospheric, and deep
mantle controls on global metallogenic
provinces and giant ore deposits



Chapter 1-1

Global tectonic settings and deep mantle control on

Hg and Au-Hg deposits

A.S. Borisenko, A.A. Obolenskiy, E.A. Naumov

Institute of Geology, Siberian Branch of Russian Academy of Sciences, 630090 pr. Koptyuga 3, Novosibirsk, Russia

Abstract. Three main geodynamic environments are favorable for
the developmemnt of ore-forming systems of Hg and Au-Hg de-
posits: Intracontinental rifts and aulacogens at the ancient cratons,
intraplate rifting in the orogenic belts of different ages, and active
continental margins of the continents. The isotope-geochemical
characteristics of ore-forming systems of Hg and Au-Hg deposits,
changes in 3He/*Hg ratio, and paragenetic relationship between
subcrustal basite and alkaline basite magmatism suggest that
mantle plumes played a significant role in their formation.

Keywords. Mercury, gold-mercury deposits, geodynamic settings,
mantle plumes, helium isotopes, Ar/Ar dating

1 Introduction

Analysis of the siting of Hg and Au-Hg deposits indicates
their joint deposition sites in the well- known metallogenic
belts: Pacific-Ocean, Mediterranean, and Central Asia
(Obolenskiy and Naumov 2003). The most ancient Pre-
cambrian Au-Hg deposits only of Canada, South America
and Australia, which are localized in the separate ore dis-
tricts and controlled by rifting structures of the ancient
cratons, occur beyond the limits of the belts. Different
geodynamic environments are typical for the Hg and Au-
Hg deposits localized within the limits of recognized global
metallogenic belts.

Table 1: Ages of Hg and Au-Hg mineralization

2 Global metallogenic belts

The well-known Almaden ore district in the rift struc-
tures of the ancient Iberian plate, and the Donetsk basin
ore province in the Dnepr-Donetsk aulacogen in the flank
of the ancient Ukraine shield, occupy separate positions
in the Mediterranean belt, where Mesozoic and Cenozoic
Hg and Au-Hg deposits are related to the post Jurassic
subduction zones and overlying continental volcanic belts
(Bailey et al. 1973; Tanelli et al. 1991). Mercury deposits
of the Almaden district are the Silurian-Devonian in age,
while mercury deposits of the Donetsk basin are of Per-
mian-Triassic age.

Mercury and Au-Hg deposits of the Central Asian belt,
localized in Early Paleozoic and Hercinian orogenic belts,
are related to various metallogenic epochs (Table 1). The
four main periods of Hg and Au-Hg deposits are distin-
guished in the Altai-Sayan orogenic region using Ar-Ar
dating: Early Paleozoic, Middle Paleozoic, Early Meso-
zoic and Late Mesozoic. Industrial Hg and Au-Hg de-
posits of the Altai-Sayan and Tien-Shan ore provinces
are related to the most productive Early Mesozoic pe-
riod. Geodynamic environment of formation of these
belts is caused by the intraplate riftogenesis, confined to
the large scale displacements along strike-slip faults of

Geological time Deposit type Hg minerals Method Age
in the ore
Late Mesozoic Hg, Au-Hg, Cinnabar, Geol. age J-K,
(J,-K,) Hg-Sb-W: Hg-sphalerite,
Transbaikalia, West Mongolia, metacinnabarite,
South-Gobi belt Hg-gold K-Ar 116-131
Early Mesozoic (T) Hg (Hg-Sb): Chazadr (Tuva), Cinnabar, Hg-tetrahedrite, Ar-Ar 227+16.3
Tyutyo (Altai), Hg-sphalerite - 231.5+1
Kok-Uzek (Altai), -C- 234.4+1.3
Kelyanskoye (Transbaikalie) K-Ar 240-245
Karasug (Tien-Shan) Cinnabar Ar-Ar 235.4
238.61+2.4
Au-Hg: Hurimt-Huduk (Mongolia) Hg-gold, Hg-fahlore, coloradoite K-Ar 246
Middle-Paleozoic Au-Hg: Murzinskoye (Altai), Hg-gold, Hg-fahlore, saukovit Ar-Ar 358.3+3.8
(D-C) Kundat (Kuznetsk Alatau) Cinnabar, Hg-sphalerite, Hg-gold - 337.8+2.9
Early Paleozoic Au-sulfide-Q: Hg-gold, schwatzit, cinnabar Ar-Ar 51242
(€-0) Lysogorskoye (East Sayan),
Kharalskiy district (Tuva) Hg-gold, Hg-sphalerite - 486.718.2




A.S. Borisenko - A.A. Obolenskiy - E.A. Naumov

Late Paleozic — Early Mesozoic age. There are no known
mercury deposits of Paleozoic age, and Hg enters into
the sulfides and native gold of lode gold and Au-Cu-skarn
deposits, and forms complex Au-Hg occurrences related
to the granitoids (D-C,) (Table 1).

A large quantity of Hg and especially Au-Hg deposits
are localized mainly in the back-arc rift structures of the
Basin and Ranges province, occur in the global Pacific-
Ocean metallogenic belt and particularly in its North
American branch. The main Au-Hg deposits of the world
class occur there, and since their discovery in the 1860s
they became one of the major industrial types of Au de-
posits (Radtke 1985; Muntean et al. 2004).

Mercury deposits are localized within the limits of ac-
tive continental margins of Andean and Californian types
of South and North America in frontal accretion com-
plexes of subduction zones and overlying continental vol-
canic belts. Mercury deposits of North-East and Far East
Russia are situated in similar geodynamic environments.
Au-Hg deposits in these structures are minor.

Small Hg and Au-Hg deposits occur in island-arc sys-
tems of ensialic type predominantly in the West Pacific-
Ocean segment of the belt (Japan, Oceania, New Zealand).
The important Au-Hg province of South-East China is
situated in this part of the Pacific Ocean belt including
large Sb-Hg (Vanshan) and Au-Hg deposits of Carlin type
related to the structures of Mesozoic active rifting of
South-China craton (Hu Rui-Zhong et al. 2002). Thus,
analysis of Hg and Au-Hg deposits localization in global
metallogenic belts allows us to establish the main regu-
larities of their position.

3 Geodynamic settings

Proterozoic and Paleozoic deposits occur in rift struc-
tures or aulacogens are confined to continental rifts and
related genetically to the mantle plumes. Mercury and
Au-Hg deposits are located separately as a rule, although
Hg mineralization coincides with Au-Hg mineralization
in the South-East China province.

Mercury and Au-Hg deposits, whose formation is caused
by the intraplate rifting development of anorogenic
magmatism and plutonogenic ore-forming systems with
complex Cu-Au-Hg ore, occur in the reactivated orogenic
belts of different age in Central Asia. The intraplate
riftogenesis is completed by basite and alkaline-basite
magmatism as dike swarms and epithermal Au-Hg and Hg
mineralization at the Permian-Triassic boundary. Mesozoic
and Cenozoic Hg and Au-Hg deposits are located at active
continental margins. They are known in ensialic island-arcs,
accretion complexes of subduction zones, overlying conti-
nental volcanic belts, and in the back-arc rifting structures.
There is a close relation between Hg and Au-Hg deposits in
this geodynamic environment, with common ore-forming
epithermal and volcanogenous-hydrothermal systems.

Thus, three main geodynamic environments are fa-
vorable for the development of ore-forming systems of
Hg and Au-Hg deposits: intracontinental riftogenesis at
the cratons, intraplate rifting related to strike-slip faults
in the orogenic belts, and active continental margins of
the continents. Magmatism of mantle (plume) nature,
according to the isotope-geochemical characteristics,
arises as volcanogenic-plutonogenic or dike complexes
and magmatogenic-hydrothermal ore-forming systems in
each of these geodynamic environments. Mercury and
Au-Hg deposits are related to the late periods of their
development. Ore-forming systems of the Hg deposits may
occur separately as well.

4 Mantle plumes and ore forming processes

A mantle origin of ore-forming systems of Hg and Au-
Hg deposits is proved by isotopic composition of helium
from fluid inclusions in quartz at these deposits (Table 2)
(Torgersen et al. 1981, 1982, Cline et al. 2003 ). Isotope com-

Table 2: "He/'He values of ore-forming fluids of Hg and
Au-Hg deposits

Deposits *He/'He * 10°
Hg deposits
Nikitovka (Ukraine) 0,12
Khaidarkan (Kyrgyzstan) 0,06
Vanshan (China) 0,38
Aktash (Altai, Russia) 0,28
Djilkidal (Altai, Russia) 1,6
Sulfur-Bank' (USA) 19,4 - 19,9
Uzon® (Kamchatka, Russia) 6-11,3
Au-Hg deposits
Travyanskoe (Urals, Russia) 0,8
Novolushnikovskoe 0,6
(Salair, Russia)
Lysogorskoe (Sajan, Russia) 0,37
Tereksai (Kyrgyzstan) <0,41
Kyuchus (Yakutia, Russia) 0,32
Murzinskoe (Altai, Russia) 1,15
Kundat (Kuznetsk Alatau, 0,2
Russia)
Getchell’ (USA) 0,2-2
New Zealand" 3,1-7,4
Steamboat-Sprin,gsl (USA) 1,48 - 8,36

Data by: 1 - Torgersen & Jenkins (1981); 2 - Rozhkov (1979);
3 -Cline et al.(2003);4 - Torgersen et al. (1982).
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position of He was measured in the laboratory of geo-
chronology and geochemistry of isotopes at the Kola Geo-
logical InstituteRAS. The lowest 3He/4He ratios (from
0.12*10-6 to 0.38*10-6) are typical for mercury deposits
(Vanshan, Nikitovka). The copper-mercury (Djilkidal) and
gold-mercury (Murzinskoe) deposits with the isotopes of
helium varying from 1.06*10-6 to 1.6*10-6 belong to the
intermediate type. Relatively high-temperature Ni-Co-As
and Ag-Sb deposits (Bu-Azzer and Akdjilga) are charac-
terized by a higher proportion of light helium isotope,
average 3He/4He ratio varies from 4*10-6 to 18*10-6, re-
spectively (Naumov et al. 2004).

We observed some inverse correlation between 3He/
4He values of ore-forming fluids and resources of
epithermal Au and Hg deposits from different parts of
the world (Table 3).

These data suggest that in a series of deposits: mer-
cury ? copper-mercury ¢ gold -mercury ? nickel-cobalt
arsenide ? silver-antimony, the proportion of mantle he-
lium increases significantly in the composition of ore-
forming fluids.

In this series a marked isotope shift in the 4180H20 of
hydrothermal solutions suggests a higher concentration of
magmatogenic fluids in their composition (Fig. 1).

Ore-forming systems in different geodynamic envi-
ronments differ in ore productivity. The unique mercury
deposits were formed by ore-forming systems of
intracontinental rifts (Nikitovka, Almaden, Vanshan).

Ore-forming systems of overlying subaerial volcanic
belts in the Tuscan province in Italy, Idria in Slovenia,
and Huancavelica in Peru formed the world- class Hg
deposits. Ore-forming systems in subduction zones (de-
posits of Coastal Ridge in California, USA, Tamvatney,
Chukotka, SE Russia) are of the same grade. Ore-forming
systems in zones of regional thrusting of the orogens are

not so productive (Tien-Shan and Altai-Sayan - Aktash
and Chagan-Uzun deposits).

The geodynamic environment of back-arc riftogenesis
occupies a special place in formation of highly produc-
tive ore-forming systems, an example of which is the Ba-
sin and Ranges province. The Nevadan belt occurs in this
province, where most of the Hg and Au-Hg deposits are
concentrated.

Independent of an approach to explain the origin of
tectonic structures of the Nevadan belt, evolution of Ceno-
zoic (40 Ma) magmatism is established on the boundary
of 20-15 Ma, when typical bimodal calc-alkaline
magmatism gives place to the alkaline-basite, and over 5
Ma to the basite one. That is the most satisfactory ex-
plained by the influence of Yellowstone mantle plume and
common reconstruction of volcanic arc geodynamic en-
vironment on the riftogenesis. The most important ore-
magmatic systems of porphyry-Cu-Mo and Au-Hg
epithermal deposits were formed at the boundary of 45-
35 Ma, and also at 26-22 and 9-5 Ma. The intensity and
duration of ore-forming processes in the Nevadan belt
may be explained by the consecutive influence of mantle
plumes on tectonic structure formation, magmatism, and
associated ore-forming process (Pirajno 2000; Muntean
et al. 2004).

Thus, mantle alkaline-basite magmatism immediately
precedes the Hg and Au-Hg deposits forming in a num-
ber of ore provinces, for example Iberian (Higueras and
Munbha, 1993; Hernandez 1999), Donetsk, South-China (Hu
Rui-Zhong et al. 2002), Tuscan (Tanelli, 1991), and Neva-
dan provinces (Pirajno, 2000).

Age displacements of ore-forming processes relative
to the time of the main phase of plume magmatism are

Table 3: Inverse correlation between "He/'He values of ore-forming
fluids and resources of deposits

80 %o
10 - Deposit Resources ’He/'He *10°
9 (t.roughly)
8 Au-Hg deposits
7 -
G 5 Steamboat springs 1 1.2
51 Rotorua 2.5 1.2
4 - 4
3 4 * Murzinskoe 12 1.2
2 4% Getchell 100 0.1-1.1
3
(l} ! Hg deposits
. g it is % i Uzon 10 6.0-11.3
‘He/'He *10° Sulfur-Bank 15 19.4-19.9
Figure 1: Isotope composition of oxygen and helium of hydro- Djilkidal 100 1.5-1.6
thermal solutions from epithermal deposits, according to isotope
data of the O and He in fluid inclusions of minerals from the Vanshan 10000 0.38
iipzi(;isllgt:: 1 - Nikitovka, 2- Vanshan, 3 - Djilkidal, 4 - Bu-Azzer, 5 - Nikitovka 40000 0.12
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established for the South Siberian and Tien-Shan prov-
inces (Siberian superplume 250-244 Ma, Hg mineraliza-
tion 230-235 Ma, Tien-Shan alkaline-basite magmatism
255-240 Ma, Hg deposits 236-228 Ma). This is possibly
caused by specific development of the structures of
intraplate riftogenesis in the orogenic belts, as well as
the location of arising under-crust magmatic centers oc-
curred generally as basite and the late alkaline basite dike
swarms.

5 Conclusions

Geohistorical analysis, geodynamic environments, and
spatial and temporal paragenetic relationship of ore-form-
ing systems of Hg and Au-Hg deposits with mantle
magmatism allow consideration of their formation as one
of the events related to mantle plumes in the Earth’s crustal
structures (Pirajno, 2000). The intracontinental rifts
(aulacogens) arising in the Early and Middle Paleozoic
period, structures of intraplate riftogenesis in the reacti-
vated Paleozoic orogenic belts, and subduction zones and
active continental margins in Mesozoic and Cenozoic
periods are the most favorable for the localization of ore-
forming systems of not only Au-Hg but most of Hg de-
posits.
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Upper mantle composition:

Tools for smarter diamond exploration
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Abstract. The traditional use of major-element data on diamond in-
dicator minerals such as garnet and chromite is based on empirical
correlations that have proven unreliable in some exploration situa-
tions. The use of trace-element data on these minerals, combined
with mantle-mapping techniques, provides clear explanations of
both the successes and the failures of the traditional approaches.
These techniques make it possible to determine, at an early stage
of exploration, both the overall prospectivity of a region and the
most appropriate application of indicator mineral chemistry.

Keywords. Diamond exploration, mantle petrology, trace elements,
lithosphere mapping

1 Introduction

The formation of known economic deposits of gem dia-
monds has involved sampling of the subcontinental litho-
spheric mantle (SCLM) by ascending kimberlitic or
lamproitic magmas, and much of our knowledge of cra-
tonic SCLM has been a byproduct of diamond explora-
tion and production. The factors that control the distri-
bution of diamond in the SCLM are still incompletely
known, although numerous empirical studies have pro-
vided constraints. Early studies of diamond inclusions
identified an important suite of harzburgitic minerals,
especially low-Ca, high-Cr (“G10”) pyrope garnets and
high-Cr chromites. The use of these as “indicator miner-
als” has led to some significant exploration successes (es-
pecially in S. Africa and Siberia) but has proven mislead-
ing in several other regions, leading to significant waste
of exploration resources.

However, developments in the use of mantle-derived
xenocryst minerals to map vertical and lateral variations
in SCLM composition (Griffin and Ryan 1995; O’Reilly
and Griffin 1996) provide tools that can explain both the
successes and the failures, and shed light on diamond for-
mation processes that can be used to improve explora-
tion models.

2 Mapping SCLM composition
The application of single-grain thermometers based on

Ni in garnet and clinopyroxene, and Zn in chromite (Ryan
et al. 1996) allows the depth of origin of each grain to be

estimated, by referral of T to a known or assumed geo-
therm. Such geotherms can also be derived directly from
data on garnet and chromite compositions. This approach
allows the mapping of mineral chemistry on to depth sec-
tions, which contain information on mantle composition,
structure and processes (Fig. 1).

3 Examples

As an example, SCLM sections from kimberlites in S. Af-
rica and Siberia (Fig. 1) show that harzburgites (olivine-
orthopyroxene rocks), identified as important diamond-
bearing rock types in these areas, occur mainly at depths
that are in the diamond stability field.

However, in the Lac de Gras area of the Slave Province
(northern Canada), “G10” garnets and high-Cr chromites
have proven counter-indicative for diamond prospectivity;
pipes with the highest proportions of these indicators have
low diamond content. One reason for this is apparent in
Figure 1. The Lac de Gras SCLM consists of two layers,
separated by a sharp discontinuity at 145+5 km. The up-
per layer is ultradepleted, consisting largely of harzburgite
residual after extraction of most basaltic components. The
deeper layer (145-190 km) is more fertile (richer in Ca,
Fe and Al) and contains little harzburgite; it is interpreted
as a subcreted plume head (Griffin et al. 1999, 2004a).
Nearly all “G10” garnets and high-Cr chromites come from
the upper layer, but only the lowest part of this layer is in
the diamond stability field. An analysis of the depth of
sampling of Lac de Gras kimberlites shows that those
which sampled mainly the upper layer have few diamonds;
those that sampled mainly the lower layer are the most
diamondiferous.

Studies of inclusions in diamonds from the Lac de Gras
area (Davies et al. 1999, 2004) show that the lower layer
has a high proportion of diamonds of the superdeep (lower
mantle) paragenesis, but about 50% of the diamonds are
derived from eclogites, and particularly kyanite eclogites
with high-Ca garnets (which thus are a more important
indicator mineral). A map of the distribution of eclogites
(Fig. 2), constructed from T estimates on xenoliths
(Pearson et al. 1999; Aulbach et al. 2004) shows that
eclogites are concentrated both near the 145-km discon-
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Figure 1: SCLM sections for three representative Archean areas, and the Proterozoic terrain of Northern Botswana. Relative proportions of
different rock types have been mapped using major- and trace-element data on concentrate garnets, projected to an empirical geotherm
derived for each area. G/D, graphite-diamond transition; LAB, lithosphere-asthenosphere boundary (the base of the depleted lithosphere)
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Figure 2: Depth distribution of eclogites in the Lac de Gras area,
central Slave Craton

tinuity, and at 180-200 km; the varieties with Ca-rich gar-
nets are preferentially concentrated at the base of the
SCLM.

The diamondiferous kimberlites of Botswana (Orapa
and Jwaneng fields) contain very few “G10” garnets, but
abundant diamonds. An SCLM section (Fig. 1) shows es-
sentially no harzburgites, although Re-Os data show that
this SCLM is originally Archean. The abundance of de-
pleted/ metasomatised and fertile lherzolites suggests that
the section was refertilised by the introduction of melts
during Proterozoic extension and orogeny. In this pro-
cess, pre-existing harzburgites were converted to
lherzolites and their diamonds apparently have been
largely destroyed. Diamond inclusion studies show that
most of the diamonds in these pipes are derived from
eclogitic rocks.

The diamondiferous Group I eclogites are strongly
concentrated at the base of the SCLM (Ca 180 km; Fig. 3),
and are accompanied by strong melt-related metasoma-
tism (Fig. 1); the non-diamondiferous Group II eclogites
are concentrated higher in the SCLM, mostly out of the
diamond stability field, which begins at about 150 km
depth in this section. This pattern, and eclogite chemis-
try, suggest that some asthenospheric melts ponded at
the discontinuity represented by the base of the SCLM
(Group 1) while some penetrated higher into the SCLM
(Group II).

In the Arkhangelsk area of western Russia, “G10” gar-
nets are abundant in both diamondiferous and barren
kimberlites (Fig. 4). SCLM sections show that the SCLM
beneath the barren pipes has been heavily metasomatised
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and has a significantly higher geotherm than that beneath
the fertile pipes; much of this SCLM has been oxidised
and heated by the introduction of magmas (represented
by abundant megacryst phases crystallised at high pres-
sure), leading to the destruction of diamonds.

The Proterozoic Brockman kimberlite in the Pilbara
Craton of Western Australia contains very high propor-
tions of G10 garnets and high-Cr chromites (Fig. 5), but
few diamonds. The SCLM section (Fig. 6) is dominated
by extremely depleted harzburgite, much of it within the
diamond stability field. However, the trace-element sig-

Group Il

Orapa

Letlhakane

Letlhakane

Relative Probability Relative Probability

Figure 3: Depth distribution of eclogites beneath the Orapa and
Letlhakane kimberlites, N. Botswana. Group I eclogites are
diamondiferous; Group II rarely are

14
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-
o

Cr203 (wt%)
(o]
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natures of the garnets show very little evidence of meta-
somatism. Diamond formation involves the introduction
of carbon, which must be fluid-borne, and therefore re-
lated to metasomatism. We suggest that the Pilbara SCLM
simply never experienced the metasomatism required to
introduce carbon; this type of extreme depletion in mantle
rock types thus is a negative indicator of diamond po-
tential. While some metasomatic styles appear to destroy
diamonds, it is still unclear which of the different meta-
somatic signatures that can be recognised in these SCLM
sections was responsible for diamond formation. Answers
may come from ongoing trace-element studies of the dia-
monds themselves (Griffin et al. 2004b).

Cr203 (wt%)

CaO (wt%)

Figure 5: Ca-Cr relationships of garnets from the Brockman
kimberlite, Pilbara Craton, W. Australia
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Figure 4: Ca-Cr relationships in garnets from barren kimberlites of the Kepina field, and diamondiferous kimberlites of the nearby

Zolotitsa field, Arkhangelsk Province, Western Russia
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Figure 6: SCLM section from the Brockman kimberlite, Pilbara
Craton, Western Australia

4 Exploration applications

SCLM composition can be analysed at early stages of ex-
ploration, using garnets and chromites from drainage/
loam/till samples to evaluate the diamond potential of
specific regions. Such an analysis should be part of the
area selection process. It can be used to identify more
favourable and less favourable areas, at an early stage of
exploration. It can also be used to prioritise individual
indicator trails - that is, “Do I really want to find this
pipe?” Both approaches can lead to large savings in ex-
ploration resources.
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Abstract. Mineral deposits exhibit extremely heterogeneous distri-
butions, with each major deposit type showing a distinctive, com-
monly unique, temporal pattern. Individual temporal patterns re-
flect a complex interplay between formational and preservational
forces that, in turn, largely reflect changes in tectonic processes and
environmental conditions in an evolving Earth.The first-order driv-
ers were the supercontinent cycle and evolution from plume-domi-
nated to modern-style plate tectonics in a cooling Earth. Conse-
quent decrease in the growth rate of continental crust, and change
from thick, buoyant sub-continental lithospheric mantle (SCLM) in
the Precambrian to thinner, negatively buoyant SCLM in the Phan-
erozoic, led to progressive decoupling of formational and
preservational processes through time. This affected the temporal
patterns of deposit types including orogenic gold, porphyry and
epithermal deposits, VHMS, palaeoplacer Au, iron-oxide Cu-Au, PGE,
diamond and probably SEDEX deposits.

Keywords. Mineral deposits, temporal distribution, tectonics, lithos-
phere

1 Introduction

Economic geologists have long been fascinated by the
heterogeneous distribution of mineral deposits. Modern
studies of mineral deposits have led to refinement of their
classification into relatively specific types, such that their
distribution in space and time can be defined. Enormous
improvements in the robustness, accuracy and precision
of mineral chronometers have allowed temporal peaks in
the distribution of mineral deposits to become progres-
sively better defined. Temporal patterns of deposit dis-
tribution have been broadly defined in the past (e.g. Meyer
1988; Barley and Groves 1992), but it is only in the last
decade that details of these temporal patterns have been
deciphered. Some periodic changes in the temporal dis-
tribution of specific mineral-deposit types may be due to
long-term periodic supercontinent formation and break-
up, whereas other changes relate to intracratonic exten-
sion. However, the distribution of most mineral-deposit
types is more complicated than this, with some restricted

to very specific periods in Earth history, whereas others
occur periodically throughout the rock record.

The heterogenous temporal distribution of mineral
deposits broadly can be ascribed to temporal changes in
the processes that produce the deposits, or to the deposi-
tional environments in which they form, and the
preservational potential of the deposit-hosting environ-
ments. In turn, temporal changes in ore-deposit forming
processes can be ascribed to: 1) secular decrease in glo-
bal heat flow in a cooling Earth; 2) long-term changes in
tectonic processes; and 3) the evolution of the atmosphere
- hydrosphere - biosphere system. Tectonic changes may
be a consequence of a cooling Earth and may induce short-
term fluctuations on long-term evolution of the atmo-
sphere-hydrosphere system. Changes in tectonic regime
may affect the preservational potential of terranes in which
the mineral deposits formed. There are thus feedback
loops in dynamic evolving global systems.

In this paper, several figures are constructed to facili-
tate the discussion of the temporal distributions of vari-
ous deposit types. There are a number of critical prob-
lems in generating these: 1) it is possible only to include
the major deposits within each deposit type; 2) in some
places (e.g., central Asian countries, Russia, and China)
production and resource data are incomplete or conflict-
ing, 3) even for well-described deposits, total tonnages of
metal may vary by a factor of two, 4) for some deposit
types, databases are confidential; and 5) the absolute age
of many deposits is unknown or debated, and thus time
ranges have to be given. Therefore, the figures reflect the
temporal distribution of mineral deposits but are indica-
tive rather than definitive in terms of resources (cf. Groves
et al. in press a).

2 Brief review of tectonic and lithosphere evolution

Under the influence of a cooling Earth, tectonic processes
evolved from mantle-plume dominated, “buoyant” style
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of plate tectonics to modern-style plate tectonics (e.g.
Abbott and Isley 2002; Condie in press). Coincident with
this was a trend from rapid and voluminous formation
of juvenile continental crust (major peaks at c. 2.7 and
1.9 Ga associated with catastrophic mantle plumes) and
the development of equidimensional Archaean-
Palaeoproterozoic cratons, to less voluminous crustal
growth and the evolution of highly elongate orogens. Pro-
gressive decrease in mantle plume intensity and frequency
led to progressive evolution of thinner, less-buoyant SCLM
(e.g. Poudijom Djomani et al. 2001). Juvenile continental
crust and its SCLM root were linked through their subse-
quent history (e.g. Griffin et al. 2003), strongly influenc-
ing their metallogenic and preservational potential. For-
mational and preservational processes would have been
linked in the early Earth but progressively decoupled in
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Figure 1: Temporal distribution of epigenetic AuxCut+Ag deposits
compared with the temporal evolution of juvenile continental
crust: a. Porphyry Cu-Au deposits: b. Epithermal Au-Ag deposits:
c. Orogenic gold deposits:: d. Temporal evolution of continental
crust growth: from Condie (2000)

the Proterozoic and Phanerozoic (Groves et al. in press
b). Temporal patterns are presented for several, relatively
redox-insensitive, mineral deposits whose secular varia-
tion is linked to a cooling Earth and changes in tectonic
processes

3 Synthesis of temporal patterns and their causes

Mineral deposits show heterogeneous distributions, with
each specific group having a distinctive temporal pattern
that relates to the conjunction of formational and
preservational processes in an evolving Earth. Only Ni-
Cu deposits show a direct relationship to a cooling Earth,
with komatiite-hosted ores restricted to the Archaean and
Palaeo-proterozoic.

Some deposit types, for example epithermal deposits and,
to a lesser extent, porphyry deposits, show almost purely
preservational patterns with virtual restriction to the late
Phanerozoic (Fig. 1a,b), because they form at high crustal
levels in arc settings in convergent margins with high up-
lift rates and rapid erosion (e.g. Sillitoe 1997). Other depos-
its, such as orogenic gold and VHMS deposits that formed
throughout Earth history during major crust-forming events
(Fig. 1d), show mixed formational and preservational pat-
terns (Figs. 1c, 2a,b). These relate to secular changes in tec-
tonic processes from strongly plume-influenced buoyant-
style plate tectonics in the latest Archaean and early
Palaeoproterozoic to modern-style plate tectonics from the
Neoproterozoic onwards. The cones-quences included evo-
lution from thick, buoyant SCLM beneath broadly
equidimensional Archaean-Palaeoproterozoic cratons,
which preserved the orogenic gold and VHMS deposits, to
thinner, negatively buoyant SCLM beneath elongate Phan-
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Figure 2: Temporal distribution of VHMS deposits compared with
that of orogenic gold deposits. a. VHMS deposits: b. Orogenic gold
deposits
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erozoic orogenic belts that were more susceptible to uplift
and erosion, leading to non-preservation of these deposits
in Meso- and Neo-proterozoic belts (e.g. Goldfarb et al. 2001).

Thus, crustal and metallogenic formational and
preservational processes were linked in the early Earth
but became decoupled in the Mesoproterozoic to Recent.
Giant gold palaeoplacers were also by thick early Precam-
brian SCLM (e.g. Frimmel et selectively preserved in
foreland basins underlain al. in press), with a major hia-
tus and then the re-appearance of large gold placers in
the Tertiary to Recent from erosion of orogenic gold de-
posits in the hinterland to foreland basins (Fig. 3a). Other
types of mineral deposits appear to require the prior ex-
istence of thick, stable, early Precambrian SCLM, with low
geothermal gradients and incompatible element-rich
metasomatism of marginal SCLM, for formation. Hence,
these make their first appearance in the Late-Archaean
or Palaeoproterozoic. These include IOCG deposits (Fig.
3b), PGE deposits in layered intrusions (Fig. 3¢) and pri-
mary diamond deposits (Fig. 3d). They, however, show
drastically different temporal patterns, with giant PGE
deposits and IOCG deposits mainly restricted to the Pre-
cambrian (Fig. 3b,c) due to their relatively deep crustal
level of emplacement, or protection by cover rocks. In
contrast, economic diamond deposits became progres-
sively more abundant towards the late Phanerozoic (Fig.
3d) because of their high crustal level of emplacement
and susceptibility to weathering of their hosts.

A schematic diagram, Figure 4, shows the preservational
environments of mineral deposits whose temporal patterns
are related to tectonic processes. First-order controls on sedi-
mentary rock-hosted lead-zinc deposits are more problem-
atic. The SEDEX deposits first formed in the early
Mesoproterozoic, following the assembly of the first giant
supercontinent and related generation of large rift basins
with appropriate structural and sedimentary architecture
(e.g. Betts et al. 2002), and again during the assembly of
Pangea (e.g. Lydon 1996): precise processes are equivocal.
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Figure 4: The preservational environments of mineral deposit
types with a strong tectonic control as related to Archaean SCLM.
From Groves et al. (1987) and Kerrich et al. (2000)
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The MVT deposits formed in carbonate platforms with a
direct connection to distal orogenic belts. The more im-
portant examples show a more restricted temporal distri-
bution, probably due to the requirement of permeable, re-
active limestone reef sequences,combined with suitable low-
latitude climatic conditions and topographic drivers for
long-distance fluid flow, best met during assembly of Pangea
(e.g. Leach et al. 2001).
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Tectonic controls on the endowment of Archean cratons
in VHMS deposits: Evidence from Pb and Nd isotopes
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Abstract. Comparison of Pb and Nd isotopes of the well-endowed
Abitibi-Wawa Subprovince with the poorly endowed Eastern Gold-
fields Province implies that volcanic-hosted massive sulfide (VHMS)
endowment in Archean terrains is controlled by crustal character.
The Abitibi-Wawa Subprovince contains mostly primitive crust
formed in a wide extensional environment.The high heat flow, pro-
moted by thin crust and high level intrusions, and the extensional
structures that characterize such an environment encouraged the
formation of extensive VHMS deposits. In contrast, extensional en-
vironments are limited to a relatively narrow zone in the Eastern
Goldfields Province. Although this zone contains VHMS deposits,
they are not abundant enough to create high endowment. Provin-
ciality of Pb isotopes in lode Au deposits from near Leonora in the
Eastern Goldfields Province supports the concept of a rift-like zone.

Keywords. Archean metallogeny, VHMS deposits, Pb isotopes,Nd iso-
topes, Eastern Goldfields Province, Abitibi-Wawa Subprovince

1 Introduction

The late Archean Eastern Goldfields Province of Australia
and the Abitibi-Wawa Subprovince of Canada are two of
the most richly mineralized regions in the world, produc-
ing significant portions of global Au, Zn, Cu and Ni. Al-
though these regions have many geological similarities, in-
cluding age (~2.7 Ga), lithological assemblages and styles
of mineralization, the metallogenic endowment of these
terrains differs. Although both provinces are well endowed
with Au, they differ substantially in known endowment of
VHMS deposits. The Abitibi-Wawa Subprovince is well en-
dowed with Zn-Cu-bearing VHMS deposits, but the East-
ern Goldfields Province contains few significant VHMS de-
posits.

Several reasons have been proposed for these differ-
ences in endowment, including impediments to explora-
tion (e.g. weathering) and differing tectonic environments
(Groves and Batt, 1984). We use published Pb isotope analy-
ses of galena from VHMS deposits and new whole-rock
Nd isotope analyses to determine tectonic factors that may
account for differences in metallogenic endowment.

2 Lead and neodymium isotope systematics

Lead and Nd isotopes provide direct and indirect con-
straints on the age and tectonic environment of orebodies
and their host rocks. In the Archean, Pb isotopes behave
in a more systematic manner than later in Earth’s history
as processes that fractionate the parent elements to Pb, U

and Th were not as widespread at that time. Consequently,
models have been developed for Archean Pb isotope evo-
lution that accurately date Pb-bearing mineral deposits.
The Western Superior model (Thorpe et al. 1992) applies
in the North Pilbara Terrain of Western Australia and
Archean terrains in southern Africa as well as the west-
ern Superior Province in Canada. The Abitibi-Wawa model
(Thorpe 1999) applies mostly in the Abitibi-Wawa Prov-
ince. These models can predict the age of many deposits
to within 10 million years of ages provided by indepen-
dent methods. These models also produce p values (**¥U/
204Pb ratios integrated to the present), which indicate the
character of the Pb source.

Neodymium isotopes also reflect crustal character. One
measurement of this is the two stage Nd depleted-mantle
model age (T,p,), an indication of the time when the
source of a magmatic rock differentiated from depleted
mantle. The closer T, is to the magmatic age, the
younger the source and the more recent the inferred
crustal growth.

3 Lead isotopes in Archean VHMS deposits

Figure 1 plots published least-radiogenic analyses (Brown-
ing et al. 1987; McNaughton et al. 1992; Thorpe et al. 1992;
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galena from Archean VHMS deposits. The inset shows variations
of VHMS and lode Au deposits in the Leonora area. Deposit
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Thorpe, 1999; Huston et al. 2002) of galena from 3.47-
2.69 Ga VHMS deposits in the Abitibi-Wawa Subprovince,
the Eastern Goldfields Province, the Murchison Province
(in Australia) and the North Pilbara Terrain. The upper
of the two data arrays on Figure 1 is defined by deposits
from the Pilbara and Murchison, and is interpreted to re-
flect variations in the ages of the deposits. The ages of
the Pilbara deposits are well modelled by the Western Su-
perior evolution curve (shown), although deposits from
the Murchison Province are not. The lower array, which
is defined almost exclusively by deposits from the Abitibi-
Wawa Subprovince, mostly reflects changes in p as the
age range of these deposits is narrow (2.73 to 2.70 Ma).
Because the upper array plots above and to the left of the
lower, its sources are more evolved than deposits in the
Abitibi-Wawa Subprovince.

Importantly, the Teutonic Bore deposit, which is the
most important VHMS deposit in the Eastern Goldfields
Province, plots on the array defined by the Abitibi-Wawa
Province, with its model age well predicted by the Abitibi-
Wawa model. According to Thorpe (1999), this deposit is
the only VHMS deposit outside the Abitibi-Wawa
Subprovince described by the Abitibi-Wawa model.

4 Neodymium and lead isotope variations in the
Leonora Area: Evidence for younger crustal growth

Figure 2 illustrates variations in T, for 2.67-2.63 Ga
granites that have intruded the Eastern Goldfields Prov-
ince in the Leonora area (unpublished data of D. Cham-
pion and K. Cassidy). These results define a 100 km wide,

1
o A |DD II
o oOl} \ |
o |l \ o
\ \
| A\
o [N |
[N\
| \ Y
I: g \I'\ \\.
X \ i\
1@
a |
0 4 : D
(=]

N\ .' .
1 \ | ()
— Ou .
& = \
- 123°
Nd model age 100 km <> Lode gold deposits
) C = Corona
[ 2.80-2.90 O VHMS deposits RH = Royal Henry
[ 2.90-2.95 TB = Teutonic Bore U = Umpire
2.95-3.05 J = Jaguar KH = King of the Hills
] 3.053.15 D = Duketon T = Trump
[ 3.15-3.30 A= Anaconda P = Poker
o Sample F = Forrest

Figure 2: Variations in Nd model ages (T;pm) and the location of
selected mineral deposits in the Leonora area

NNW-SSE trending zone with T, only slightly older
than the age (~2.7 Ga) of the rocks the granites intrude.
Outside of this zone, T, values are much older than the
ages of their hosts, suggesting the presence of a ~100 km
wide zone of younger crustal growth. The origin of this
rift-like zone is uncertain, its interpretation dependent
on whether crustal growth was autochthonous or
allochthonous. The only significant VHMS deposits in the
Eastern Goldfields Province, the Teutonic Bore and Jag-
uar deposits, and several other prospects are located within
or along the margins of this rift-like zone. Deposits in the
Golden Grove district in the Murchison Province also are
also located within a rift-like zone with distinctive Nd
isotope values. Lead from the Teutonic Bore deposit is
more primitive than Pb in the Duketon prospect to the
east of the rift-like zone. These limited data are consis-
tent with Pb isotope data from lode Au deposits in the
Leonora area (inset to Figure 1). Lode Au deposits from
within the rift-like zone have more primitive Pb isotopes
than deposits to the west. Moreover, galena from the three
deposits within the rift-like zone give Abitibi-Wawa model
ages of 2.635-2.630 Ga, consistent with the ~2.630 Ga age
for most Au deposits in the Eastern Goldfields Province
(Yeats et al. 1999). In summary, VHMS and lode Au de-
posits in the Eastern Goldfields rift- like zone have more
primitive Pb than deposits outside this zone.

5 Variations in p from VHMS deposits:
An indication of extension in the Abitibi-Wawa
Subprovince

Figure 3 illustrates variations in pu values for least-radio-
genic galena analyses from VHMS deposits in the Abitibi-
Wawa Subprovince. As noted by Thorpe (1999), VHMS
districts in the Abitibi-Wawa Subprovince individually
have very uniform Pb isotope compositions. However, Fig-
ure 3 suggests that this provinciality extends beyond the
district scale: p values show pronounced spatial varia-
tions at the regional scale. Although the exact details of
the contouring in Figure 3 could be argued, the data re-
quire that VHMS districts in the east-central part of the
subprovince (e.g. Noranda, Bousquet and Val D’Or dis-
tricts) have significantly higher pu than deposits to the north
and west (e.g. Matagami and Manitouwadge districts). More-
over, Figure 4 suggests that variations in p are also time-
dependent, with older deposits having lower p.

Ayer et al. (2002) and Bleeker et al. (1999) argued that
the Abitibi-Wawa Subprovince formed autochthonously,
with younger volcanic sequences built upon a substrate
of older sequences. Variations in p (Figures 3 and 4) sup-
port this interpretation. The increase in p with age sug-
gests that VHMS deposits and their host volcanic se-
quences became progressively more evolved, with a greater
crustal component, with time. This is consistent with Ayer
et al. (2002), who found that younger volcanic sequences
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Figure 3: Variations in p for VHMS deposits in the Abitibi-Wawa Subprovince (values calculated from least radiogenic Pb isotope galena

analyses from Thorpe [1999]
commonly contained inherited zircons from the older
sequences. The east-central zone of high p values corre-
sponds broadly to younger greenstone belt assemblages
of Ayer et al. (2002).

However, Pb from nearly all VHMS deposits in the
Abititi-Wawa Subprovince is more primitive than Pb in
both VHMS and lode deposits from the Eastern Gold-
field Province, including the rift-like zone. The Abitibi-
Wawa Subprovince appears to be unique among Archean
terrains for its primitive character, as indicated by Pb iso-
topes and by Nd T, of volcanic rocks (calculated from
data of Ayer et al. 2002) that are within 100 million years
of emplacement ages.

One mechanism to produce the highly primitive crust
that characterises the Abitibi-Wawa Subprovince is pro-
gressive extension. The distribution of p in Figure 3 sug-
gests possible extension about an east-west trending axis,
with a width of up to 500 km. This contrasts with the
narrow (~100 km) rift-like zone identified in the Eastern
Goldfields Province.

6 What controls the endowment of VHMS deposits
in Archean terrains?

Lead and Nd isotope data suggest fundamental differ-
ences in the tectonic character of the Eastern Goldfields
Province and the Abitibi-Wawa Subprovince. The East-
ern Goldfields Province is characterized by evolved crust
with relatively narrow rift-like zones that contain the only
known significant VHMS deposits. In contrast, the

using the Abitibi-Wawa model, with number of deposits in districts in parentheses)
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Figure 4: Relationship between age and p for VHMS deposits in the
Abitibi-Wawa Subprovince (values calculated from least
radiogenic Pb isotope galena analyses using the Abitibi-Wawa
model). Each symbol represents one deposit; districts with
multiple deposits plot as vertical arrays

Abitibi- Wawa Subprovince is characterized by more
primitive crust, possibly formed in a wide (500 km?) ex-
tensional zone that was active over a period of 50 mil-
lion years. Hence, we infer that the high endowment of
VHMS deposits in the Abitibi-Wawa Subprovince is a
consequence of its unique tectonic character, which would
have resulted in both a high heat flow and extensional
structures to channel fluid flow. As this primitive, exten-
sional environment was not extensive in the Eastern
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Goldfields (and Murchison) Province, it does not have
comparable VHMS endowment. However, rift-like zones
identified using Nd isotopes have high potential for sig-
nificant VHMS deposits in Western Australia. It is inter-
esting to note that many of the larger VHMS districts
(e.g. Kidd Creek and Noranda) are associated with the
zone of high p in the east-central part of the Abitibi-
Wawa Subprovince.

Cassidy et al. (2005) suggest the metallogeny of
komatiite-associated Ni sulfide (KANS) deposits is also
controlled by crustal character in the Yilgarn Craton. As
KANS deposits favor evolved crust with old Nd T, ages,
the apparent low endowment of the Abitibi-Wawa
Subprovince for KANS deposits may be related to the
primitive character of the crust, although other factors,
such as exploration effectiveness, may also be important.

7 Exploration implications

In the Eastern Goldfield (and Murchison) Province, rift-
like zones, as defined by Nd isotopes, are most prospec-
tive for VHMS deposits. Similar rift-like zones may also
exist in the North Pilbara (e.g. Whundo belt) and other
“more evolved” Archean terrains. The most prospective
part of the Abitibi-Wawa Subprovince may the east-west,
higher p belt between Kidd Creek and Val D’Or.
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Neoproterozoic and Early Palaeozoic metallogenies
in the Dinarides, South Tisia, Pelagonides and

Serbo-Macedonian Mass
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Abstract. The documented Neoproterozoic rocks and ore deposits
are known in the Pelagonides (Central Macedonia) and presumed
on the basis of superposition in the Serbo-Macedonian Mass (Lower
Complex).Paleontologically documented Cambrian-Ordovician (the
Early Palaeozoic) complexes are in the Medvednica Mt., the Drina-
Ivanjica area (the Golija complex), in the West Macedonia and in
the Vlasina Complex (SE Serbia). Presumed Early Palaeozoic com-
plex is situated in the South Tisia, in the Una-Sana area and in the
Mid-Bosnian Schist Mts.

Keywords. Neoproterozoic, Early-Palaeozoic, metallogeny, Serbo-
Macedonian Belt

1 Neoproterozoic metallogeny of the Pelagonides
(Central Macedonia)

The Neoproterozoic block of the Pelagonides is situated
between the Early Palaeozoic Complex of the West-
Macedonia on the west and the Vardar zone on the east
(Fig. 1). It is composed of three rock series: a) the oldest
gneiss-mica-schist series 1-1.5 km thick (gneisses, mica-
schists,amphibolites and amphibole schists; b) the mixed
series (albitized gneisses, schists, cipolins); ¢) marble se-
ries (2-3 km thick), the youngest one, with the dominant
dolomitic marbles and subordinate calcitic marbles. Por-
phyroid, syncollisional granitoids and post-collysional
quartz-diorite, quartz monzonite, schistose granodiorids
intruded before 10° Ma in the Neoproterozoic complex. The
biggest magmatic mass is “the Prilep granite” of 120 km?.

The Neoproterozoic complex is metamorphosed in
amphibolite facies with transition in epidote amphibole
facies. This complex is separated from the West-Mace-
donian Early-Palaeozoic complex by reverse fault.

Ore deposits genetically bounded to the Prilep gran-
ite are: a) aplite veins, b) pegmatites mainly in gneisses,
less in granodiorites and in mica-schists. Their length is
averagely 100 m (maximum is 500 m). The thickness var-
ies from 1 to 3 m (some to 5-10 m, very rarely to 25 m).
The parageneses consist of microcline as the main min-
eral; albite-and albite-oligoclase are rare constituents. The
biggest number of pegmatite occurrences is concentrated
in the Vitoliste and Kokra areas ¢) quartz veins, small in
size (50 m long, 2 m thick) occur in the areas of Paralovo,
Makovo and Skocivir villages. Bigger (200 m long and 10
- 20 m thick) quartz veins occur in the upper parts of the

Babuna river. d) Small occurrences of uranium minerals
have been found in pegmatites of the Selecka Mt. and in
the iron ores genetically bounded to amphibolite schists
(Dunje, Kokra). e) Polymetal Pb-Zn ore deposits are situ-
ated near villages Berikovo and Nezilovo in the source
area of the river Babuna. These deposits are of metamor-
phosed contact — pneumatolitic and hydrothermal ori-
gin (Pb, Zn, Cu, Ba, Fe, U, Mn, Li, Rb, Cs, Ti minerals) with
the world known parageneses. f) East of the town Prilep
(the Kozjak Mt.) 2-3 km thick series of dolomite-marble
occur (the famous quarry Sivec). At the locality Pletvar
are some mines of calcite marble. Marble quarries are
situated on the Kave Mt., near the village NeZilovo, and
on the Bel Kamen Mt. g) Between the Kajmakcalan Mt.
and at the village Zivojino micaschists occur with sig-
nificant quantities of garnet and staurolite and east of
Prilep with disthene. From the weathered garnet-stauro-
lite and garnet disthene metamorphic rocks originated
rich residual deposits (the village Staro Lagovo).

2 Neoproterozoic and Early Palaeozoic
metallogenies of the Serbo-Macedonian Mass

The Serbo-Macedonian Mass (SMM) is situated along the
western margin of the Carpatho-Balkanides. Its western
boundary is represented by the Vardar zone. The SMM
consists of two principal complexes of metamorphic rocks:

1. The lower complex consists of rocks metamorphosed
to the amphibolite facies - mica gneiss, micaceous
schists, quartzites, some marble and migmatite. The
complex is about 11 km deep. It is provisionally sepa-
rated as the Proterozoic.

2. The upper or Vlasina complex lies unconformably and
transgressively over the lower one. This complex pre-
dominantly consists of rocks metamorphosed to the
green-schists, sporadically to the amphibolite facies. It
is about 5 km deep, and its age is the Riphean /Lower
Cambrian.

The SMM includes volcano-sedimentary complexes of
mafic composition and Lower Palaeozoic and Hercynian
granitoids. Crystal-line areas of the SMM are thrust over
adjacent tectonic units.



20

Ivan Jurkovic

2.1 Ore deposits of the Serbo-Macedonian Mass - the Lower
Complex

In the Lower complex, the Precambrian mineralization
involves sedimentary and volcano-sedimentary types,
dominated by iron and titanium-iron mineral associa-
tions.

a Volcano-sedimentary and sedimentary iron deposits are
numerous, but small in size. They occur as stratiform
beds in amphibolites (Pasjaca, Car Sedlar) and/or in
sandstone metamorphosed into gneiss (e.g. Zitni Potok
deposit). The ore is mostly composed of magnetite, lo-
cally hematite as well, accompanied by minor sulphides.
Disseminated sulphide mineralization hosted by gabbro
and/or amphibolite occurs sporadically. Titanium min-
eralization of volcano-sedimentary origin is related to
meta-gabbro and/or amphibolite. Sphene and ilmenite
are the main minerals (Jastrebac Mt.). Metamorphogenic
graphitic mineralization at Pasjaca Mts. occurs as thin
subparallel veinlets along foliation of micaschists. Kyan-
ite metamorphic deposits are small in size. Glasovik at
Pasjaca Mt. deposits contain 30 % of kyanite.

b Ore deposits associated with granites of the Lower
complex includes: Numerous pegmatite deposits are
found in the Lower complex. Some of them are large
in size and economically very significant. Feldspars,
mostly microcline, and quartz are the principal min-
eral constituents of pegmatite, accompanied by albite-
oligoclase, pertite, musco-vite, rare biotite, locally by
berile, sphene, zircon, garnet, tourmaline, apatite and
uraninite. Feldspars, both potassium and sodium, as
well as potassium-sodium composition are exploited in
numerous quarries. Some beryl and muscovite are re-
covered as by-product in the area of Prokuplje. The ma-
jor pegmatite deposits are known south of Prokuplje
(Vidojevicki Krs,Dobrotic, Beli Kamen Pasjaca ets.), then
pegmatites related to the Bujanovac granite, near the
Kukavica granitoid and at Ograzden Mt. Uranium min-
eralization occurs sporadically in the granites, only the
Slatina river deposit has been explored.

2.2 The Upper or Vlasina Complex

The Vlasina complex is characterized by the dominance
of mineralization related to volcano-sedimentary asso-
ciation; complex mineralization related to the Palaeozoic
granitoids is almost unknown.

1. Volcano-sedimentary deposits: Massive sulphide min-
eralization is related to specificlitho-stratigraphic units
of the volcano-sedimentary complex. Pyrite and chal-
copyrite are the dominant minerals. a) Massive pyrite
bodies at Monastirica with traces of zinc, silver and
gold are of small economic importance due to its low

grade. Similar copper mineralization is found south-
wards at Bukovik and Razanj. b) Lead Zinc mineral-
ization probably related to spilite keratophyre suites
and copper-nickel mineralization associated with
amphibolite are small in size. ¢) Small stratiform mag-
netite deposits within the greenschists (Crna Trava and
north of the Vlasina Lake) and stratiform titanium
magnetite beds in the amphibolite of Mitrasinci, Re-
public of Macedonia. d) Stratiform quartzite deposits
sporadically containing huge reserves are rather fre-
quent in the Vlasina complex.

2. Sedimentary deposits: Lisina phosphate deposit is re-
lated to the Ordovician metamorphites-metapelites
composed of upper series (sericitic-chloritic schists
interbedded by marble and calcschists), and lower se-
ries represented by metasandstones and biotite schists.
Phosphorite bed (16-32 m thick, containing 2-19%
P,0;) is deposited between the upper and lower se-
ries. The phosphorite of Lisina originated from the
apatite-bearing sandstone.

3 Remnants of the Early Palaeozoic units of the
South Tisia included in the Variscan complex

Variscan formations of South Tisia crop out in the
Slavonian Papuk, Psunj and Krndija Mountains and in
the Moslavacka Mt. Palaeozoic complexes are composed
of two groups. Predominant are low-and medium grade
metamorphic rocks with migmatite and granitoids. In the
Slavonian Mts. these are Barrovian type metamorphic
sequences characte-rized by zoned distribution of index
minerals: chlorite - biotite - garnet — staurolite - silli-
manite (or kyanite) Lower-grade parts of the sequences
consist of varieties of greenschist, pyhyllite and chloritoid
schist. In Moslavacka gora Mt. only medium-grade meta-
morphic sequences of the Abakuma-type with cordierite
and andalusite crop out. Metaclastic rocks from the low-
ermost part of the Slavonian Barrovian-type metamor-
phic sequence contain palynomorphic sequence of Sil-
urian (?) to Early Carboniferous age.

The K-Ar values obtained from the amphibole in ul-
tramafic tectonites varies from 527 to 506 Ma. K-Ar mea-
surements on hornblende concentrates from metamor-
phic rocks gave 568 to 421 Ma suggesting that the
Barrovian sequence includes remnants of pre-Variscan
units which so far cannot be mapped.

4 Early Palaeozoic metallogenies

The Una-Sana area - most of Palaeozoic formations be-
long to the Lower-Middle Carboniferous underlain by
subordinate Devonian limestones. In upper part of the
Early Carboniferous flysch sequence has been found rem-
nants of Early Palaeozoic trilobites and palinological
material which are believed to be Early Palaeozoic in age.
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The Medvednica Mountains - The central part of the
Medvednica Mt. is composed of metamorphic rocks
(greenschists) Paleozoic in age. The bigger part is com-
posed of paraschists while the subordinate part
(orthogreenschists) is represented by metadiabases, and
subordinate by epidote + sericite schists, and amphibole
schists. Along 7 km long contact zone (ortho/paraschists)
or near to this contact in the orthomagmatic rocks formed
numerous discontinuous small iron ore deposits (1-3 m
thick, 15-30 % Fe). The contact zone is characterized by
ferrugineous and siliceous rocks, muscovite-chloritoid
schists, quartz-stilpnomelane-magnetite schists and mag-
netite-hematite-quartz ore deposits genetically bounded
with the Ordovician/Silurian volcanogeno-sedimentary
formation, basic in character.

The Drina-Ivanjica Palaeozoic (Golija) complex - is
composed largely of the Drina formation, about 1600 m
thick, which form the multiple folded Drina anticlinorium
and the Ivanjica block. The Cambrian-Ordovician Drina
Formation is composed of metaclastics, subordinate lime-
stones, metadiabases and metatuffs. The lowermost parts
of the Drina Formation are underlain by Neoproterozoic
basement. The oldest fossiliferous rocks in the Drina-
Ivanjica complex are Early Palaeozoic in age. In the Drina-

Ivanjica Cambrian-Ordovician various iron-ore and man-
ganese-ore formations of non-economic interest are in-
cluded. Different ore parageneses occur in the following
upwardly sequential zones: a) Fe-chlorite (thuringite) with
up to 15 % magnetite; b) Fe-chlorite with hematite; c)
magnetite and Fe-chlorite-bearing quartzites, and d)
magnetite-bearing zone. The thickness vary from 0.3 to 1
m, Fe content from 11 to 35 %.

Mid-Bosnian Schist Mountains (MBSMts.) - In the area
between the towns Busovaca-Fojnica, in the north-east-
ern part of the MBSMts. occur rock units of presumed
Cambrian-Ordovician age. They are incorporated in the
Variscan formations and are represented by gneisses and
amphibolite schists associated with predominant
metaclastics and metarhyolites. Their geological age is
not as yet supported by fossils and K-Ar whole rock and
mineral ages. The oldest K-Ar age of 343 Ma was ob-
tained on whole rock phyllite from the area of Fojnica.
This age suggests a Visean thermometamorphic event, a
metamorphic overprint on inferred pre-Variscan com-
plex. This complex is tectonically overlain by Silurian
magmatic-metamorphic formations sug-gesting their
Early Palaeozoic age. In the area of Busovaca a few fer-
rugineous quartzites, 0.3-0.5 thick, are interlayered in
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Figure 1: Neoproterozoic and Early-Paleozoic complexes in the Dinarides, South Tisia and Serbo-Macedonian Mass
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Lower Palaeozoic metasediments. In the paragenesis
quartz predominates over magnetite, Fe-chlorite, hema-
tite and chalcopyrite. In the same area, actinolite-epi-
dote-chlorite ortho-greenschists, interlayered in
metasediments are rhythmically interlayered by beds,
15-30 cm thick. Composed of chrome-spinel (4.52 % ZnO
and 1.15 % MnO, accompanied by siderite, quartz, al-
bite, Cr-magnetite, hyalophane, phengite, Cr-chlorite and
chalcopyrite. In the Krecevo-Kiseljak-Fojnica- Busovaca
area occur numerous predominantly small and subordi-
nate middle sized quartz veins. The veins contain 99-
97.5% Si0,, accessories are chlorite, sericite and pyrite.
The quartz veins are predominantly synkinematic, some
are post-kinematic.

The Early Palaeozoic ore deposits in the West
Macedonia - Fossiliferous Cambrian and Ordovician,
4 - 5km thick have been found on the Stogovo, Karaorman,
Pelister, Kru$evo, Pesjak and Dobra Voda Mts. It is vol-
cano-sedimentary complex, in the deepest part predomi-
nant basic and acid volcanites; metaclastic rocks are sub-
ordinate. The higher parts are composed of metaterrigene
sediments, subordinate are orthogreen-schists. From
metallogenic point ofview the Early Palaeozoic complex
of West Macedonia is characterized by the dominance of
mineralization related to volcanic-sedimentary associa-

tion. Mineralization related to the Ordovician (456 Ma)
granitoids is of small economic importance.

On the western part of the Stogovo Mt., in the Ordovi-
cian schists is situated relatively big manganese deposit Kara
Deva and some smaller ones Uzinica, Babin Srt, Denariza.
The main primary mineral is rodochrosite, subordinate are
siderite and pyrite. The ore contains 20-24 % Mn. Subordi-
nate secondary minerals are psilomelane and pyrolusite.
Numerous relatively small iron ore deposits (20-38 % Fe)
have been found in the Cambrian-Ordovician schists of
Stogovo, Karaorman Slavej and Babuna Mts. The mean ore
minerals are chamosite and magnetite. In the contact-meta-
morphic zone of the Ordovician granitoids, rocks rich on
sillimanite and cordierite occur. Very small Cu, Zn, Pb ore
occurrences, long quartz veins and rare pegmatites are re-
lated to this granitoid.
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Abstract. The giant epithermal Ag-Hg deposit of Imiter (Morocco) is
investigated to test a possible transfer of chalcophile elements from
the mantle to superficial crustal levels during Pan-African times.The
accretion of the Anti-Atlas belt at the West African continent is char-
acterized by a four stage succession of events, that is, extension,
subduction, moderate collision and extension. The strongest
metallogenic activity which is dominated by base- and precious
metal deposit formation, occurs during the late extensional stage
at the Precambrian-Cambrian transition. In the Imiter Ag-Hg de-
posit, the origin of metals and ligands, deduced from S, fluid inclu-
sions, He, and Re/Os data obtained on sulphide phases and gangue
minerals, had a dominantly mantle source.

Keywords. Epithermal deposit, mantle source, Neoproterozoic, Anti-
Atlas, Morocco

1 The Imiter Ag-Hg deposit (Morocco)

The Imiter deposit is located on the northern side of the
Saghro massif, which constitutes, with the other Protero-
zoic inliers (Ifni, Kerdous, Akka, Bou Azzer, Sirwa and
Ougnat) the Anti-Atlas orogenic belt of Morocco (Fig. 1)
bordering over more than 700 km from the Atlantic ocean
to Algeria the northern side of the western African Cra-
ton WAC (Ennih and Liegeois 2001; Fekkak et al. 2001).

Magmatic activity extends from the Palaeoproterozoic to
the Neoproterozoic and corresponds to two successive
periods of crustal accretion during the Eburnean
(Birimian) and Pan-African orogenies. The widespread
early Palaeozoic cover makes the geology of Anti-Atlas a
reference for the Precambrian/Cambrian boundary. The
Imiter Ag-Hg deposit is precisely dated at 550 Ma (zircon
ion-probe U-Pb dating from associated rhyolites; Levresse
2004) coeval with regional extensional tectonic activity
characterizing the P/K transition. Imiter is a world-class
silver deposit with currently identified resources of 10
000 metric tones (t) metal. It was formerly interpreted
through a black-shale remobilization model (Leistel et
Qadrouci 1991) but is now considered as a case of
Neoproterozoic epithermal mineralization (Levresse 2001 ;
Cheilletz et al. 2002). The Imiter Ag-Hg deposit is hosted
by black shales and volcanics of Middle and Late
Neoproterozoic age, respectively, and unconformably over-
lain by a Palaeozoic sedimentary succession. The silver
mineralization is genetically related to felsic volcanic rocks
(domes and dykes) dated at 550+3Ma (Levresse, 2001).
This epithermal event postdates a discrete base metal
episode associated with granodiorite intrusions dated at

ID‘I’W

31°N|[Morocco
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Figure 1: Major geological units of the Anti-Atlas belt in southern Morocco and position of the Imiter deposit



24

Gilles Levresse - Alain Cheilletz - Dominique Gasquet - Moulay Rachid Azizi-Samir

572+5Ma (ion-probe U-Pb dating on zircon; Levresse
2001). Wall-rock alteration associated with the epithermal
silver event was minimized by the neutrality of the hy-
drothermal fluids. The silver mineralization is structur-
ally controlled by the Imiter fault zone which experienced
two successive tectonic regimes (Levresse 2001).

The earlier and predominant regime led to the devel-
opment of normal faults trending N80°E; the second sin-
istral strike-slip regime led to reactivation of the normal
faults,inducing an anastomosed geometry. The epithermal
silver event is divided into two successive stages charac-
terized by two different gangue minerals, quartz and do-
lomite, in extensional veins, hydraulic breccias and quartz-
dolomite laminations. Impressive decakilogram Ag-Hg®
plates occur in the extensive fault zones and brecciated
areas. Mercury content in Ag-amalgam increases from the
quartz- to dolomite stage and ranges from 10 to 30% and
from 20 to 40% respectively. Mineralogical textures in both
stages are complex (association, replacement). Sulphides
are the earliest phases. These are, in decreasing abundance,
pyrite-arsenopyrite, sphalerite, galena and chalcopyrite.
Sulphides occur mostly as aggregates or as xenomorphic.
They are strongly corroded by native silver, sulphides and
sulphosalts. Silver sulphosalts everywhere precipitated in
association with or as replacement of sulphides. Imiterite
is most common as needles in dolomitic geodes, associ-
ated with cinnabar and argentite. Oxydation is scarce and
locally limited to the upper levels of the deposit.

2 A mantle source for metals and ligands

The origin of the metals and ligands (sulphides) was de-
duced from S, fluid inclusions, He, and Re/Os data ob-
tained on sulphide phases and gangue minerals. Sulphur
isotope analyses show the existence of two distinct isoto-
pic reservoirs, one in pyrite from the surrounding black
shale country rocks (8**Scpr=-38%0) and the other in
pyrites associated with a synchronous rhyolitic dome
(8**S¢pr=-7 t0 -2%0). The §**S¢p values of the silver min-
eralization event range from -28 to -2%o and are inter-
preted as resulting from preferential degassing of SO2 in
ascending fluids, as well as mixing between the magmatic
isotopic reservoir and a country rock reservoir. Helium
isotope analyses of sulphides and gangue minerals yield
similar results, with 3He/4He ratios ranging from 0.76 to
2.64Ra. These data and the absence of 20Ne in the ana-
lyzed fluid inclusions suggest a mantle origin for the flu-
ids associated with the epithermal silver event. Osmium
isotopic ratios have been measured for the first time in
Age and Ag-sulphosalts. These data and those obtained
on other sulphide phases directly associated with the Ag
mineralization show measured 1870s/1880s ratios of
0.142-0.197 indicating a dominantly mantle source for the
associated Os. Combined with helium isotopes, these data
clearly indicate that the main source of the elements

(ligands and metals) is from the mantle. The source of
the fluids in the Imiter Ag deposit model, unlike in clas-
sic epithermal models (Sillitoe 1993; Hedenquist et al.
2000), is hypogene. The low salinity of the fluids (Tmi =
5.9 to 0.0°C) pleads in favor of silver transport as a
bisulphur complex (AgHS). The low salinity of the fluids,
as well as their gas content (CO,=50-100%, H,S=23-36%,
N,=24-48%, of the gas phase), is characteristic of pre-
cious metal deposits of the epithermal type (Hedenquist
et al. 2000).

3 Geodynamic evolution of the Anti-Atlas during
Pan-African times

Regional and local isotopic analysis in conjunction with
detailed tectonic and magmatic studies, permit develop-
ment of a coherent genetic model to Imiter Ag deposit in
the Anti Atlas geodynamic evolution. Seven major mag-
matic episodes are now clearly identified in the Anti-At-
las (Saquaque et al. 1992; Ennih and Liégeois 2001;
Hefferan et al. 2002; Thomas et al. 2002) corresponding
to major changes in geochemical characteristics and tec-
tonic environments. These magmatic events can be
grouped into four major geodynamic-stages (Fig. 2):

1. Ocean opening restricted to Bou Azzer (Fekkak et al.
2001) and probably to the Sirwa massif (Thomas et al.
2002). The age of this phase is not well constrained.
However it seems to be, at Bou Azzer, coeval or older
than 788+8 Ma which corresponds to the age of ther-
mal metamorphism linked to the emplacement of a
gabbroic dyke assumed to belong to the ophiolitic pile
(Leblanc and Lancelot 1980). In the Sirwa inlier it ap-
pears to be coeval or older than 743+14 Ma, the age
recently obtained by Thomas et al. (2002) for a tonalite
protolith of an orthogneiss of the ophiolitic sequence
from the Bleida Group (Thomas et al. 2002). It is more
certainly contemporaneous with plagiogranite em-
placement dated at 762+Ma (Samson et al. 2003).

2. Subduction contemporaneous with calc-alkaline
magmatism not precisely dated (Saquaque et al. 1992),
the dip direction of the subduction, toward North or
South, is still matter of debate.

3. a. Obduction (Bou Azzer) related to the so-called Bl
tectonic event, low-grade metamorphism, partially
molten gneisses and to calc-alkaline intrusives. In
fact, the age of B1, recognized in the whole AA, is
only constrained in the Central AA at 690-660 Ma.
These ages were indirectly obtained either on the
associated calc-alkaline metaluminous magmatism
supposed to be synchronous with B1, dated at
661+23 Ma (U-Pb, Mifdal and Peucat, 1985), or on
metamorphic rocks at the contact of the intrusions
at 685+15 Ma and far from intrusions at 663+13 Ma
(U-Pb, Thomas et al. 2002). No date was obtained
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for Bl in the western and eastern AA and it is un-
certain if B1 has the same age in the whole AA.

b. A minor and sporadic collision phase characterized
by the emplacement of granodiorites, at 615£12 Ma
(Ducrot and Lancelot, 1977), coeval with the “B2”
tectonic event. This phase corresponds to the de-
finitive ocean closure.

c. An extensive (595-570 Ma) magmatic episode char-
acterized by intermediate to felsic (mainly high-K
calc-alkaline) intrusions; this episode is related to
base-metal ore deposits (Cu-Pb-Zn; Levresse, 2004)
and constitutes a transition towards the main late
Neoproterozoic distensive tectonic event.

. A high-K calc-alkaline to alkaline magmatism ends
the late (570-545Ma) Neoproterozoic time. It is
linked to precious metal (Au-Ag) deposits. Prelimi-
nary Sr-Nd isotopic data for the 595-570 Ma plu-
tonic event and 570-545 Ma volcanic episode from
Saghro-Imiter indicate the same low #”Sr/%Sr (0.702
to 0.706) and *3Nd/*4Nd (0.5116 to 0.5119) initial
ratios, attesting to mixing between mantle and lower
crust sources. This relatively primitive Sr signature
is also attested by a low #70s/'880s ratio obtained

T e

Figure 2: Geodynamical restoration of the Pan-African Anti-Atlas
belt at the northern limit of the WAC

on pyrites from the rhyolitic domes, dykes and sil-
ver mineralization. The calculated Nd model ages
on 595-570Ma old granites and 570-545 Ma old felsic
volcanics rocks fall in a rather restricted range from
1561 to 1161 Ma suggesting an unique source of
middle Proterozoic age for these two episodes of
felsic magmatism. A similar middle Proterozoic
source is also invoked for the felsic volcanism of
the Sirwa window (Thomas et al. 2002).

b. Alkaline volcanism at 531+5Ma, which post-dates
the late Neoproterozoic magmatism and heralds the
starts of the Paleeozoic times.

4  Conclusion: Imiter as a Precambrian analogue to
modern epithermal deposits

An active margin is developed during the stage 3 of the
evolution described above. The 570-530 Ma stage 4 char-
acterizes the transition to a passive continental margin
coupled with extensional tectonics and the development
of marine basins to the north and the Saharan cratonic
basin to the south. During this period, magmatism and
metallogenic activity have a long common history (e.g.
felsic volcanism and the Ag-Hg giant deposit of Imiter:
Cheilletz, 2002; Levresse et al. 2004). They have mantel-
like and pro parte infracrustal signatures. Thus, large vol-
umes of juvenile materials, precious metals and
chalcophile elements are added to the continental crust.
The post-collisional features, related extensive high-K calc-
alkaline magmatism, and marine basin development, to-
gether indicate high heat flow contribution due to conti-
nental underplating and/or mantle upwelling. This
geodynamic control is particularly fruitful for the devel-
opment of superficial hydrothermal mineralization as
epithermal or base metal porphyry deposits (Cheilletz et
al. 2002). Moreover, huge metal transfers suggest the ex-
istence of verticals drains able to mobilize the deepest
parts of the lithosphere. This model which involves a large
part of the lower crust and the mantle, is in opposition
with the re-mobilization model previously elaborated to
explain the origin of giant precious metal deposits, such
as Imiter, from local superficial convective cells (Leistel
and Qadrouci, 1991).
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Formation of giant Ni-Cu sulfide deposits
in dynamic magma conduits
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Abstract. Key factors for the formation of world-class magmatic Ni-
Cu deposits include sulfide saturation in magma, large magma/sul-
fide ratio and accumulation of sufficient quantity of immiscible sul-
fide liquid in limited localities. Results from two well-known Ni-Cu
deposits in the world, the Talnakh deposits in Siberia, Russia and
the Voisey’s Bay Deposit in Labrador, Canada, indicate that a dy-
namic magma conduit in the upper crust is an ideal environment
in which these factors can prevail.

Keywords. Ni-Cu deposits, magma conduit, Talnakh, Voisey’s Bay

1 Introduction

Except for the Sudbury Ni-Cu deposits that are related to
an unique meteorite impact event, many other giant Ni-
Cu deposits related to continental magmatism occur in
dynamic magma conduit systems at upper crustal levels.
This is not surprising because a dynamic conduit in the
upper crust is an ideal environment for assimilation of S-
rich country rocks, accumulation of immiscible sulfide
liquids in hydralic traps and upgrading of metals in the
sulfide liquids by new pulses of fertile magma (i.e. large
resultant magma/sulfide ratio). The best examples of
world-class Ni-Cu deposits that occur in dynamic magma
conduits are the Talnakh Ni-Cu deposits in Siberia, Rus-
sia (Li et al. 2003) and the Voisey’s Bay Ni-Cu deposit in
Labrador, Canada (Li et al. 2001).

2 Results from Talnakh

At Talnakh, the host intrusions consists of multiple rock
units. Major sulfide mineralization is closely associated
with the basal gabbro unit. Different rock units in the
intrusion are not related to each other by in situ differen-
tiation, but rather by different pulses of magma sucessively
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Figure 1: Plan view of the Voisey's Bay intrusion

flowing through the conduit. Evidence for this interpre-
tation includes the discontinuity of Ni concentration in
olivine inclusions (1000 versus 2000 ppm Ni with similar
Fo), in plagioclase and pyroxene, and the contrasting S
isotopic compositions of different rock units (8*S values
of 1.5 versus up to 14 per mil). The **S-enriched sulfur in
the intrusions is thought to have been introduced via cir-
culating fluids that transported sulfur from evaporites in
the underlying sedimentary sequence to the magma in
the conduit. The immiscible sulfide liquids that segregated
during sulfur contamination settled down in the wider
parts of the conduit as the magma continued to ascend.
Successive pulses of new magma entered the conduit, re-
acted with the early sulfide and displaced much of the
early magma in the conduit.

3 Results from Voisey's Bay

At Voisey’s Bay (Figs. 1,2 and 3), important sulfide accu-
mulations are associated with a breccia unit that contains
abundant paragneiss xenoliths in the base of an upper
chamber, as well as the feeder dyke connecting the upper
chamber to a lower chamber.The feeder dyke of the
Voisey’s Bay intrusion consists of multiple rock units that
cannot be related to each other by in situ differentiation
of a single magma but are most consistent with emplace-
ment of multiple pulses of magma from the lower cham-
ber. Variations of S isotopic composition and metal con-
centrations in the sulfide ores suggest that sulfide satura-
tion was initiated by contamination with S-rich paragneiss

—=N

| Qiivine gabibro

s 77| Ferodirite

M2 ol . ] Vared-textured
—— " | intermediatelmafic| ——— Uoctolite

orthogneiss . Massive sulfide

Leopard-textured

froctolite
= (Sulfide > 25 %)

o | Breccia containing
> 25 % inclusions

= Halo of inclusions
{51625 %) wih

disseminated sulfide

o

Figure 2: Simplified section through the lower part of the Eastern
Deeps
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Figure 3: Cross-sections of the feeder dyke of the Voisey's Bay
intrusion

in the lower chamber. The immiscible sulfide droplets were
brought up by the fractionated magma from the lower

chamber along the conduit leading to the overlying cham-
ber. The sulfide droplets became concentrated to form
massive accumulations in the swellings of the conduit and
at the entrance of the conduit to the upper chamber. Suc-
cessive surges of more primitive magma through the con-
duit reacted with some early sulfides and thus increased
the metal tenors in the sulfides.

References

Li G, Ripley EM, Naldrett AJ (2003) Compositional variations of oli-
vine and sulfur isotopes in the Noril’sk and Talnakh intrusions,
Siberia: implications for ore-forming processes in dynamic
magma conduits. Economic Geology 98: 69-86

Li C, Ripley, EM, Naldrett AJ (2001) Critical factors for the formation
of a nickel-copper deposit in an evolved magma system: lessons
from a comparison of the Pants Lake and Voisey’s Bay sulfide
occurrences in Labrador, Canada. Mineral Deposit 36: 85-92



Chapter 1-8

Synchronous vertical and horizontal tectonism
during the late stage of Archean cratonization:
An important process in gold mineralization?
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Abstract. Both vertical and horizontal tectonism played an impor-
tant role in Archean tectonic evolution. These two processes have
independent driving forces and should not be mutually exclusive.
In the Superior Province in Canada, there is convincing evidence
for synchronous vertical and horizontal tectonism at the late stages
of Archean cratonization, and horizontal shearing (a result of hori-
zontal tectonism) is concentrated in synclinal keels (a result of ver-
tical tectonism).The Timiskaming-type sedimentary rocks were de-
posited in the keels during this process. The synclinal keel-shear
zone association provided a link between the upper crust and the
lower crust or mantle, and might have served as a conduit for min-
eralizing fluids and magma that were generated in the crust and/
or mantle during the process. Such a process in the late stage of
Archean cratonization can readily explain the common association
of gold deposits with greenstone belts in synclinal keels, shear zones,
late felsic to intermediate intrusions and Timiskaming-type sedi-
mentary rocks.

Keywords. Vertical tectonics, horizontal tectonics, gold mineraliza-
tion, Archean, cratonization, Superior Province

1 Introduction

Two contrasting processes have been proposed for
Archean tectonics: “vertical tectonism” driven by den-
sity inversion and “horizontal tectonism” driven by re-
gional horizontal tectonic stress. Many Archean geolo-
gists now accept that processes similar to present-day
plate tectonics (a form of horizontal tectonism) existed
in some form in the Archean, particularly in the
Neoarchean (van Kranendonk 2004 and references
therein). On the other hand, detailed field-based studies
have continued to document convincing evidence for
vertical tectonism (van Kranendonk et al. 2004 and ref-
erences therein). Considering that the driving forces for
vertical and horizontal tectonism are independent, the
two processes should not be mutually exclusive. It is there-
fore conceivable that at some point in time and space,
the two processes might operate synchronously (and
potentially interactively), although direct (as opposed to
circumstantial) evidence has rarely been reported. In this
paper, we summarize evidence for synchronous vertical
and horizontal tectonism in the Superior Province in
Canada and suggest that such a process in the late stage
of cratonization played a very important role in gold
mineralization.

2 Synchronous vertical and horizontal tectonism
in the northwestern Superior Province

As part of a multidisciplinary program to better under-
stand the tectonic evolution of the Superior Province, de-
tailed studies have been conducted in major greenstone belts
in the northwestern Superior Province, including the Gods
Lake, Knee Lake, Carrot River, Cross Lake and Island Lake
belts (Fig. 1a). The results show that both horizontal tec-
tonism (in a form similar to present-day plate tectonics)
and vertical tectonism have played a significant role in the
tectonic evolution of this part of the Superior Province, and
there is convincing evidence for synchronous vertical and
horizontal tectonism at the late stages of cratonization. The
geological evolution of the Cross Lake greenstone belt is
typical of the greenstone belts in the area and is described
here as an example (based on Parmenter 2002).

Supracrustal rocks of the Cross Lake greenstone belt
consist of two main groups: the >2760 Ma Pipestone Lake
Group and the unconformably overlying <2704 Ma Cross
Lake Group. The former consists of mafic volcanic and
minor sedimentary rocks, and the latter is a fining-up-
ward fluvial to marine sedimentary sequence consisting
of polymictic conglomerates, sandstones, argillite-rich
horizons and turbidites.

Detailed structural analysis revealed four major genera-
tions (G1-G4) of structures in the Pipestone Lake Group
and three generations (G2-G4) in the Cross Lake Group.
Clasts in the latter contains a pre-depositional foliation (in-
terpreted as S1). The main features of the four generations
of structures and their tectonic interpretations are sche-
matically shown in Figure 2. The nature of G1 is enigmatic
due to poor preservation. It might represent the major phase
of collisional deformation, thrusting, and greenstone belt
amalgamation proposed based on data from other green-
stone belts in the area. G2 is characterized by the develop-
ment of a belt-scale synclinorium cored by supracrustal
rocks and flanked by granitoid domes (Fig. 2b-c). During
G3, large-scale shear zones were developed along
supracrustal-pluton contacts, under amphibolite-facies con-
ditions. Movement along these shear zones was oblique with
dominant pluton-side-up dip-slip component and minor
dextral strike-slip component (Fig. 2d). During G4 defor-
mation, these shear zones were reactivated under greenschist
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facies conditions and exhibited similar kinematics as G3
(Fig. 2e). Although the pluton-side-up dip-slip movement
component continued, dextral strike-slip movement com-
ponent was much more significant.

The G2 structures and the dip-slip components of
G3-G4 are best explained by gravity-driven vertical tec-
tonism, with subsidence of the dense volcanic sequence
(sagduction) and concurrent diapirism of underlying sialic
material (Fig. 2b-e). On the other hand, the dextral strike-
slip components during G3-G4 are consistent throughout
the Superior Province and are best explained by horizontal
tectonism related to regional dextral transpression. During
most part of the G2-G4 deformation history,vertical and
horizontal tectonism was synchronous. During G2 and at
least the early stage of G3, vertical tectonism was domi-
nant, whereas during G4 horizontal tectonism prevailed.
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These relationships indicate that G2-G4 may represent a
transition from dominantly vertical tectonism, in the form
of diapirism and sagduction, to dominantly horizontal tec-
tonism, in the form of regional transcurrent shearing.

The overall map pattern of the northwestern Superior
Province (Fig. 1a-b) is consistent with the presence of both
vertical and horizontal tectonism. In areas where vertical
tectonism is dominant, the granitoid domes tend to be
rounded with greenstone belts occurring in-between in syn-
clinal keels, for example, in the interior of the Sachigo
subprovince (lower right corner of Fig. 1a-b). In areas where
horizontal tectonism is more significant, both the domes
and the greenstone belts are elongated and the general ge-
ometry is more “linear” (Fig. 1a-b). Deformation related to
horizontal tectonism tends to be localized in shear zones
coincident with elongated synclinal keels (Fig. 1a).

northwestern Superior Province. (b) A shaded relief image of the total magnetic field of the same areca. CR: Carrot River; CL: Cross
Lake; GL: Gods Lake; IL: Island Lake; KL: Knee Lake. Magnetic map from the Geological Survey of Canada
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Figure 2: Schematic diagrams showing the structural evolution of the Cross Lake greenstone belt (modified from Parmenter 2002).
See text for explanation. Note that movement along G3 and G4 shear zones in (d) and (e), respectively, have both dip-slip and strike-
slip components, with the dip-slip component being dominant during G3 and the strike-slip component more important during G4. (c)

is modified from Dixon and Summers (1983).
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2.1 Deposition of Timiskaming-type sedimentary rocks
during vertical tectonism

In many greenstone belts in the Superior Province (and
other Archean cratons), a sequence of sedimentary rocks
similar to the Cross Lake Group lie unconformably on
older greenstone sequences. These “Timiskaming-type”
sedimentary rocks show sedimentary features for a struc-
turally controlled basin (Thurston and Chivers 1990). They
are commonly spatially associated with, and have tradi-
tionally been interpreted as deposits in pull-apart basins
genetically related to, late strike-slip shear zones (equiva-
lents of G4 shear zones here). However, data from vari-
ous greenstone belts in the northwestern Superior Prov-
ince indicate that basin development and sedimentation
were most likely penecontemporaneous with G2 and the
onset of vertical tectonism (Fig. 2b; Parmenter 2002).
Greenstone-belt subsidence (sagduction), concurrent with
diapirism and uplift, provides an ample mechanism for
the development of tectonic basins in the synclinal keels
between the flanking granitoid domes. A similar inter-
pretation has been proposed for similar sedimentary se-
quences in the east Pilbara in Australia (e.g. van Kranendonk
et al. 2004) and in the Slave Province in Canada (Bleeker
2002). Parks (unpublished data) dated ~400 detrital zircon
grains from samples collected at various stratigraphic po-
sitions of such a sedimentary sequence in the Island Lake
greenstone belt (Fig. 1a) by the LA-MC-ICP-MS method.
The results indicate an unroofing pattern in the flanking
domes that is consistent with such an interpretation.

3 Implications for Archean gold mineralization

Archean gold deposits dominantly occur in greenstone
belts and are spatially associated with major deforma-
tion zones that are believed to have served as conduits
for mineralizing fluids (e.g. Fig. 1a). There is also a close
spatial relationship of gold deposits with post-volcanic,
syn- to late-tectonic, felsic to intermediate intrusive rocks
and Timiskaming-type sedimentary rocks (Colvine et al.
1988 and references therein). In addition to displaying a
spatial association with gold deposits, these syn- to late-
tectonic intrusions and sedimentary rocks seem to occur
more frequently or dominantly in the deformation zones
that host gold mineralization. The latter indicates that their
emplacement/deposition might also have been controlled
by the deformation zones (Colvine et al. 1988 and refer-
ences therein). In some deposits, it can be demonstrated
that there is a genetic link between these intrusions and
gold mineralization. In others, such a direct link cannot
be demonstrated and may not exist.

Synchronous vertical and horizontal tectonism at the
late stages of cratonization can readily explain the above
spatial associations and potential genetic links, and is
potentially a very important process in Archean gold min-

eralization. At the beginning of the process, the green-
stone sequence overlaid and insulated the sialic crust, while
the crust was likely being “underplated” or intruded by
mantle-derived magmas (see Colvine et al. 1988 and ref-
erences therein; Beakhouse 2003). As a result, the crust
below the greenstone sequence was significantly heated
and its viscosity significantly lowered creating a gravita-
tional instability and initiating vertical tectonism. This
resulted in subsidence of the dense volcanic sequence in
the synclinal keels concurrent with diapirism of under-
lying sialic material in the flanking domes. The
Timiskaming-type sedimentary rocks were deposited in the
synclinal keels, unconformably overlying the volcanic se-
quence. The synclinal keels, with steep contacts, are
favourable locations for localized horizontal shearing as-
sociated with regional transpression, resulting in elongated
synclinal keels in which the supracrustal rocks are strongly
deformed and foliated. These rocks are thus much more
permeable than the granitoids in the flanking domes. Mean-
while, mineralizing fluids and felsic to intermediate magma
were generated in the crust and/or upper mantle. They fol-
lowed these deformation zones up to the upper crust, form-
ing gold deposits and intrusions in the supracrustal rocks,
including in the Timiskaming-type sedimentary rocks and
in the intrusions emplaced during the process. An impor-
tant feature of this model is that the mineralizing fluids
and the fluid conduits are genetically related, both being
generated as a result of Archean cratonization.

3.1 Potential examples

The features summarized above are shared by many gold
deposits in both the northwestern and southern Superior
Province, implying a common tectonic process for gold
mineralization. The spatial association of Timiskaming-type
sedimentary basins with major auriferous shear zones such
as the Destor-Porcupine fault and the Cadillac-Larder Lake
fault is well documented.

The Dome Mine is a potential example of gold depos-
its formed during synchronous vertical and horizontal
tectonism. The deposit is spatially associated with the
Dome Fault (a branch of the Destor-Porcupine fault),
quartz porphyry intrusions and the Timiskaming Group
(conglomerate and slate; Fig. 3). The last unconformably
overlies older metavolcanic and metasedimentary rocks,
including metabasalt (greenstones). The supracrustal
rocks are folded and sheared, and the geometry of the
conglomerate layer defines an overall syncline, with a sec-
ond-order central anticline flanked by two synclines (Fig.
3). The overall kinematics and geometry are very similar
to that of Figure 2c-e. Gold mineralization mainly occurs
near the crest of the anticline, in stockworks in the con-
glomerate and in zones parallel to the foliation and
lithological contacts in the greenstones. It occurred dur-
ing folding and shearing, and its location is apparently con-
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Figure 3: A section of the Dome mine, Timmins, Ontario
(modified from a field trip handout supplied by, and published
with permission of, the Dome Mine). See text for discussion.

trolled by the (permeable) conglomerate and the geometry
of the anticline. The steep foliation and lithological con-
tacts might have served as fluid conduits, the conglomerate
as a fluid trap and the slate (shale) as an impermeable cap.

The Hemlo gold deposit is another potential example.
Here, gold mineralization, Timiskaming-type sedimen-
tation, shear zone deformation and late-tectonic
magmatism are spatially associated and were synchro-
nous (Lin 2001). They occurred at ca. 2677 Ma, probably
synchronous with diapirism in a major granitoid dome
to the south.
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Chapter 1-9

Characteristics of isotope geochemistry of deep mantle
constraints on metallization in alkali-enriched porphyry

systems
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Abstract. Numerous well-developed alkali-rich porphyry polymetallic
deposits occur in the eastern Jinshajiang-Ailaoshan fracture, west-
ern Yunnan. These alkali-rich porphyries of this region are known
to contain mantle xenoliths. Pb-Si-Sr-Nd isotope geochemistry sug-
gests that silica-rich mineralizing fluids tend to replace and alter
the country rocks and rockbodies, and to be contaminated with
crustal rocks, thus forming ore deposits during the generation of
alkalic magma. The mineralizing process of silica-rich fluids is es-
sentially a continuation of mantle fluid metasomatism during min-
eralizing processes in the crust. The action of the mantle fluids is
not only an internal constraint to widespread Cenozoic mineraliza-
tion but also an important geochemical constraint for the forma-
tion of large and superlarge deposits in western Yunnan, China.

Keywords. Mantle fluid process, alkalic porphyry, xenolith, isotope
geochemistry, mineralization

1 Introduction

Western Yunnan, close to the eastern margin of the
Qinghai-Tibetan plateau, is a Cenozoic intracontinental
deformed region with well-developed polymetallic min-
eralization associated intimately with tectonics, juvenile
magmas and fluids. Some of the most important depos-
its of this region are alkali-enriched porphyry deposits
located in the eastern Jinshajiang-Ailaoshan fracture belt.
These include the Machangqing Cu-Mo-Au deposit and
Jingchangqing Au deposit in Xiangyun, and the Bei’ya
Pb-Au and Yao’an Pb-Ag-Au deposits in Heqing. We have
studied the Pb-Si-Sr-Nd isotopic compositions of the
above four deposits as well as the ultramafic mantle xe-
noliths from aegirinite syenite porphyries occurring in
Liuhe Village, Heqing County, Yunnan Province. Sodium-
rich microlite-glass is located in the ultramafic xenoliths
(Liu et al. 2000). Our study shows that the glass origi-
nated from mantle fluid metasomatism. In addition, the
mineralogical features of the xenoliths show that these
xenoliths are characterized by upper mantle rocks which
have been modified to a certain extent by enriched mantle
fluid metasomatism in the mantle environment, at low-
degrees of partial melting (Liu et al. 2003).

Generally, the different type ore deposits, which are
all structurally controlled, and are related to alkali-en-
riched magma and mantle fluid processes, have the fol-
lowing geological features: ore bodies occur as veins or
disseminated veinlets in porphyries, contact zones be-

tween porphyries and country rocks, and country rocks.
As the ore formation temperature changes from
high?medium high ?medium low?low, the ore type varies
from Mo? Cu-Mo? Pb-Zn-Fe? Au-Ag. Thus, there is a se-
quential metallogenic effect from intrusive through con-
tact zones to country rocks, with high-temperature met-
allization changing to low- temperature (Liu et al. 2002).
This suggests that the country rocks can partly provide
ore materials, in a fluid process, but they are not the main
source. Alkali-rich magma and associated upper-mantle
fluids, which moved along large-scale deep faults, are the
main sources of ore materials for the alkali-rich porphyry
deposits.

2 Lead isotope geochemistry

As can be seen in Figure 1 and Figure 2, the plots are
highly scattered, suggesting that the alkali-rich porphy-
ries and the xenoliths they carried have a very similar
compositions of lead isotopes, and that the alkalic magma
and silica-rich ore-fluid had an initial and principal com-

¥ OZ2 @3 A4 5 O6 m7 *8§
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Figure 1: Lead isotope in alkali-rich porphyries, deep xenoliths and
characteristic minerals 1.porphyry; 2.feldspar phenocrysts;
3.silicified quartz; 4. pyrite; 5. galena; 6. specularite; 7. altered
porphyry; 8. deep xenoliths; UC:upper crust; OR:orogenic belt;
M:mantle; LC:lower crust. (based on Zartman, et al. 1981)
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Figure 2: Ay-AB of lead isotope in alkali-rich porphyries, deep
xenoliths and characteristic minerals. 1. legends 1~8 is identical
to one fig.1; 2. AB=(B-BM)/BMx1000; 3. Ay=(y-yM)/ yYMx1000;
4. B=207Pb/204Pb of samples; 5. y=208Pb/204Pb of samples;
6. BM=208Pb/204Pb of mantle=15.33; 7. YM=208Pb/204Pb of
mantle=37.47 8.limits trap: mixed lead of homogenization
between crust and mantle (from Zhu Bingquan, et al.1989)

mon source of lead, which originated from the mantle.
But crustal or strata lead may have been incorporated
into the alkalic magma and the mineralizing fluid as they
ascended along fault systems. Thus lead of different ori-
gins were well mixed during orogeny resulting in the shift-
ing of the data points toward OR or even UC.

3 Silicon isotope geochemistry

The silicon isotope composition of characteristic rocks
and minerals related to mineralization for the typical
deposits in this area, as shown by Table 1 and Figure 3,
indicate following features: The silicon istope composi-
tions vary greatly for diffirent type and occurrence of
samples. Based on the dynamic fractionation principle
of silicon isotopes, our study shows that silicified quartz
and hemimorphite and pure quartz enclosures could rep-
resent silica-rich mineralizing fluids; lamprophyre, al-
kali-rich porphyries and the xenoliths they carried,
feldspar and quartz phenocryst could represent alkali-
rich magma. Both 8%Si values are quite different, and
they do not vary in different layers or bodies. The former
is —0.1%o0~-2.4%o, with the latter 0.0%0~0.4%o. In ad-
dition, Ca-Cr-pyralspite related to mineralization and
mineralized rocks (containing porphyry and sandstone)
could represent the products of interaction between
silica-rich mineralizing fluid and crustal rocks. Their 8*°Si
value are 0.3%o0~0.7%o. However, silicon isotope compo-
sitions vary greatly in different layers and lithologies
(0.2%0~0.7%o).
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Figure 3: Diagram showing the distribution of silicon isotope
compositions of the alkali-rich porphyry, hypo xenoliths, strata
country rocks and characteristic minerals from the typical deposits
in the study area. 1.alkali-rich porphyry and lamprophyre and deep
xenoliths; 2.silicified quartz, hemimorphite and pure quartz
enclosure; 3.mineralization porphyry and sandstone; 4.Ca-Cr-
pyralspite related to mineralization; 5.strata country rocks (O,,T , K,)
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Figure 4: Diagram of Sr-Nd isotope of the alkali-rich porphyries
and deep xenoliths they carried. 1. syenite porphyry (the host),
Liuhe; 2. deep senoliths in the syenite porphyry, Lihue (from Deng
Wanming, et al. 1998); 3. data from Tatsumoto, et al. 1992 and
Song, et al. 1988; 4. data from Liu Conggiang, et al., 1996; The Aj
field: Alkalic porphyries and alkaline volcanic rocks in western
Yunnan (from Deng Wanming, et al. 1998 and Zhang Yuquan, et
al., 1997 ); The Ad field: Cenozoic basalts in eastern China (from
Liu Conggiang, et al. 1996;); the four end members of mantle are
based on Hart, 1984; MORB show mid-ocean ridge basalts

The above distribution of silicon isotope compositions
may suggest that the silica-rich mineralizing fluids, which
are characterized by low negative silicon isotope values
with almost no dynamic fractionation, have the nature
of primary mantle, and that alkali-rich magma, which is
characterized by positive silicon isotope values after quite
dynamic fractionation, was derived from a source in en-
riched namtle formed by mantle metasomatism. The §*°Si
values (0.3%0~0.7%o) of Ca-Cr-pyalspite and mineral-
ized rocks are higher than those (0.0%0~0.4%o) of rep-
resentation alkali-rich magma. This suggests that the
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Table 1: Composition of silicon isotope of the alkali-rich porphyry, deep xenoliths, strata country rocks and characteristic minerals from

the representative deposits in the study area

Ser.No Sample No Rock or mineral 8"Si%o Sample occurrence
1 MM-9-2 quartz phenocryst 0.1 biotite quartz monzo-porphyry
2 MM-32-1 silicified quartz -0.1 Cu-Mo-bearing quartz vein
3 MM-30 lamprophyre dike 0.4 in monzo-porphyry
4 MM-15 mineralization sandstone 0.4 Au-bearing strata country rock (O,)
5 MM-16 sandstone -0.2 strata country rock(O,)
6 HL-81 aegirinite syenite-porphyry 0.0 deep xenoliths-bearing host rock
7 HL-71-4 Ca-Cr-phyralspite 0.7 in garnet-diopsidite of deep xenoliths, as
polycrystal aggregates
8 HL-72 amphibolized phlogopite-garnet-diopsidite 0.1 deep xenolith in aegirinite syenite-porphyry
9 HL-76 amphibolized biolite-granulite 0.0 xenolith in aegirinite syenite-porphyry
10 HL-79 pure quartz enclosure -0.3 xenolith in aegirinite syenite-porphyry
11 A-328-2 feldspar phenocryst 0.4 in syenite-porphyry
12 HB-55-3 Hemimophite -2.4 in Pb-Zn-bearing altered rock
13 HB-56-7 Ca-Cr-pyralspite 0.3 in skarnization porphyry
14 HB-56-3 Siltstone 0.7 strata country rock (T,)
15 YAJ-8 syenite-porphyry 0.0 host rock-body from Yao’an
16 YAJ-13 mineralization porphyry 0.3 Au-bearing altered porphyry
17 YAJ-27 mineralization sandstone 0.5 Au-bearing altered sandstone(K,)
18 YAJ-29 sandstone -0.2 strata country rock (K,)
19 XJ-37-2 Quartz phenocryst 0.0 in quartz syenite-porphyry
20 XJ-39-1 Silicified quartz -0.2 Au-bearing quartz vein

Note: Samples 1~5 from the Machangqging deposit; Samples 6~10 from the Liuhe intrusion in Heging Country; Samples 11~14 from the
Beiya deposit; Samples 15~18 from the Yaoan deposit; Samples 19~20 from the Jinchangging deposit; Analyzed by Wan Defang of the
Institute of Mineral Deposit, Chinese Academy of Geological Sciences (analytic precision>0.1%o).

former have more intense silicon isotopic dynamic frac-
tionation than the latter, and the nature of the silica is
changed from silica-rich mineralizing fluid to porphyry
and to country rocks. Such a process of silica-rich min-
eralizing fluid is essentially the continuance of the meta-
somatism of mantle fluids during crustal mineralization.

4 Sr-Nd isotope geochemistry

The distribution of Sr-Nd isotope compositions of the
alkali-rich porphyries and the deep xenoliths they car-
ried basically coincide (Fig. 4), and they fall into the field
of EM, showing a much stronger tendency toward the
enriched mantle than xenoliths in basalts from eastern
China. Tatsumoto, et al. (1992) and Liu et al. (1996) con-
sidered that EMI and EMII end members of enriched
mantle existed in continuental lithospheric mantle in east-
ern China based on the Sr-Nd isotopes study of Hannuoba
basalts and deep xenoliths they carried. This may sug-
gest that mantle metasomatism in continental lithosphere
was developed to a greater extent in western China than
in eastern China. It is may be of fundamental importance

to the understanding of why Cenozoic than in mineral-
ization in western China is generally better developed than
in the eastern part of the country.

5 Conclusion

As is clear from the above discussions and the study of
mineralogy (Liu Xianfan et al. 2003) and trace element
geochemistry (Liu et al. 2002) of deep xenoliths in the
area, the deep xenoliths are very similar to their host rocks
in a lot of aspects. In the present state of knowledge, this
phenomenon may be explained by: (1) The xenoliths have
been highly reworked by the alkalic magma into which
they were trapped; (2) the xenoliths have been replaced
by a fluid derived from the asthenosphere prior to being
trapped by the alkalic magma; and (3) the xenoliths of
garnet-diopsidite, which are of mantle derivation and show
character of fluid metasomatism, are representative of an
alkalic magmatic event. Compehensive studies have shown
that the second and third explanations tell important fea-
tures of deep mantle control in metallization for alkalic
magma. It is reasonable especially as evidenced by the
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mantle microcline glass from deep xenoliths!!). Such as-
thenosphere-derived fluid, as regarded by Van der Laan
(1994), may serve as an ideal agent for the transport of
minor and ore-forming elements, and result in mantle
metasomatism. It is the mantle fluid metasomatism that
leads to significant enrichment of incompatible elements
such as Si, Al, Na, K and ore forming elements. It also
results in the transition of the Sr-Nd isotopic characters
from a type of depleted mantle to that the enriched mantle,
and cause the effect of series mineralization from
rockbody?country rock corresponding high?low temper-
ature. It is the action of fluids that is the internal con-
straint on the widespread cenozoic mineralization and
an important geochemical background for the formation
of large and super-large deposits. The complicated min-
eralization phenomena of Cenozoic era in Sanjiang re-
gion of western Yunnan may be better understood and
interpreted by the study in mantle fluid metasomatism.
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The formation of a mantle-branch structure in western
Shandong and its constraints on gold mineralization
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Abstract. On the basis of regional strata, magmatic activity, ring and
radial faults, gently dipping detachments, geophysical information
and isotopic age, this paper discusses the characteristics of mantle-
branch structure in western Shandong. According to the charac-
teristics of ore-control structures, gold deposits in the Luxi mantle-
branch structure are divided into ductile shear zone type and de-
tachment-slip layer type deposits. The detachment-slip layers type
deposit, including the Guilaizhuang gold deposit and Mofanggou
gold deposit are significant economic types. The 33*S values of py-
rite associated with gold mineralization exhibit a narrow range of -
0.71 to 2.99%o, implying that the sulfur was probably derived from
the mantle or magma, whereas the §'80,;4 and 8D values suggest
that the ore-forming fluids of the gold deposits mixed with mete-
oric water in the shallow level.

Keywords. Western Shandong, mantle-branch structure, gold depos-
its, zircon SHRIMP U-Pb dating, stable isotope

1 Introduction

The western Shandong (Luxi) region,located in the south-
eastern edge of the North China Craton and separated by
the Tanlu fault from the Jiaodong gold province (the largest
gold producing area in China) has drawn attention for its
unique geological characteristics and abundant mineral
resources in the last ten years (Yu, 2001; Niu et al. 2004).
Although the geology has been well studied, the evolu-
tion of geology and the structural controls mineraliza-
tion are still open to debate. On the basis of the setting of
ore-formation and the characteristics of geochemistry,
this paper discusses the formation of a mantle-branch
structure in western Shandong and its constraints to the
gold mineralization.

2 Characteristics of the mantle- structure in
western Shandong

2.1 Occurrence of regional strata

Similar to other areas in the interior of the North China
Craton, the strata of the Luxi region consist of Archean and
Paleoproterozoic basement, and Meso- Neoproterozoic and
Paleozoic cover strata. Regionally, they are characterized
by a circulas distribution with Taian-Pingyi as a center. The
center comprises a well-developed magmatic and metamor-
phic complex, which is surrounded by Paleozoic cover strata.

This suggests an extensional tectonic setting, with the base-
ment uplifted and the cover strata detached outwards in
the Luxi region (Fig. 1).

2.2 Extensive magmatic activity

The Luxi terrane contains well developed Mesozoic
mantle-derived magmatic rocks, including intrusives,
potash-rich volcanics and lamprophyres. The intrusive
rocks, with extensive distribution but relatively small size,
are variable in lithology. According to lithological assem-
blages, they can be subdivided into: (1) monzodiorite
porphyry- monzonite porphyry, syenite porphyry assem-
blage, (2) pyroxenite- monzodiorite- syenite assemblage,
(3) olivine gabbro- pyroxene diorite(amphibole diorite)-
quartz monzonite assemblage, (4) diorite (porphyry)-
quartz monzodiorite(porphyry)- granite (porphyry) as-
semblage, (5) carbonatite.

Strontium and Nd isotopic compositions of Mesozoic
potash-rich volcanic rocks,lamprophyres and carbonatite
in Luxi and its adjacent area share similar characteris-
tics, such as 8Sr/%Sr values of potash-rich volcanic rocks
in Mengyin Basin from 0.708715 to 0.711418-gy4 from -
11.47 to -17.54, €4 of lamprophyres from -11.57 to -19.64
(Qiu et al. 2001). ¥Sr/36Sr ratios of Luxi carbonatite vary
from 0.70998 to 0.71048-€y4 from -14.1 to -16.7 (Chu et
al., 1997;Yin et al. 2001). All higher #Sr/3Sr ratios and
lower €4 values reflect that these rocks have the charac-
teristics of crustal material, but potash-rich volcanic rocks
and lamprophyres in the Mengyin Basin exist mantle xe-
noliths as chrome-diopside and chrome- phlogopite, which
shows mantle genesis of these rocks.

2.3 Radial and ringed fault systems

Faults in western Shandong are generally distributed in
concentric ring and radial shapes outward from the
Xinzhai- Sishui- Pingyi- Mengyin area in the central part
of the area. The concentric ring faults may be divided
into three basically complete ring structures from the
inner part outward: (1) the Feicheng-Yiyuan-Linyi-Qufu
ring fault, (2) the Juye-Liangshan-Jinan-Zibo ring tec-
tonic belt, and (3) the Matouji- Fanxian- Liaocheng-
Huantai ring fault.
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Figure 1: Tectonic sketch map of western Shandong

The radial faults comprise mainly the Nishan,
Yuncheng, Wenshang- Sishui, Feicheng, Wenzu, Jinshan-
Yaojiayu and Shangwujing faults. The faults generally dip
steeply and show the tensile character. The intersection
of the radial and concentric ring faults indicates that they
are the product of the same stress field and the same tec-
tonic phase. Generally, these radial and ringed faults oc-
cur in the early uplift of mantle-branch structure, and
reflect a relatively small vertical relief of uplift.

2.4 Geophysical evidences for the Mesozoic mantle-branch
structure

Three-dimensional velocity images from seismic tomo-
graphy demonstrate that high-velocity blocks (Vp is more
than 8.3Km/s) exist in the upper part of the mantle whose
Vp is 7.8 ~ 8.0Km/s (Lu et al. 2000). A structural profile
of crust-mantle from Beijing to Okinawa shows two
mantle upwelling areas whose Vs is lesser than 4.2 ~ 4.3
km/s (Feng et al. 1996). They correspond to two sub-
mantle plumes, one situated in the Okinawa ocean
trough, and the other the North China sub- mantle plume
with the Bozhong region as a center (Niu et al, 2002).
The Luxi mantle-branch structure is a second-order unit
of the Bozhong sub- mantle plume. Synthetic outcomes
from man-made seismic exploration and geodesic
electrical sounding further show that upper mantle ob-
viously uplifts around Linyi in the Luxi mantle-branch
structure.

2.5 Units of the Luxi mantle-branch structure

The mantle-branch structure — a third-order unit of a
mantle plume, is a complex structure developed in shal-
low lithosphere during multiple evolution of mantle plume
(Maruyama, 1994). The mantle-branch structure is gen-
erally composed of three units: magmatic and metamor-
phic complex, surrounding detachment-slip layers, and
overlap fault volcanic basin, which are related each other.

2.6 Evolution of the Mesozoic mantle- branch structure

According to the ages of Mesozoic magmatic rocks, mag-
matic activity can be divided into two stages, one is in
early Jurassic epoch, when the Tongshi alkali complex rock
body formed, dated at 175.7+3.8Ma by the 20°Pb/%38U
weighted mean age; the other is in early Cretaceous ep-
och, ranging from 110Ma to 130Ma, when Jinan, Guodian,
Tongjin, and Laiwu rock masses formed. Statistics (n=95)
from the ages of these rocks by K-Ar or *°Ar/*Ar dating
show that most data cluster between 132Ma and 110Ma
(Lin et al., 1996; Qiu et al., 2001). Thus, it is inferred that
the activities of Mesozoic mantle-branch structure in
western Shandong have two peak periods: early Jurassic
epoch and early Cretaceous epoch, with the latter more
extensive. This is consistent with the viewpoint that the
early Cretaceous epoch represents the climax of a global
mantle plume (Larson, 1991). In the light of extensive
Neocene volcanism in the Bohai region (Gu et al. 2000),
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the Luxi mantle-branch structure has undergone three
active periods and three inactive periods since Mesozoic-
Cenozoic era. This suggests that the lithosphere of east-
ern China has undergone a process of uplift-fallback since
the Mesozoic-Cenozoic era.

3 Genesis of gold deposits in the mantle-branch
structure

3.1 Types of gold deposits

There are numerous gold deposits or occurrences in
the Luxi mantle-branch structure. Although the char-
acteristics of gold deposits are different, all of them
occur in two tectonic units of the Luxi mantle-branch
structure (the magmatic- metamorphic complex core
and detachment-slip layers). According to the charac-
teristics of the ore-controlling structure, gold deposits
in the Luxi mantle-branch structure are divided into two
types, that is, ductile shear zone type and detachment-
slip layer type. The former, which comprised Huamawan,
Yuejiazhuang and Buwa gold deposits (or occurrences),
occur along NW-trending ductile shear zone, and are
temporally and spatially related to Mesozoic intrusive
rocks, and the latter, including Guilaizhuang gold deposit
and Mofanggou gold deposit with total gold reserves of
45 tons, constitute the main gold deposits in western
Shandong.

3.2 Geochemistry of detachment-slip layer type gold deposits

8%4S values of pyrite from silicified and carbonatized
monzodiorite porphyry, igneous breccia and mineral-
ized dolostone of the Guilaizhuang and Mofanggou gold
deposits range from -0.71 to 2.99%eo (Lin et al. 1997), close
to those of the mantle sulfur, suggesting a mantle or
magma source of sulfur in the ores. The dD values of
detachment-slip layer type gold deposits in western
Shandong range from —48 to ~70%o, and the §'304,;4 val-
ues of ore fluids of the Guilaizhuang gold deposit vary
from -1.13%eo to +5.07%o, being notably deviated from
the 8'804,;,4range (5.5 to 9.5%o) of magmatic water, which
suggest that the ore-forming fluids of the gold deposits
mixed with meteoric water.

3.3 A proposed gold mineralization model

A proposed gold mineralization model is as follows. The NW-
trending steeply dipping ductile shear belt cuts deep-seated
pyrolite of the mantle sub- plume beneath North China, re-
sulting in decompression to form anatectic magma. The mag-
matic complex was emplaced at the main detachment be-
tween Cambrian carbonate rocks and Neoarchean grano-
diorite or Paleoproterozoic monzogranite. The magmatic
hydrothermal fluids and Au-rich ore-forming fluids mi-
grated upward along the detachment zone and deposited
gold on the ductile shear belt and detachment-slip layers.
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Abstract. A new approach to global exploration targeting is essen-
tial for the discovery of new world-class ore deposits. Understand-
ing the lithosphere-scale context of resource formation and loca-
tion may provide the next step-change in enhancing exploration
success.Knowledge of the nature of trans-lithospheric structure and
discontinuities and the delineation of deep lithosphere domains
with fundamentally different composition, architecture and evolu-
tion is providing a new framework for exploration. This enhances
understanding and prediction of the location of ore-deposits de-
rived from a variety of deep lithospheric processes including mantle-
derived magmatic and fluid flow (and associated thermal transfer)
and deep crustal reworking and partial melting. Relevant resource
deposits include Ni-PGE, Cu, Au and diamonds, while these meth-
ods also reveal important parameters about basin formation that
are potentially important for oil and gas occurrence.

Keywords. Lithospheric mantle; exploration targeting; diamonds;
magmatic nickel deposits

1 The lithospheric context

The last twenty years have seen a systematic decline in
the performance of the global minerals exploration in-
dustry; in the 1990s approximately three times as much
was spent to make a major discovery as in the 1970s. This
decline is now widely recognised by the industry, leading
to an increased emphasis in some of the exploration sec-
tor on focussed research, targeted at improving explora-
tion performance. Economic analysis indicates that the
Expected Monetary Value of an exploration project is most
sensitive to the quality of the initial area selection deci-
sion. When searching for new giant ore deposits, the most
important targeting is done at the broad regional scale,
resulting in ground acquisition of the order of a few thou-
sand square kilometres. Therefore, improving the qual-
ity of regional targeting decisions becomes a primary
driver of enhancing exploration success.

The primary focus of modern mineral exploration must
be on giant metal ore-deposits and high-grade diamond-
producing deposits, in order to achieve profitability. The

essential challenge in targeting lies in discriminating be-
tween areas prospective for such significant deposits and
those likely to host only minor deposits. Historically, the
discipline of Economic Geology has not focussed much
on this problem, but has concentrated on developing an
understanding of the processes of ore formation. The few
published studies to consider the factors that produce gi-
ant ore deposits have compared and contrasted deposit-
scale parameters. In all cases, the conclusions have been
that there are no unique features at the deposit scale that
characterise giant deposits.

However, giant ore deposits must be thought of as mass-
concentrative systems that are constrained, for fundamen-
tal reasons of mass-balance, to operate over very large
scales. In this perspective, the ore deposit itself becomes
merely the final focus of a much larger-scale system. There-
fore, the concepts and observations of the greatest sig-
nificance to predictive targeting for giant ore systems are
those related not to the deposit environment itself, but to
the much larger entity — the ore system. In this context,
critical questions become: how large is the ore system;
what are its fundamental controls; and how can such sys-
tems be recognised in the datasets available to mineral
exploration?

Our approach, based on detailed studies of the nature
of the lithosphere, is based on the concept that giant ore
systems are the product of lithosphere-scale processes.
Although the details of such processes will vary between
deposit styles, a critical common factor is the large-scale
structure of the lithosphere; with large ore deposits more
likely to be associated with lithosphere-scale domain
boundaries.

2 4-D lithosphere mapping
4-D Lithosphere Mapping (eg O’Reilly and Griffin, 1996;

O’Reilly et al. 2001a) is a unique approach to understand-
ing lithospheric architecture and evolution based on in-
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tegration of petrologic, geochemical, tectonic and geo-
physical datasets. The mantle is the ultimate source of
Earth’s atmosphere, oceans, crust and fluids that deposit
awide range of ores, so the nature of the bulk of the Earth
lying beneath the crust is of fundamental importance to
understanding the formation and localisation of many
resources.

Several lines of evidence indicate that the subconti-
nental lithospheric mantle (SCLM) is heterogeneous, with
domains hundreds to thousands of kilometres across that
are underlain by different types of upper mantle with dif-
ferent histories and styles of crust-mantle interaction.
Fragments of the upper mantle (xenoliths) brought to the
surface in volcanic rocks show that mantle volumes of
different age differ significantly in composition, thermal
state and density (Griffin et al. 1998a; O’Reilly et al. 2001).
These data also show abrupt changes in mantle composi-
tion and structure across major terrane boundaries, even
within single cratons, indicating that these boundaries
extend to depths of at least 200 km (Griffin et al. 2003a)
and represent significant discontinuities in the SCLM. Such
domain boundaries reflect the large-scale geodynamic
processes by which continents have been constructed,
broken up and reassembled throughout Earth history. The
mapping of such boundaries, and the definition of their
timing and origin, therefore provides fundamental new
insights into Earth processes, providing the basis for a
new conceptual approach to global mineral exploration.

3 Change in nature of the subcontinental
lithosphere through time

The secular evolution of SCLM composition has been
documented by the detailed mapping of mantle sections
in terms of composition, “stratigraphy” and thermal state,
using xenocrystic and xenolithic material brought to the

Composition of SCLM from garnets and xenoliths
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Figure 1: Change in average composition of newly-formed
lithospheric mantle through time

surface in volcanic rocks (e.g. kimberlites, lamproites and
basalts). This work has shown a clear correlation of SCLM
composition with the age of the last major tectonothermal
event in the overlying crust. The Archean/Proterozoic
boundary represents a major change in the nature of litho-
sphere-forming processes. Archean SCLM is highly de-
pleted (very low in basaltic components such as Ca, Al
and Fe), commonly strongly stratified, and contains rock
types not found beneath terranes affected by younger
tectonothermal events (Fig. 1). It is relatively thick (180 -
220 km) and has a present-day low goethermal gradient.
Phanerozoic lithospheric mantle is thinner (80-100km),
has a high geothermal gradient and is compositionally
more fertile (higher contents of Fe, Ca and Al). Protero-
zoic mantle has intermediate characteristics.

These compositional variations in different SCLM vol-
umes result in differences in the density and elastic prop-
erties of lithospheric mantle of different age (Fig. 2;
Poudjom Djomani et al., 2001a). Archean and Protero-
zoic mantle roots are highly buoyant; they cannot be
delaminated but require mechanical disaggregation (litho-
spheric thinning and/or rifting) and infiltration of up-
welling fertile material to be destroyed or transformed.
This buoyancy, when combined with the refractory na-
ture of Archean SCLM, offers a simple explanation for
the thickness and longevity of Archean lithospheric keels.
By contrast, Phanerozoic SCLM is relatively dense (com-
pared with asthenosphere) for observed thicknesses
(~100km) and tends to be in a precarious state of neutral
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Figure 2: Properties of lithospheric mantle of different ages. Den-
sities calculated at standard T and P, shear wave velocity (Vs) and
compressional wave velocity (Vp) at 100 km (O’Reilly et al. 2001)
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buoyancy. Thus it is easily delaminated especially if there
is a kinetic trigger such as collision.

The contrasting properties of different mantle domains
require lateral contrasts in composition, density, depth
and seismic response for present-day lithospheric do-
mains. Such lateral contrasts create lithospheric
discontinuities and may affect thermal convection geom-
etries; these boundaries may be foci for fluid flow though
the lithosphere.

4 Tracking linked crust and mantle events

The broad relationship between crustal age and SCLM
composition suggests a strong link between crustal for-
mation and the generation of continental roots, and a
persistent coupling between the crust and the underly-
ing SCLM.

GEMOC has developed the unique TerraneChron™
approach to studying the processes of crustal genera-
tion on the terrane scale, using integrated U-Pb dating,
and Hf-isotope and trace-element analysis of single zir-
con grains from stream sediments (eg Belousova et al.,
2004; O’Reilly et al,2004). We have also developed unique
techniques for dating mantle depletion events, using in
situ Re-Os analysis of sulfides in mantle-derived xeno-
liths, providing geochronology about mantle events such
as stabilisation age of the particular mantle volume and
the timing (and nature) of subsequent fluid-related
mantle events for the first time (eg Spetsius et al. 2002;
Griffin et al. 2004). The combination of these novel ap-
proaches now allows a detailed analysis of the temporal
and geochemical relationships between tectonic events
in the crust and mantle. Such knowledge helps to pro-
vide information on the nature and timing of large-scale
fluid movement and/or thermal transfer from the mantle
to the crust with relevance to ore-forming processes re-
lated to magmatic episodes with or without significant
crust reworking (eg fluid infiltration into and melting of
deep crust regions).

5 Focussing the pathways for mantle fluids to
reach the crust

The integration of geophysical data with geochemical data
has proven powerful in revealing the nature of the deep
crust and lithospheric mantle. Coupled with the mantle
domains with vertically resolved spatial rock type distri-
bution, we are able to define discrete lithospheric mantle
regions and discontinuities (vertical and horizontal).
We have integrated the petrological and geochemical
information with long-wavelength geophysical (gravity,
magnetic and heat flow) data as well as detailed seismic
tomography to extend our lithosphere mapping from the
vertical “virtual drill-holes” of the mantle sampling sites
to regional scales. A productive approach has been the

use of detailed analysis of the Effective Elastic Thickness
(Te) of the lithosphere to test the relationships of these
domains to lithospheric strength and lithosphere com-
position. Te assessment involves inversion of gravity and
topographic data and results in the delineation of regions
of different lithospheric strength that are interpreted as
reflecting relative rheological domains. Combining the
Te with detailed stratigraphic and tectonic analyses of
crustal history has led to an understanding of the evolu-
tion of lithosphere domains. Detailed Te analysis across
the Slave Craton (Canada) and Siberia, areas of impor-
tance in diamond exploration, has shown that kimberlites
occur at features identified as gradients in lithosphere
strength and that the kimberlites avoid strong cratonic
core regions. In the Slave Craton, the observed Te gradi-
ent coincides with the expression of a major crustal su-
ture zone that dips to the east near the surface. The com-
bination of geochemical information from the mantle-
derived samples and the Te results indicate that this su-
ture dips sharply at depth to be near vertical in the litho-
spheric mantle. This provides an empirical link between
this major lithosphere structure, clearly imaged in the
Te, and the zone of kimberlite emplacement. An analo-
gous relationship between Te gradient and kimberlite
emplacement is seen in the Siberian lithosphere (Poudjom
Djomani et al, 2001b). We consider that Te gradients can
identify fundamental zones of weakness or lithospheric
discontinuities that have important consequences as path-
ways to focus the transfer of mantle fluids (including
magmas) to the overlying crust and therefore have con-
siderable significance in large-scale exploration target-
ing for economic deposits related to mantle fluids such
as kimberlites and Ni deposits related to magmatic pro-
cesses.

6 The North China Craton - a case history of
lithosphere change

The North China Craton provides a cogent example of
significant lithosphere change crucial to exploration for
diamond-bearing kimberlites in that region. In the east-
ern Sino-Korean craton, eruptions of Ordovician
kimberlites provide mantle samples (xenoliths and dis-
aggregated minerals) that show the mantle at that time
was thick, cool, diamondiferous and typically Archean
in composition (Fig. 3); it probably had survived for at
least 2 Ga (Griffin et al. 1998b). Tertiary lamprophyres
and basalts that erupted through the same terranes about
400 m.y. later, sampled only a thin (<120 km), hot and
fertile lithosphere. Within those 400 m.y., rifting with
associated asthenospheric upwelling has disaggregated
and thinned the Archean lithospheric root as revealed
in detailed tomography as well as by the mantle xenolith
sampling. One important consequence of understand-
ing the nature and timing of lithospheric change is the
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Figure 3: Lithosphere evolution in eastern part of Sino-Korean
craton (Griffin et al. 1998b)

common exploration concept that diamond-prospective
regions require a deep, ancient lithospheric root. This
does not exist today in north China although kimberlites
erupted before the lithosphere thinning may be diamon-
diferous.

Acknowledgments

We wish to acknowledge many colleagues who have con-
tributed to these concepts and participated in related re-
search with us, and all the visionary industry colleagues
who have helped us shape our related research over many
years. This work has been strongly supported by many ARC
grants, Macquarie University and many industry partners.

References

Griffin WL, O’Reilly SY, Ryan CG, Gaul O, Ionov D (1998a) Secular
variation in the composition of subcontinental lithospheric
mantle. In Braun J, Dooley JC, Goleby BR, van der Hilst RD,
Klootwijk CT (eds), Structure & Evolution of the Australian Con-
tinent, Geodynamics Volume 26, AGU, Washington D.C. pp 1-26

Griffin WL, Zhang A, O’Reilly SY, Ryan CG (1998b) Phanerozoic evo-
lution of the lithosphere beneath the Sino-Korean Craton. In:
Flower M, Chung SL, Lo CH, Lee TY (eds), Mantle Dynamics and
Plate Interactions in East Asia Mantle Dynamics and Plate Inter-
actions in East Asia, AGU Geodynamics vol. 27: 107-126

Griffin WL, O’Reilly S.Y, Natapov LM, Ryan CG (2003) The evolution
of lithospheric mantle beneath the Kalahari Craton and its mar-
gins. Lithos 71: 215-241

Griffin WL, Belousova EA, Shee SR. Pearson NJ, O’Reilly SY (2004)
Archean crustal evolution in the northern Yilgarn Craton: U-Pb
and Hf-isotope evidence from detrital zircons. Precambrian Re-
search 131: 231-282

O’Reilly SY, Griffin WL (1996) 4-D lithospheric mapping: a review
of the methodology with examples. Tectonophysics 262: 3-18

O’Reilly SY, Griffin WL, Poudjom Djomani Y, Morgan P (2001) Are
lithospheres forever? Tracking changes in subcontinental lithos-
pheric mantle through time. GSA Today 11: 4-9

O’Reilly SY, Griffin WL, Belousova EA (2004) TerraneChron™: De-
livering a competitive edge in exploration. Abstract, 27 Sep - 1
Oct 2004 SEG Conference, Predictive Mineral Discovery Under
Cover, Perth, Western Australia



Chapter 1-12

Geodynamic considerations of Uralian metallogeny

Victor N. Puchkov
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Abstract. The analysis of relationships between metallogeny and
geodynamics in the Urals made by preceding researchers in recent
times has proven that they are related. However, in the present study
more attention is paid to metallogeny of the platform (Middle Ju-
rassic-Paleogene) and neotectonic (Late Cenozoic) stages. It is also
updated by new information concerning the Wilson cycles preced-
ing the platform stage. It includes a revised understanding of
geodynamic development of the Timanides (ocean formation in
the Late Riphean and collision in the Late Vendian) and of the
Uralides (a new interpretation of relationships between Tagil and
Magnitogorsk arcs, arc-continent collision in the Late Devonian,
subduction jump in the Early Carboniferous, and thrust stacking in
the Late Carboniferous-Permian).More attention is paid to the prob-
lem of plumes and their role in metallogeny of the fold belt. It is
shown that many well-defined types of ore deposits have become
additional geodynamic indicators themselves. At the same time, it
is taken into account that many deposits are polygenetic and dif-
ferent stages of their formation belong to different geodynamic
stages.

Keywords. Metallogeny, geodynamics, Timanides, Uralides, plumes

1 Introduction

The Urals, one of the oldest mining provinces of the world,
produces significant amounts of raw materials. The Uralian
deposits make up about a quarter of the total value of all
Russian mineral resources. Many deposits are exhausted,
but the region still has large resources. However most of
the readily discovered deposits have been found. That is
why it is so important to study geodynamics as a frame-
work for all considerations concerning the ore origin,
keeping in mind that they are closely related.

2 Structural division of the Urals

The structural zoning of the Uralides (Puchkov, 1997)is
as follows (Fig. 1): a) Preuralian foredeep, filled with Per-
mian molasse; b) West Uralian zone, with a predominant
development of intensely folded and westward-thrusted
shelf and bathyal Paleozoic sediments; c) Central Uralian
zone, with Precambrian complexes exposed; d) Tagil-
Magnitogorsk zone, limited from the west by the Main
Uralian Fault (MUF) and represented mostly by Paleo-
zoic complexes of the oceanic floor and island arcs; e)
East Uralian zone characterized by the presence of Pre-
cambrian terranes, and along with them, Paleozoic oce-
anic and island arc complexes; f) Transuralian zone, the
westernmost, composed of pre-Carboniferous complexes
of different geodynamic character, probably accretion-

ary in nature, covered unconformably by the Lower Car-
boniferous calc-alkaline volcanic rocks.

The history of the Urals reveals several stages, which
allows the following vertical division of the Urals: a) The
Archean-Paleoproterozoic (Pre-Timanides), an immedi-
ate extension of the crystalline basement of the East-Eu-
ropean platform under the Urals. b) The Meso-and
Neoproterozoic Timanides, which reveals a series of suc-
cessive rift events prior to final Late Pre-Cambrian colli-
sion and orogeny (Puchkov,2003). c) The Cambrian-Early
Jurassic Uralides, primarily connected with the
Paleouralian Ocean. The ocean opened as a result of Late
Cambrian-Ordovician epicontinental rifting and subse-

Figure 1: Structural zones of the Uralides; a - f - zones (see text),
MUF - Main Uralian Fault, MGA - Main Granite Axis



46

Victor N. Puchkov

quent oceanic spreading and closed through subductions
in the Late Ordovician to Early Carboniferous, and colli-
sions in the Late Paleozoic and Early Jurassic. d) Juras-
sic-Paleogene platform complex, formed when the orogen
was finally eroded to a peneplain (Sigov, 1969), giving way
to deep weathering. e) Late Cenozoic neo-orogenic com-
plex, formed when new mountains rose along some tec-
tonic lines of the Uralides. Each complex has its zoning
and each zone its own metallogeny.

3 The Archean-Early Proterozoic complex

The metamorphic complexes of this stage, preserving rel-
ics of granulite metamorphism, is exposed in the Urals in
the rather small Taratash massif and probably in some
other small blocks. Sedimentary-metasomatic quartz-
magnetite deposits of minor importance belong to them.
A feature of this crystalline complex is its deep burial,
both sedimentary and tectonic.

4 Timanides

Much more widespread at the surface are Meso- and
Neoproterozoic complexes. Owing to a structural
unconformity between the Timanides and Uralides, the
nature of the Mezo-Neoproterozoic formations in the Polar
Urals strongly differ from that of the Southern-Northern
Urals. In the Central Uralian zone of the Polar Urals were
Neoproterozoic oceanic and subduction zones. For that
reason, the Polar Urals hosts copper-pyritic, pyritic-
polymetallic, copper-skarn,and Mo-Cu-porphyry deposits
(Dushin, 1997). Conversely, the Meso-Neoproterozoic for-
mations of the Southern-Northern Urals belong to a deep
aulacogen-type ensialic sedimentary basin and host strati-
form siderite and magnesite deposits, hydrothermal fluo-
rite, SEDEX barite-polymetallic, Sukhoy Log-type Au-Pt
mineralization, ilmenite and chromite deposits in strati-
fied intrusions (Ovchinnikov, 1998).

5 Uralides

The development of the Uralides corresponds to a classic
Wilson cycle and comprises epicontinental rifting in the
Uppermost Cambrian-Lower-Middle Ordovician, forma-
tion of an ocean with continental passive margins (only
one of them is preserved in the Urals), development of an
eastward subduction in the Late Ordovician to Late De-
vonian, arc-continent collision in the Late Devonian, for-
mation of an Andean-type subduction zone in the Early
Carboniferous, and continental collisions in the Late
Moscovian to Permian and in the Early Jurassic).

The metallogeny of the Ordovician epicontinental rift-
ing is represented by copper sandstones and barite-
polymetallic stratiform deposits, associated with Ordovi-
cian rift volcanic rocks. Subalkaline magmatism and

carbonatitic metasomatism of the Late Ordovician-Early
Silurian in the Middle Urals have led to formation of rare
metal deposits. We suggest that it is a trace of a plume at
the continental margin tied up to the process of new ocean
development. Further transformations of this mineral-
ization could be connected with collision.

The metallogeny of the oceanic stage is much more
variable. In the sedimentary successions of a passive con-
tinental margin, rift formations are followed by purely
sedimentary formations demonstrating a facies transi-
tion from shelf to continental slope zone (Puchkov, 1997).
Shelf sediments contain (or produced) hydrocarbons, coal
and bauxite. In the bathyal successions, the most impor-
tant are stratiform Ba and Mn (low-temperature seep?)
deposits.

The ophiolites (oceanic formations) host Cr, PGE, VMS
(Cyprian type) and gold. But formation of all these de-
posits did not stop at the oceanic stage. The largest con-
centrations of chromite are associated with restites: they
are by-products of mantle depletion which went on not
only in the MORs, but at the island-arc stage as well. It
must be remembered that the island-arc volcanism re-
sults mainly from a partial melting of a supra-subductional
mantle wedge (e.g. Stern, 2002). Therefore subduction
participated in reworking of dunite-peridotite complex
of ophiolites and in ore formation.

Most of the Uralian VMS deposits are associated with
island arcs, representing products of ancient black smokers
(e.g., Herrington et al. 2002). Manganese mineralization,
associated with cherts of mostly Middle Devonian age in
the Magnitogorsk zone was probably due to processes of
on-bottom deposition by colder, remote hydrotherms.

Along with VMS deposits, several other sulfide types
are connected with island arcs. Among them are Mo-Cu-
porphyry deposits of the South Uralian Magnitogorsk arc,
gold deposits in the hangingwall of MUF (Sazonov et al.
2001), serpentinite-hosted sulfide copper-nickel-cobalt
deposits of MUF zone. There is a discussion if the latter
deposits belonged to MOR or to a Magnitogorsk forearc.

The massifs of the platinum-bearing belt hosted by the
Tagil arc in the Middle and Northern Urals are composed
of dunite, pyroxenite, gabbro, gabbro-amphibolite forming
big concentric-zonal massifs. They are believed to belong
to the island-arc stage (Ivanov and Shmelev, 1996). The belt
got its name from native platinum that originally was pro-
duced from placers. Platinum had been supplied to these
placers from chromite bodies of the nearby dunite massifs.
A special role as an active factor of ore mineralization in
the belt was played by magmatic stratification and thermo-
chemical activity of comparatively young gabbro-norite
intrusions, forming transitions from magmatic segregations
of vanadium-rich titanomagnetite to skarn-magnetite and
skarn-hydrothermal deposits (Ovchinnikov 1998).

In the Early Devonian, the active stage of development
of Tagil zone as a whole came to an end. After that, in the
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Emsian-Middle Devonian, the arc was divided into two
zones. In the west, volcanic activity gave place to forma-
tion of carbonate shelf with sub-equatorial lateritic weath-
ering and bauxite deposition. In the eastern part of Tagil
arc, subductional magmatism was still going on, giving
birth to skarn-magnetite and copper-skarn mineraliza-
tion (Ovchinnikov, 1998). We explain it by a suggestion
that the extinct Tagil arc was included into the younger
Magnitogorsk arc as a microcontinent.

In the Late Devonian, a collision took place between
continental passive margin and Magnitogorsk island arc
in the Southern Urals. The stage was accompanied by some
economic mineralization (e.g. rutile, quartz, metamorphic
pyritic deposits, jadeite, gold in and around MUF). Colli-
sion and accretion of the continent were followed by a
jump of the subduction zone and a formation of an
Andean-type margin in the east of the Urals. Skarn-mag-
netite and copper-magnetite-skarn mineralization, as well
as Cu-porphyry deposits accompanied this event.

The continent-continent collision stage started in
Moscovian time, when all the oceanic crust was subducted.
It led to formation of the Uralian orogen and Preuralian
foredeep. Intense thrust stacking and formation of a
crustal root have resulted in anatexis and emplacement
of Permian granites. Together with transpressional style
of deformations, it created elevated heat and fluid pro-
duction, partial melting in the lower crust and abundant
fluid conduits in the upper crust, which was favourable
for an intense metasomatism, hydrothermal activity and
formation of specific deposits.

The Preuralian foredeep hosts deposits of hydrocar-
bons, coal, salt, copper sandstones, manganese. The dis-
tribution of many deposits along the foredeep was ruled
by climate (salt and copper sandstones in arid climate
and coal - in colder and wet conditions).

In the Central Uralian zone, Alpine-type veins with
different kinds of quartz formed. In the MUF and some
other suture zones, processes of metasomatism and for-
mation of quartz lode component of gold deposits were
active, controlled structurally by strong transpressional
deformations and geochemically by generation of heated
fluids (Koroteev et al. 2001; Sazonov et al. 2001). In the
East Uralian zone, formation of the Main Granitic axis
(MGA) of the Urals had been almost completed in the
Permian. To the massifs of the Upper Devonian - Lower
Carboniferous subduction granodiorite-tonalite forma-
tion, Permian collision and anatexis added intrusions of
granite (Bea et al. 2002). The igneous activity was accom-
panied by formation of quartz, gold (with the final stage
of golden quartz lode formation) and deposits of rare
metals and precious stones, often combined. It is believed
that metamorphic-metasomatic alteration of peridotites of
that time resulted in rich antophyllite-asbestos deposits.

The Triassic epoch, apart of coal deposition, was char-
acterized by an intense trapp volcanism probably con-

nected with the widest Permian/Triassic Uralo-Siberian
superplume. Lamproite dikes post-dating trapps and pro-
spective for diamonds are developed along the whole
western boundary of the magmatic province.

6 The Middle Jurassic-Paleogene platform
complex

This stage is characterized in the Urals by processes of
very mild and restricted erosion, weathering, karst for-
mation over limestones and sulphates, combined with
accumulation of raw materials. Karst depressions hosted
small deposits of coal, bauxite, iron, placers. Another type
of ”niches® for burial of exogenic deposits were shallow
valleys developed in the eastern slope of the Urals, ob-
liquely to the structural grain of the Uralides. They con-
trol clusters of small bauxite deposits, different placers
and also uranium. In the western slope of the Middle Urals,
paleo-valleys control diamond placers (Sigov, 1969). The
recent discoveries of endogenic, tuffisite type of diamond
deposits in the Uralian placer field also must be men-
tioned, though their endogenic nature is still under seri-
ous doubt. Very large wide-areal sedimentary iron deposits
were controlled by swampy lowlands and shore lines of
the West Siberian sea. Deep weathering was also the cause
of the origin of gossans, developed over some VMS de-
posits and produced tons of free gold. Linear and areal
silicate Ni ores are connected with weathering of
serpentinites along their contacts with carbonates. Natu-
rally alloyed iron ores are widely developed. Poor car-
bonate iron and manganese ores are transformed into
small, but economic oxidized ores.

7 The Late Cenozoic neotectonic complex

The moment when the Ural mountains began to grow
again came in the Late Oligocene or even later. It is most
important as the time of final emplacement of placers.
Once created in previous epochs, placers could not sim-
ply disappear, dissipate or shift horizontally, but just moved
downwards into new, transversal valleys. In the Miocene
a South Uralian coal basin was formed in sulfate karst
depressions of the Preuralian foredeep.

8 Conclusions

Using the example of the Uralian foldbelt we conclude
that the metallogeny of the province is controlled in the
first instance by the following factors: 1) Presence, pro-
portion or absence of oceanic, marginal, rifting, subduc-
tion, or other specific geodynamic-indicative complexes.
2) Position of these complexes within the structure and
in relation to the Earth’s surface. Both orogenic and
epirogenic movements led to their burial or exhumation
to a depth which determine feasibility of exploration and
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exploitation of their deposits. 3) Intensity of orogenic re-
working of primary complexes through deformation,
metamorphism and anatexis, resulting in the origin or
upgrading of deposits. 4) Climatic and tectonic condi-
tions, controlling development of hypergenic deposits.
Presence of rocks able to form karst cavities; develop-
ment and burial of river valleys; that is, factors, control-
ling weathering and burial of its products. 5) Secondary
orogeny (without a Wilson cycle), influencing the pro-
cesses of exhumation, burial, transportation, erosional
elimination or redistribution of deposits. 6) Connection
of some mineralization processes with plume tectonics.
The above research reveals also the importance of de-
posits of many types as additional geodynamic indicators.
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Magmatic Cu-Ni-PGE mineralization at a convergent
plate boundary: Preliminary mineralogic and isotopic
studies of the Duke Island Complex, Alaska
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Abstract. The Duke Island complex is one of more than thirty ultrama-
fic bodies of Cretaceous age located in a belt of ~40 km width that
stretches along the 560 km length of the Alaskan panhandle.Recent
drilling operations have detected the presence of large volumes of
low-grade massive and disseminated sulfide mineralization hosted
within an olivine clinopyroxenite body that appears to cross-cut other
ultramafic rock types. Assays show a maximum of 2.08% Cu, 0.25%
Ni,and 1 gram/ton combined Pt + Pd.Prior to the recent discoveries
Alaskan-type ultramafic complexes were thought to be poor pros-
pects for world-class magmatic Cu-Ni-platinum group element (PGE)
sulfide deposition. One reason for this assessment relates to the fact
that although PGE placers are often found in association with the
ultramafic complexes, base metal sulfides have only rarely been found
in the host rocks. PGE mineralization appears to be primarily associ-
ated with chromite-rich occurrences in dunitic portions of the com-
plexes, and most of the PGEs are housed in alloys, tellurides, or
antimonides. For these reasons the complexes are thought to have
formed in very low fS, environments. A second reason for not sus-
pecting the presence of magmatic sulfides is that the linearly arranged
Alaskan-type complexes are thought to have formed in compressive
regimes related to subduction processes. Very few large magmatic
Cu-Ni-(PGE) sulfide deposits are associated with subduction zones,
although some researchers believe that komatiites (host to many Ni-
sulfide deposits) may have formed in Archean to Proterozoic sub-
duction zones. Two pre-requisites for the formation of large Cu-Ni-
(PGE) deposits are: 1) a supply of readily available S from country
rocks and 2) localization of immiscible sulfide liquids in magma con-
duit systems where they have the opportunity to exchange metals
with large volumes of metal-bearing magma. An analysis of the tec-
tonic and petrologic environments of the Duke Island complex sug-
gests thatimmediate country rocks are indeed sulfide-bearing (some
may include Triassic volcanogenic massive sulfide deposits), and that
the complexes probably served as feeder systems for arc-related vol-
canic activity. Sulfur isotopic values of the mineralization at Duke Is-
land range from -15 to 4.6%o, and are strongly suggestive of the in-
volvement of country rock sulfur. Nickel contents of olivine (Fo,;.gs)
are variable; grains associated with a high proportion of sulfide are
Ni-depleted (to values <100 ppm), whereas grains in sulfide-deficient
zones contain up to 1000 ppm Ni.Our preliminary data suggests that
the complex may represent an excellent target for the localization of
Cu-Ni-(PGE) mineralization in a tectonic environment that in the past
may have been overlooked in terms of sulfide potential.

Keywords. Ni-Cu-PGE deposits, subduction zones, Duke Island Com-
plex

1 Introduction

The largest mafic-rock-related Cu-Ni deposits (with vary-
ing amounts of PGE) are located in a variety of tectonic

settings. Deposits that currently contain the highest ton-
nages of Ni reserves and resources are shown in Figure 1,
and include Sudbury, Noril’sk, Jinchuan, Voisey’s Bay,
Uitkomst, the Duluth Complex, and several komatiite-re-
lated deposits. In brief, key elements for the generation
of such large deposits appear to be related to the avail-
ability of metals and sulfur (whether of external or mag-
matic origin), as well as to concentrating and potentially
upgrading immiscible sulfide liquids.

Deposits in intrusive rocks associated with the Permo-
Triassic Siberian flood mechanisms of basalt province at
Noril’sk and the Midcontinent Rift-related flood basalts
(the Duluth Complex and several other troctolitic to gab-
broic intrusions) illustrate the importance of externally
derived sulfur in large volume rift systems (e.g. Godlevsky
and Grinenko 1963; Gorbachev and Grinenko 1973; Ripley
1981; Ripley and Al-Jassar, 1987; Arcuri et al. 1998; Li et
al. 2003).

Voisey’s Bay, Noril’sk, and Jinchuan have been shown
to be magma conduit systems where large volumes of
magma may have been transported and reacted with
trapped sulfide liquid (e.g. Lightfoot and Naldrett 1999;
Naldrett and Lightfoot 1999; Li et al. (2004). Exchange re-
actions involving Fe and more chalcophile metals such
as Cu or Ni are thought to have led to an increase in metal
tenor of the accumulated sulfide liquid. External S may
have played a significant role in the genesis of mineral-
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ization at Voisey’s Bay and Jinchuan as well (e.g. Ripley et
al. 1999, 2002, in press). Sudbury is a rather unique ex-
ample of a bolide impact-generated melt sheet (e.g.
Therriault et al., 2002; Lightfoot et al. 2001). Even here
the interaction between melts and crustal sedimentary
material may have been critical for ore formation.
Komatiite-related deposits, such as those at Kambalda,
Thompson, and Raglan are thought to be related to the
interaction between high-temperature lavas and sulfidic
sediments in lava channels (Lesher and Keays, 2002). Nickel
from the ultramafic lavas is thought to react with exter-
nally derived sulfur,and the immiscible sulfide liquid may
be concentrated in a number of structural or topographic
traps.

There are many other, generally smaller, Cu-Ni occur-
rences associated with mafic intrusive rocks around the
world. Some of these are under active exploration and
may someday supplant those discussed above as “world-
class, high tonnage” deposits. We have conducted sulfur
isotopic studies of a number of prospects from around
the world, and although the absolute values of the analy-
ses remain proprietary, we can unequivocally state that
the importance of externally derived S in magmatic ore
genesis continues to be a key evaluative factor.

The tectonic settings of both the well-known and lesser-
known deposits are in some cases very clear and in some
cases very speculative. Flood basalt provinces are prime
exploration targets because of deposits such as those at
Noril’sk and those associated with the Midcontinent Rift.
The deposits at Voisey’s Bay are thought to be associated
with plume-related extension following continental col-
lision (Ryan 2000). The troctolitic host rocks of the Voisey’s
Bay deposit are part of the Nain Plutonic Suite that
straddles the suture zone between the Churchill (largely
Proterozoic) and Archean Nain provinces. For many years
komatiites were thought to be produced in dry, plume-
related extensional environments (e.g. Arndt 1998). This
theory has recently been challenged by workers who be-
lieve that hydrous, basaltic komatiites, in particular, may
be equivalent to boninites and were produced in subduc-
tion zone environments (e.g. Parman et al. 2001; Stone et
al. 2003). If true, this broadens the types of tectonic envi-
ronments that may host large magmatic Cu-Ni deposits.

2 Alaskan-type ultramafic complexes

Alaskan, Ural-Alaskan, or “zoned ultramafic” intrusions
(Taylor, 1967; Johan, 2002) are well known for associated
PGE placer deposits and magnetite prospects. The intrusives
are commonly concentrically zoned, with dunite cores sur-
rounded by clinopyroxenite and hornblendite. Orthopyro-
xene and plagioclase are missing or occur in very low abun-
dance. Magnetite is a common mineral in the pyroxenites,
hornblende pyroxenites, and hornblendites, with concen-
trations locally up to 20 wt.%. Chromite is present only in

the dunites, and occurs as stratiform segregations and
irregular veins. The tectonic environment of the intru-
sions is not always agreed upon; they may occur within
linear belts suggestive of a subduction zone-arc setting
(central Urals and southeast Alaska), or as less regularly
arranged bodies near the margins of stable cratons (e.g.
Aldan-type along the Siberian Craton).

The presence of PGE alloys and the lack of base-metal
sulfides in the dunites and chromite-bearing rocks has
led researchers to conclude that the Alaskan-type com-
plexes represent low-S systems (e.g. Johan, 2002). Only a
few (Salt Chuck, Giant Mascot, GabbroAkarem-an Aldan-
type complex) are known to contain significant quanti-
ties of magmatic sulfide mineralization. It has been sug-
gested that because the belts which contain the ultrama-
fic intrusions probably represent subduction zones, large
volumes of S-rich mafic magmas should not be expected.
However, ophiolites of supra-subduction zone origin (e.g.
Prichard et al. 1996; Walker et al. 2002) are thought to
represent high degree partial melts of fluid-fluxed mantle
wedge material. Certainly the interaction of these mag-
mas with sulfur derived from country rocks could ini-
tiate a favorable ore-forming environment. The belt of
Alaskan-type complexes in southeastern Alaska has been
linked to nearby volcanic rocks of the Gravina sequence
(see below) along a major accretionary suture. Taylor
(1967) and Irvine (1974) proposed that the complexes were
feeders for large volumes of volcanic rocks. Murray (1972)
proposed that linearly arranged Alaskan type complexes
were genetically associated with andesitic lavas in sub-
duction zone environments. The potential volume of
magma with which the Alaskan complexes may have been
associated could, therefore, have been very large, and not
a deterrent to the formation of magmatic Cu-Ni-PGE sul-
fide deposits. Magma throughput in conduit systems is
thought to be an important process for the upgrading of
sulfide masses in strongly mineralized systems (Naldrett
1999; Ripley and Li, 2003). Although the volume of magma
may have been less than in many flood basalt systems,
there is no reason to suspect that the process could not
have occurred in chambers and conduits associated with
the Alaskan complexes.

3 Results from Duke Island

The Duke Island complex is a well-known Alaskan-type
complex that consists of two spatially distinct, well ex-
posed ultramafic bodies that are interpreted to be parts
of the same intrusive system at depth. The intrusions are
composed of dunite and wehrlite cores surrounded by
concentric zones of olivine clinopyroxenite, hornblende-
magnetite clinopyroxenite and gabbro. The complex is
intruded by late hornblendite and hornblende plagioclase
pegmatite. Recent investigations have identified signifi-
cant sulfide mineralization associated with the complex.
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Figure 2: Sulfur isotopic values from Duke Island

Assays range up to 2.8% Cu, 0.25% Ni, and 1 gram/ton
combined Pt + Pd. In areas of high sulfide concentration
Cu/Ni ratios vary between 2 and 4, whereas in low sulfide
zones the ratio drops to ~0.8. Pyrrhotite is the most com-
mon sulfide mineral present, with local concentrations
of chalcopyrite and pentlandite.

Olivine in the ultramafic rocks varies from Fo,, to Fogg;
Ni in olivine ranges from less than 100 ppm to ~1000
ppm. Olivine in sulfide-poor rock types shows a negative
correlation between Ni and Fe, characteristic of fractional
crystallization. Olivine in sulfide-rich rocks contains less
than 400 ppm Ni and shows no correlation between Ni
and Fo content. Although Ni-exchange between sulfide
and olivine is clear, the high-Ni olivine population indi-
cates that under appropriate conditions, a Ni-rich sulfide
liquid could be generated.

Sulfur isotopic values range from -15 to 4.6%o, with
over 70% of the values between -2 and 2%o. Although most
of the sulfur isotopic ratios are consistent with a mantle
origin for S, the wide range in 0*S values indicates that
country rock sulfur has also been involved in sulfide gen-
esis (Fig. 2).

Our preliminary data suggest that mineralization at
Duke Island is characterized by geochemical signatures
that at the very least are intriguing in terms of the pre-
requisites for world-class Cu-Ni-PGE ore formation. Ad-
ditional geochemical and petrological studies at Duke Is-
land are in progress. Current results suggest that the po-
tential for mafic rock-related Cu-Ni-PGE deposits in con-
vergent plate settings should not be overlooked.
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The tectonics and metallogeny of the Precambrian of

the Aldan-Stanovoy Shield
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Abstract. The Aldan-Stanovoy Shield, located in the southeastern
North Asian craton, resulted from the collision of Archean
protocratons and Paleoproterozoic microcontinents in the period
of 2.0-1.9 Ga.The tectonic structure of the Aldan-Stanovoy Shield is
defined by a combination of terranes differing in age and degree
of metamorphism. These are the West Aldan granite-greenstone
terrane, the Central Aldan superterrane (Nimnyr granulite-
orthogneiss and Sutam granulite-paragneiss terranes), the East
Aldan superterrane (Uchur granulite-paragneiss and Batomga gran-
ite-greenstone terranes), as well as the Tynda tonalite-trondhjemite-
gneiss and the Chogar granulite-orthogneiss terranes. The bound-
aries between the terranes are faults and collision suture zones.The
overlap assemblages include diversified sedimentary and
volcanogenic-sedimentary rocks of Paleoproterozoic age. We have
recognized within the Aldan-Stanovoy shield: (1) pre-collisional
metallogenic zones; (2) the collision-related Kalar-Uchur
metallogenic belt of Paleoproterozoic age;and (3) the Chara-Uchur
post-collisional belt related to intracontinental rifting in the late
Pale-oproterozoic.

Keywords. Tectonics, metallogeny, Precambrian, Aldan-Stanovoy
Shield

1 Introduction

The tectonic structure of the Aldan-Stanovoy Shield was
studied and mapped using the methods of terrane analy-
sis. There are several large terranes which are bounded
by faults and collisional suture zones (Fig. 1).

The West Aldan composite terrane of granite-greenstone
type consists of several terranes which are made of green-
stone and tonalite-trondjhemite complexes. The metamor-
phic grade of these rocks changes from greenschist to am-
phibolite facies. The granite-greenstone complexes were
formed and metamorphosed during two episodes (> 3.0
and 3.0-2.6 Ga). The age of amalgamation of these terranes
into a single composite terrane is 2.6 Ga.

The Central Aldan superterrane of granulite-
orthogneiss type consists of Nimnyr and Sutam terranes,
which consist of Archean and Paleoproterozoic rocks. The
age of the peak metamorphism is 2.1-1.9 Ga. The earlier
metamorphic events are possible in the orthogneiss com-
plexes of these terrane.

The East Aldan Paleoproterozoic superterrane consists
of the Batomga terrane of granite-greenstone type and
Uchur terrane of granulite-paragneiss type. The age of
granulite facies metamorphism is 2.1-1.9 Ga in the Uchur
terrane.

The Tynda composite terrane of tonalite-trondjhemite
type contains small tectonic slabs and blocks which con-
sist of paragneiss complexes. The metamorphic grade of
the paragneisses is amphibolite and granulite facies. The
high-grade metamorphism is older than 2.5 Ga.

The collisional suture zones separate different terranes
and were formed at 1.9 Ga. The zones consist of tectonic
slabs and blocks with different rock assemblages of
neighbouring terranes. This mixture experienced the com-
bined structural and metamorphic reworking (from
greenschist to granulite facies). They are commonly char-
acterized by a higher content of basic and intermediate
rocks.

The tectonic position and age of terranes is defined by
collision of the Archean and Paleoproterozoic terranes into
a single structure, the Aldan-Stanovoy Shield, and the pro-
cesses of collapse of the orogenic belts at 1.9-1.7 Ga.

With regard to collisional structures, we have recog-
nized within the Aldan-Stanovoy Shield (fig. 1): (1) pre-
collisional metallogenic zones; (2) the collision-related
Kalar-Uchur metallogenic belt of Paleoproterozoic age;
and (3) the Chara-Uchur post-collisional belt related to
intracontinental rifting in the late Paleoproterozoic
(Parfenov et al. 1999; Nokleberg et al. 2003).

2 Pre-collisional metallogenic zones

Two pre-collisional metallogenic zones of Archean age,
West Aldan and Sutam, are established in the Aldan-
Stanovoy Shield.

2.1 West Aldan metallogenic zone

The West Aldan metallogenic zone lies within the West
Aldan granite-greenstone composite terrane composed
of linear greenstone belts made up of metavolcanogenic-
sedimentary rocks dated at 2.8-3.2 Ga, which are sur-
rounded by areas of tonalite-trondhjemite gneiss, gran-
ite. The West Aldan zone contains large Fe deposits and
Au and Pt occurrences in greenstone belts.

The Temulyakit-Tungurcha Au ore district extends
sublongitudinally for 200 km and is 50 km wide. It is made
up of Late Archean metavolcanogenic-sedimentary and
metasedi-mentary deposits of greenstone belts as well as
tonalite-trondhjemite gneisses and different-type gran-
ites. The Lemochi Au occurrence is in the central part of
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Figure 1: Metallogenic Map of the Aldan-Stanovoy Shield. 1 - Terranes: Granite-greenstone (WAD = West Aldan, BT = Batomga), Tonalite-

trondhjemite gneiss (TY = Tynda), Granulite-orthogneiss (NM =

Nimnyr, CG = Chogar), Granulite-paragneiss (ST = Sutam, UC =

Uchur); 2 - Collision suture zones (kl = Kalar, am = Amga, tr = Tyrkanda; 3 - Paleoproterozoic overlap assemblages (ud = Udokan, ug =
Uguy, ol = Oldongso, kh = Lover Khani, an = Atugey-Nuyam, dk = Davangra-Khugdin, ul = Ulkan basins); 4 - Faults; 5 - Pre-collisional
metallogenic Zones (West Aldan and Sutam); 6 - Kalar-Uchur Collision-related metallogenic belt; 7 - Chara-Uchur Post-collision rift-
related metallogenic belt; 8 - Deposits; 9 - Occurrences. The Batomga and Uchur terranes make up the East Aldan superterrane, and the
Nimnyr and Sutam terranes form the Central Aldan superterrane. Deposits and occurrences: 1 - Lemochi, 2 - Olondo, 3 - Tarynnakh, 4 -
Olimpiyskoe, 5 - Tayozhnoe, 6 - Dyosovskoe, 7 - Foydorovskoe, 8 - Udokan, 9 - Usuu, 10 - Seligdar. Inset shows location of the region

the Tasmiele greenstone belt. Gold ore is associated with
pyrrhotite-bearing metabasalt, quartz veins and veinlets,
quartz-tourmaline and quartz metasomatites, diaphthorites,
and metagabbro. Maximum Au concentration (14.1 g/t) is
found in metabasalt.

The Tokko-Khani Au ore district is 10-30 km wide and
extends sublongitudinally for 200 km within the limits of
the Olondo greenstone belt formed from metamorphosed
volcanites and volcanogenic-sedimentary and intrusive
rocks. At the Olondo Au occurrence, the amount of Au in
metabasites and metahyperbasites varies from 1 to sev-
eral tens of mg/t. Sampling of one of the metasomatite
zones shows that Au is evenly distributed over the
orebodies in amounts of 3-5 g/t.

The Imalyk Fe ore district is 300 km long and 20-30
km wide and occurs in the Tarynnakh greenstone belt of
Late Archean age. The Tarynnakh Fe deposit extends
sublongitudinally for 25 km and is 3-4 km wide. The de-
posit consists of three orebodies separated by granite,
gneiss and schist of varying composition. The orebodies
are traced for 22.5 km and are 330 m thick. The ores are
dominated by fine-grained hornblende magnetite ferrugi-
nous quartzite. Cummingtonite-magnetite, chlorite-mag-
netite, and magnetite varieties are also present. Iron
quartzite is interlayered with quartz schists and quartz-
ite up to 1.4-3.3 km thick, as well as with amphibole-pla-

gioclase schist and amphibolite 0.5-7 m in thickness and
granitoids as thick as 0.2-8 m. Iron ore reserves of the
Tarynnakh deposit are estimated at about 2 billion tonnes
averaging 28.1% Fe,,,; and 21.0% Fe

magnetite*

2.2 Sutam metallogenic zone

The Sutam zone lies in the south of the Central Aldan
superterrane, within the limits of the Sutam terrane con-
sisting of gneiss dated at 2.5-3.0 Ga and subjected to the
granulite facies metamorphism at high pressure. The
Olimpiyskoe iron deposit is 11 km long and 3-4 km wide.
Two rock groups are identified here. The first is magne-
tite-hypersthene and magnetite-two mica gneiss
interbeded with amphibole-two mica and magnetite-two
mica-plagioclase schists. The rocks form the core of an
antiform. The iron ore horizon, consisting of magnetite
and hypersthene-magnetite quartzite, is restricted to the
outer part of the antiform. The second rock group, mak-
ing up the core of a synform, consists of feldspar quartz-
ite interlayered with garnet- and sillimanite-bearing va-
rieties. Eleven lenticular orebodies 0.5-4 km thick and
20-200 m long are identified here. They consist of me-
dium- and coarse-grained banded hypersthene-magne-
tite quartzite. Fe varies from 25.3 to 36.98%, S- from
0.08 to 0.13%.

magnetite
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3 Kalar-Uchur collision-related metallogenic belt

The Kalar-Uchur metallogenic belt covers a large part of
the Aldan-Stanovoy shield and certainly continues north-
ward beneath the platform cover. Its formation was re-
lated to collision of the Early Precambrian terranes into
a large continental block. The collision was accompanied
by the formation of collision suture zones separating ter-
ranes, metamorphism of the granulite and amphibolite
facies within the terranes, and by calc-alkaline and
subalkaline granitoid magmatism.

The belt includes several metallogenic zones (Kalar-
Stanovoy, Amga-Stanovoy, and Tyrkanda-Stanovoy) co-
inciding with the collision zones, which bear Au, Ag, and
Pt mineralizations. Several metallogenic zones lie within
the terranes. The Dyos-Leglier metallogenic zone contains
large Fe skarn deposits. There are the Timpton and Uchur
metallogenic zones with large, long-known phlogopite
skarn deposits.

3.1 Dyos-Leglier metallogenic zone

The Dyos-Leglier matallogenic zone includes the South
Aldan and Emeldzhak ore districts.

The South Aldan Fe ore district contains the Leglier,
Dyos, and Sivagli groups of deposits. The largest are the
Tayozhnoe and Dyosovskoe deposits. The Tayozhnoe Fe
skarn deposit consists of silicate-magnetite ores (mag-
netite skarns), magnesian skarns, calciphyre, and biotite
gneiss. Host rocks include amphibole gneiss and schist
and high-alumina gneiss and quartzite-gneiss. They are
intruded by meta-ultrabasite and metagabbro-diorite
units. In plan, the deposit is shaped like a horse-shoe
curved to the north-west and in section it is a recumbent
synform steeply dipping to the south-west. Concordant
and en-echelon orebodies are 2 km long and 10-100 m
thick. Pyrite, pyrrhotite, and chalcopyrite are constantly
present. Some beds contain ludwigite and ascharite. Min-
eralization and the amphibolite facies metamorphism are
dated at 2.1-1.9 Ga. The iron content is 20-60% (average
39.8%), S amounts to 2.12%, and P is practically absent
(P,0,=0.1%).

3.2 Timpton metallogenic zone

The Timpton metallogenic zone occupies the south-east-
ern part of the Nimnyr granulite-orthogneiss terrane. It
extends for 250 km and is 250 km wide in the south and
50 km in the north. The phlogopite deposits and occur-
rences tend to occur in diopside and phlogopite-diop-
side schists, marbles, and calciphyres of Paleoproterozoic
age (2.3-2.1 Ga) metasomatized into coarse-grained phlo-
gopite-diopside skarns dated at 1.9-1.8 Ga. The
Foydorovskoe deposit occurs on the northern limb of a
latitudinal synform under the same name. It extends for

5 km and is 100-150 m wide. The mica-bearing zones are
20-200 m long and 3-12 m thick and include some phlo-
gopite-bearing bodies of different orientation consisting
of phlogopite, diopside, hornblende, scapolite, apatite,and
actinolite. Phlogopite forms nest-like accumulations vary-
ing in size from 0.5x1 m to 1.5x6 m The phlogopite con-
tent ranges from 15 to 86.9 kg/m?>.

4  Chara-Uchur post-collision rift-related
metallogenic belt

The Chara-Uchur metallogenic belt extends latitudinally
across the northern area of the Aldan-Stanovoy shield
(Fig. 1). It was formed in the late Early Proterozoic be-
tween 1.9 and 1. 7 Ga. The belt was related to rifting, re-
sulting in the formation of grabens, bimodal volcanism,
and the emplacemet of alkali granitoids, alkali-ultrabasic
and basic rocks and carbonatites. The belt includes the Uguy-
Udokan metallogenic zone of Cu sandstone, the Nimnyr
metallogenic zone with a large apatite and REE deposit in
carbonatites, the Upper Aldan metallogenic zone with
piezoquartz deposits, and the Davangra-Nalurak metallo-
genic zone of Fe oolitic ores and REE mineralization.

4.1 Uguy-Udokan metallogenic zone

The large Udokan Cu sandstone deposit is to the south-
west of the study area, within the Udokan basin trough
filled in with thick (up to 10 000 m) clastic and minor
carbonate rocks dated at 2.2-1.8 Ga. On the territory of
Yakutia, the rocks corresponding to the Udokan group
fill in relatively small graben-like Uguy, Oldongso, and
Lower Khani basins, unconformably overlying various
crystalline rocks of the West Aldan terrane. The best-stud-
ied are Cu deposits of the Uguy basin. The Usuu Cu oc-
currence is in the Charodokan formation which is traced
for 25 km along the eastern flank of the Uguy basin and
includes lagoonal-bar facies. Three thick horizons of Cu
mineralization are recognized here. The lower horizon cor-
responds to carbonate-sandy rocks. Cupper mineralization
occurs as rare Cu-sulfide disseminations. The middle hori-
zon is associated with quartzitic sandstones bearing more
abundant Cu-sulfide disseminated mineralization. Thick-
ness of the horizon attains locally 60 m with Cu content up
to 1%. The upper horizon is characterized by disseminated
Cu-sulfide mineralization in sandy dolomites of brecciform
structure and cross-bedded sandstones with a carbonate
matrix. It is 84 m thick, with Cu to 0.11-1%.

4.2 Nimnyr metallogenic zone

The Nimnyr metallogenic zone of apatite ores in
carbonatites extends longitudinally for 400 km in the
northern Aldan-Stanovoy shield and is 40 km wide in its
central part. The zone includes eleven ore deposits and



56

A.P. Smelov - V.F. Timofeev

occurrences. The Seligdar deposit of apatites in
carbonatites represents an asymmetric stock 2 by 1.0 km
in area, narrowing down to a few hundreds of square
meters at a depth of 1.6 km. The stock includes
carbonatites and apatite-carbonate-quartz ores.

4.3 Davangra-Nalurak metallogenic zone

The zone lies within the Atugey-Nuyam and Davangra-
Khugdin grabens located in the Centeral-Aldan
superterrane. The grabens consist of thick quartz and
arkose sandstone units with gravelstone horizons. REE
occurrences are restricted to the gravelstone and conglom-
erate horizons which are 15-30 long and have a thickness
varying from a few meters to 150 m. Principal minerals
in the heavy fraction of the rocks are monazite and zir-
con (up to 95%). The conglomerate-gravelstone horizons
of the Davangra-Khugdin graben contain 0.1-1% Ce, 0.01-
0.3% La, 0.01-0.3% Y, and 0.01-0.03% Hf, whereas those
from the Atugey-Nuyam graben contain 0.1-0.8% Ce,0.01-
0.1% Y, 0.03-0.05% La, 0.01-1% Ta, and up to 0.005% Nb.
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Abstract. Many important metals, such as Ni (Cu, Co) and PGE, are
taken from magmatic sulfide deposits. The magmatic sulphide de-
posits in China can be divided into four types according to their
tectonic setting, size of intrusion, ore deposit mode, deposit scale,
rock types and metallogenic elements. The four types are: (1) De-
posits hosted in intra-continental small intrusions; (2) Deposits as-
sociated with continental flood basalts; (3) Deposits associated with
small intrusions in orogenic belts; and (4) Deposits related to
ophiolites.Among them the first type is the mostimportant in China.
According to the experience of prospecting, we propose that there
are big potentialities for prospecting ore deposits in small intru-
sions. Mineralization not only occurs in small mafic-ultramafic in-
trusions, but also in small intermediate-felsic intrusions with im-
portant economic value.

Keywords. Magmatic sulfide deposits, new classification, small rock-
bodies, metallogenesis

1 (lassification of magmatic sulphide deposits

Previous classifications of magmatic sulphide deposits
are mainly focused on the controlling factors of geo-
logical settings and rock types (Tang, 1996; Liu, 1998).
These classifications were helpful for prospecting and
research. However, as the development of geological
studies advances, small intrusions have been recognized
as being important in mineralization. It thus is neces-
sary to put forward a new classification as detailed
in Table 1.

2 Characteristics of different types of magmatic
sulphide deposits

2.1 Deposits hosted in intra-continental small intrusions

This type of deposits usually occurs in rifts at the mar-
gins of Palaeo-continents. In China, these deposits are
of Proterozoic age. Mafic and ultramafic magmas origi-
nated from mantle emplaced in deep-seated magma
chambers. Due to melt-separation and crystallization dif-
ferentiation, four melt layers formed and include sulfide
melt, sulfide-rich silicate magma, sulfide-bearing magma
and silicate magma from the base upward.s The four-
layer magmas penetrated into different spaces once or
several times, and formed several to tens rock groups

(or zones). Intrusions are, however, not usually mineral-
ized. We propose classification criteria for small intru-
sions (i.e.less than an area of 10 square kilometres). Min-
eralization related to small intrusion is the main
metallogenic pattern in China, such as the deposits in
Jinchuan, Chibaisong, Tongdongzi and Xiaonanshan.

2.2 Deposits associated with continental flood basalts

This type of deposits formed in igneous intrusions
related to the extrusion of large-scale continental flood
basalts in the geological history. One characteristic
of this type of ore deposits is that the hosting intru-
sions show a close spatial relationship with the flood
basalts. According to the main metallogenic element
association, the deposits can be divided into two sub-
types: Ni-Cu-Co-Pt and Pt-Pd-Ni-Cu ones. The former
is mainly composed of Ni and Cu, such as the Baimazhai
and Dapoling deposits; and the latter is mainly composed
of Pt and Pd, such as the Jingbaoshan and Yangliuping
deposits.

2.3 Deposits associated with small intrusions in orogenic
belts

This type of deposit formed during post-orogenic exten-
sion mainly in Carboniferous-Permian in China. The
metallogenic mechanism is similar to ore deposits in in-
tra-continental small intrusions.

2.4 Deposits related to ophiolites

From the base to top, ophiolites generally consist of four
parts: ultra-mafic complex, gabbro cumulative complex,
mafic sheet dyke complex and mafic volcanic complex,
each of which has different mineralization (Zhang, 2000).
The mineralization usually occurs during the stage of
growth and movement of oceanic crust. However, the oce-
anic crust is a dismembered slice in orogenic belts due
to tectonic emplacement. Different parts of the opliolites
show diverse mineralization. Some ore deposits belong
to this type in China, such as those of Jianchaling in Pro-
terozoic Era, and Shijuli, and De’erni.
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Table 1: Types of magmatic sulfide deposits in China

Tectonic Intruding way Ores-hosted main rocks Deposit mode  Deposit ~ Main metallogenic
setting scale elements
Lherzolite Jinchuan Supper
large
Small intrusion Diabase,Gabbro Chibaisong Middle Ni, Cu, Co, Pt
Gabbro-Diabase Tongdongzi Small
Gabbro Xiaonanshan Small
Palaeo- Diorite-Gabbro-Diabase- Pyroxenite Dapoling Small
continent
Diorite-Gabbro-Peridotite Limahe Middle Ni, Cu, Co, Pt
Intrusion associated with the Gabbro-Pyroxenite-Peridotite Baimazhai Middle
continental flood basalt
Diabase-Gabbro-Peridotite Jinbaoshan Large Pt, Pd, Ni, Cu
Gabbro-Peridotite Yangliuping
Enstatatite Honggqiling Large Ni, Cu, Co, Pt
Small Gabbro-Peridotite-Lherzolite Huangshan Large
Intrusion
Norite-Olivine Norite Kalatongke Large
Orogenic Basalt-Clastic rock-Jade Shijuli Middle Cu,Zn
belt
Ophiolites Talc- Magnesite Jianchaling Large Ni
Orthopyroxene-Pyroxenite Olivine
Pyroxenite-Peridotite- De’erni Large Cu, Zn, Co, S

Orthopyroxene-Pyroxenite Olivine

3 Metallogenesis of small rock-bodies
3.1 The main type of magmatic sulfide deposits in China

The first three types of magmatic deposits are spatially and
temporally associated with small intrusions (Table 1). Su-
per large deposits (such as Jinchuan) and large scale ones
such as Hongqiling, Kalatongke, Huangshan, Jinbaoshan are
also hosted in small intrusions. Ni-Co-PGE metal resources
in China mainly come from this type of ore deposits. Al-
though some magmatic sulfide deposits, such as De’erni
and Jianchaling, are related to ophiolites. They are less im-
portant in terms of their economic values.

3.2 Concept on magmatic deposits in small intrusions

Tang (2002) suggested a model for magmatic deposits in
small intrusions. This can be summarized as following:
Large-scale, rich ore bodies form in small magmatic intru-
sions or nearby; the size of small intrusions is typically less
than 10 square kilometers,and some are less than one square
kilometer; the mineralized proportion (the volume of ore-
body /the volume of intrusion x 100%) of small intrusions
is high. The mineralized proportion is more than 43% in Jin-
chuan, Kalatongke ore deposit is more than 50%, and No. 7
ore body of the Honggqiling ore deposit is more than 90%.

3.3 Small intrusions in three geological settings

Some small intrusions occur in rifts at the margin of the
Palaeo-continent,and their metallogenic epochs are mainly
at Palaeo-Proterozoic and meso-Proterozoic (such as the
Chibaisong and Jinchuan deposits), and Paleozoic (such as
the Xiaonanshan deposits). Some small intrusions are at
the margin of the Palaeo-continents, and associated with
the continental flood basalts. Their metallogenic epochs are
mainly late-Proterozoic (such as the Dapoling deposits),and
Paleozoic (such as the Limahe, Baimazhai, Jinbaoshan and
Yangliuping deposits). Some small intrusions in orogenic
belts are related to post-orogenic extension. Their
metallogenic epochs are mainly Paleozoic (such as the
Kalatongke, Honggiling, and Huangshan deposits).

3.4 Key factors for formation of magmatic deposits in small
intrusions

The magmatic ore deposits in small intrusions occur along
deep faults. For instance, the suture between the North
China block and Qilian mountains on the southern side
of the Jinchuan ore deposit; the Kangguertage -
Huangshan deep fault on the southern side of the
Huangshan ore deposit; the Huifahe deep fault on the
southern side of the Honggqiling ore deposit and the Eergisi
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north-west deep fault on the northern side of the
Kalatongke ore deposits all provided channels for mantle
magmas to ascend and mineralize. Olivine-rich magmas
and orthopyroxene-rich magmas are helpful for metallo-
genesis. Olivine-rich magma is characterized by high tem-
perature and high nickel content, and is easy for contami-
nating SiO,-rich country rock. The ore deposits of
Jinchuan, Huangshan, Baimazhai, Noril’sk, Voisey’s Bay
are associated with olivine-rich magmas. Orthopyroxene-
rich magmas may have the same significance as olivine-
rich magmas. No.7 ore body of the Honggiling ore deposit
and Kalatongke ore deposit formed from orthopyroxene-
rich magmas. There are wo types of sulfur source. Firstly,
there is a small change in the values of 8**S, which are close
to zero and distributed with normal distribution, indica-
tive of characteristics of magmatic sulfur The Jinchuan,
Honggqiling, Kalatongke, Huangshan, Chibaisong and
Sudbury are the examples of this. Secondly, there are large
scale variations in 84S, which appear to be related to con-
tamination with crustal sulfur. The Limahe, Noril’sk and
Voisey’s Bay are samples for this type. From the above
discussion, we can state that mantle sulphur is the main
characteristic of magmatic deposits in small intrusions
in China. As the host intrusion is small in size, the ore
bodies are relatively big and cannot derive solely from
the small intrusion itself. Thus, during or prior to the
emplacement of the intrusion, partial crystallization and
liquation of magma must have occurred in the deep seated
magma chambers, where the magma formed several parts:
ore magma, sulfide-rich magma, sulfide-bearing magma
and ore-free silicate magma from the base upwards. Then
the differentiated magma penetrated into different spaces
within the crust once or several times. In general, after
the crystallization and differentiation and liquation of
magma, the volume of ore-free silicate magma is much
larger than the total volume of ore magma, sulfide-rich
magma and sulfide-bearing magma. During the magma
ascending, ore-free silicate magma penetrated into dif-
ferent spaces to form intrusive complex or erupt to the
surface to form lavas. The remeining magma comprising
ore magma, sulfide-rich magma and sulfide-bearing
magma can penetrate into the same space, such as oc-
curred in the Jinchuan, Kalatongke, Baimazhai and Limahe
deposits, or penetrate into different spaces, such as the

No.1 and No.7 ore bodies of the Hongqiling deposits. By
comparison with local liquation, the ore/rock proportion
of the small intrusions is much higher than average. This
mechanism can explain why a small intrusion is accom-
panied by a large or supper large deposits.

4  Further study on magmatic deposits in small
intrusions

Prospecting for this type of magmatic sulfide deposits
started in 1980s in China. The Noril’sk-Talnanhk depos-
its are the other examples, with major reserves of copper
and nickel within an area of 3 square kilometers. The
Voisey’s Bay deposits cover an area of less than 1 square
kilometers. Some researchers have put forward “why are
there no major Ni-Cu sulfide deposits in large layered
mafic-ultramafic intrusions?” (e.g. Maier 2001).

From the present study on magmatic sulfide deposits,
the deposits in small intrusions are Cu-Ni-PGE deposits
with higher tenor of Cu and Ni than PGE, but the depos-
its in large layered intrusions are Pt-Pd deposits with low
tenor of Cu and Ni. As there are no large layered intru-
sions in China, we should pay more attention to pros-
pecting for Cu-Ni-PGE deposits in small intrusions.

On the other hand, metallogenesis in intrusions is not
only important to mafic-ultramafic rocks, but also have
important economic value and academic significance in
intermediate-acidic rocks.
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Abstract. The geodynamic processes that control large-scale accu-
mulations of ore are poorly understood. It has commonly been sug-
gested that massive ore deposits are generated through a combi-
nation of factors in the Earth’s system. In the Lachlan Fold Belt of
southeastern Australia, world-class orogenic gold and porphyry
gold-copper deposits formed simultaneously at ~440 Ma in distinct
tectonic settings. The driving mechanism that controlled the ex-
traordinary temporal coincidence of these deposits remains largely
unexplained. We propose that the interplay of a mega-subduction
system and mantle processes could explain the generation of the
giant ~440 Ma gold deposits and related metallogenic, tectonic,
magmatic and sedimentary events elsewhere in Australia.

Keywords. Metallogeny, giant ore deposits,440 Ma, Gondwana, mega-
subduction, mantle upwelling

1 Introduction

The Lachlan Fold Belt in southeastern Australia is host to a
variety of mineral deposit types, and is internationally rec-
ognized as being an area of extraordinary gold endowment
(e.g. Bierlein et al. 2002). A disproportionally large number
of mineralisation ages for gold deposits in the Lachlan Fold
Belt concentrate around 440 Ma (e.g. Perkins et al. 1995; Fos-
ter et al. 1998). These include the world-class lode-gold de-
posits at Bendigo, Stawell and Ballarat, and the porphyry
copper-gold deposits at Cadia and Northparkes. Although
these deposits reflect distinct mineralisation styles that formed
in different tectonic settings (e.g. Gray et al. 2002), their
similar formation ages record an extraordinary coincidence
for which the driving mechanism remains enigmatic. Simi-
larly, the first-order controls on large ore accumulations
formed throughout Earth history remain a matter of de-
bate. To gain insight in what processes control the coinci-
dent deposition of world-class ore deposits in distinct tec-
tonic settings, we focus on the ~440 Ma event in Australia.

Throughout most of the Palaeozoic, Australia was situ-
ated on the margin of Gondwana inboard of a giant sub-

duction system that essentially surrounded the supercon-
tinent (Fig. 1). We propose that changes of subduction
zone dynamics, for instance slab break-off, along conti-
nental margins are controlling factors for the generation
of large ore deposits. In a supercontinent - mega-subduc-
tion zone setting, break-off of a portion of the subduct-
ing slab could account for the formation of extraordinary
large ore deposits.

1000 km

modified from Foster & Gray (2000)

- Archean-Early Proterozoic cratons

Mid-Proterozoic to Cambrian mobile belt

&3 Cambrian and post-Cambrian orogenic belts (Tasmanides)
Figure 1: Gondwana surrounded by a mega-subduction zone
around the Ordovician - Silurian boundary. Active subduction

occurred on the margin of the Australian craton (top-right), where
the Tasman Fold Belt System (or Tasmanides) was formed
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Table 1: Summary of ~440 Ma gold deposits in the Lachlan Fold Belt
based on “Ar/”Ar geochronology

Deposit Style Tonnage Age (Ma) Reference
Ballarat East or 67.9 455+ 2 Foster et al. (1998)
~440 Ma Bierlein et al. (2001)
Bendigo or 693.2 439 %2 Foster et al. (1998)
442 + 4 Bierlein et al. (2001)
Browns Creek sk 28.5 425+ 4.5 Ewers et al. (2002)
Cadia por 259.6 440+ 3 Perkins et al. (1995)
Copper Hill por 16.8 447 %5 Ewers et al. (2002)
Fosterville or >4 381+2 Bierlein et al. (2001)
Gidginbung por 461.5+4.7  Perkins et al. (1995)
Glendale por 4393 +2 Perkins et al. (1995)
Goonumbla por 440 + 1.1 Perkins et al. (1995)
Lake Cowal por 99.6 439.6 £ 1.0  Perkins et al. (1995)
North Parkes por 1.4 439 + 1.1 Perkins et al. (1995)
Sheahan-Grants sk 440 Ewers et al. (2002)
Stawell or 123.9 439+ 2 Foster et al. (1998)
Tarnagulla or >20 419+2 Bierlein et al. (2001)
Wattle Gully or 441 +3 Foster et al. (1998)

Abbreviations: or = orogenic gold; sk = skarn; por = porphyry Au-Cu.
2 The ~440 Ma event in Australia

The occurrence of a significant large-scale event is sug-
gested based on the abundance of ~440 Ma aged events
in Central and Eastern Australia. Their distribution is il-
lustrated in Figure 2 and includes the following events:

1. Simultaneous orogenic lode gold and porphyry gold-
copper mineralisation in the Lachlan Fold Belt (e.g.
Bierlein et al. 2002; Table 1).

2. Large-scale geodynamic changes in the Lachlan Fold
Belt (e.g. Vandenberg et al. 2000; Vos et al. 2003).

3. A magmatic-hydrothermal event in the Mt. Painter
Inlier, southern Australia (Elburg et al. 2003).

4. Extensive lead-zinc mineralization in the Flinders
Ranges, southern Australia (Groves et al. 2003).

5. Large-scale geodynamic changes in the Arunta Inlier,
central Australia (e.g. Mawby et al. 1999; Scrimgeour
and Raith, 2001; Hand et al. 2002).

3 Slab break-off — a possible driving force?

We suggest that the simultaneous occurrence of events
in Australia that include the genesis of world-class gold
deposits is caused by a single broadly synchronous phe-
nomenon around 440 Ma. We hypothesise that an epi-
sode of mantle upwelling has been triggered by slab break-
off along a portion of the mega-subduction zone outboard
of south-eastern Australia at ~440 Ma. The introduction

1 1 |
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Figure 2: Distribution of ca. 440 Ma ages and events in Australia.
Stars indicate ~440 Ma localities; see text for details. WLFB / ELFB
= Western / Eastern Lachlan Fold Belt

of heat and fluids in response to mantle upwelling caused
the generation of the massive gold provinces in south-
eastern Australia. The magnitude of this event was such
that it is considered to have caused a ripple effect that
intiated changes in lithospheric conditions elsewhere in
Austrilia.

Throughout Earth history, a connection between heat
anomalies and gold mineralisation has been recognised
(e.g. Barley et al. 1998; De Boorder et al. 1998; Goldfarb et
al. 2001). In addition, most Mesozoic to recent orogenic
gold mineralisation in the Pacific Rim has been associ-
ated with accretion of arcs or oceanic plateaus and rapid
migration of subduction zones (Goldfarb et al. 1998).
During these processes, peripheral orogens undergo ma-
jor crustal contraction and crustal thickening (Collins
2003).

Previous studies in southeastern Australia suggest that
subduction lock-up in response to subduction of a buoy-
ant seamount or arc collision occurred along the south-
east Australian margin at ca.455 Ma and controlled crustal
contraction inboard of the subduction system (e.g. Glen
et al. 1998; Squire and Miller 2003). While such a process
might explain regional geodynamic changes in the Lachlan
Fold Belt, it fails to account for the wider occurrence of
events at 440 Ma elsewhere in Eastern and Central Aus-
tralia. As part of the mega-subduction zone system sur-
rounding Gondwana, we envisage that the arrival of a
buoyant seamount or arc in the subduction system would
have created a regional heterogeneity. At ~440 Ma, a por-
tion of detached following subduction resistance outboard
of southeastern Australia.
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ore deposit type zonation linked to mantle upwelling
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Figure 3: Schematic cross-section of southeastern Australia around 440 Ma illustrating break-off of a portion of the mega-subduction
zone on the margin of Gondwana. Slab break-off triggers mantle upwelling, which in turn controls the generation of world-class mineral
deposits provinces, including the world-class orogenic and porphyry gold-copper provinces in the western and eastern Lachlan Fold Belt
(ELFB and WLFB, respectively). Due to the giant scale of the subduction system, related effects were propagated far inboard of the
subduction margin and caused geodynamic changes elsewhere in Australia

The removal of the cooling effect from subduction al-
lowed mantle upwelling and depressurisation and caused
significant changes in the geodynamic framework in the
southeast Australian portion of Gondwana. The instan-
taneous introduction of mantle heat has played an im-
portant role in ore deposition as well as other magmatic
and tectonic events and depositional changes that oc-
curred around 440 Ma elsewhere in Australia. The inter-
play of these processes is illustrated in Figure 3.

4 A crucial role for slab break-off in the
generation of giant ore deposits?

Could generation of giant ore deposits have been con-
trolled by heat anomalies associated with slab break-off
and related effects? De Boorder et al. (1998) recognised
a spatial correlation between hot regions in the lithos-
phere as indicated by results from seismic tomography
that are interpreted to represent detachment of a cold
slab or lithospheric root and mineralised areas in the
European Alpine Belt. Metallogenic provinces like the
Witwatersrand basin and Palaeoproterozoic basins of
West-Africa are also suggested to reflect the interactions
of mantle plumes with long-lived convergent margin sys-
tems (Barley et al. 1998). Kerrich and Wyman (1990) pro-
posed a model for Archaean lode-gold mineralisation
that includes metamorphic dehydration of submarine
volcanic and sedimentary rocks following terrane accre-
tion and cessation of active subduction. Clearly, heat
anomalies along long-lived convergent margins form a
crucial element in models for world-class mineralisation.
The long-lived nature of convergent margins allows long-

term enrichment of the margin lithosphere in response
to repeated episodes of arc and marginal-basin mag-
matism, and subduction (Barley et al. 1998). However,
the mechanism that triggers generation of world-class
metallogenic provinces during these episodes is poorly
understood.

The coincidence of the genesis of giant ore deposits
with anomalous thermal conditions along subduction
margins as illustrated in this paper and elsewhere (e.g.
Qiu and Groves 1999) suggests that instantaneous changes
in subduction dynamics, like slab break-off, play a cru-
cial role in the generation of giant ore deposits.
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Abstract. We argue that hydridic fluids from the deep-earth are an
important fluid type in mineral systems.The Carboniferous through
Triassic interval of Earth history is used to illustrate our hypoth-
esis that flux of hydridic fluid is a causative link between many
earth processes such as mass extinction, evolution of ocean chem-
istry, climate change, anoxia, large-scale volcanism and mineral
systems. The Earth’s core is considered the dominant reservoir of
hydrogen.An enhanced flux of hydridic fluids mobilizes the mantle
and sustains tectonism and metallogenesis over 100s of millions
of years.
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tion

1 Why are metal resources rare?

Metal accumulations within the Earth are rare occur-
rences and the accumulations of high grade, large ton-
nage metal deposits much more so. Most models of for-
mation of these deposits are based on some combina-
tion of processes that operate within the middle to up-
per crust and the hydro- and bio-sphere: metamorphism,
basin dewatering, de-volatilization of magmas, sea floor
metamorphism, meteoric fluid circulation, fluvial win-
nowing and detrital accumulations. But these are rela-
tively common Earth processes. Arguably such common
processes ought to give rise to more common occurrences
of the giant deposits. So is the “special-ness” of the ma-
jor metal accumulations a function of rare combinations
of common processes or have we yet to understand some
key elements of the mineral systems that produced the
giant deposits? We argue that anhydrous fluids, composed
dominantly of H, - CH, - H,S (hydridic fluids in the sense
of Larin, 1993) are an important fluid type in the min-
eral systems that produced the Earth’s giant mineral de-
posits and provinces. The hints from the available stable
and radiogenic isotope data and from mineral systems
such as the Archean gold provinces, that afford an op-
portunity to study a crustal section, is that these fluids
are sourced from deep within the earth. In this contri-
bution we explore the questions of “where” within the
earth, what are the properties of such fluids at P and T
and what other earth processes could have been affected,
possibly effected, by such fluids?

2 Sources and potential reservoirs of hydridic
fluids: The Earth’s core?

Given present knowledge of the Earth, two obvious res-
ervoirs of hydridic fluids are within serpentinized mantle
wedges of subduction zones and within the Earth’s core,
or at least the outer parts of the core. Sleep et al. (2004)
discuss the formation of H, saturated fluids from
serpentinization of ultramafic rocks. Magnetite and
awaruite (FeNi;) catalyze methane and organic matter
formation abiotically within serpentinite. Such extremely
reduced fluids will not be stable in the presence of wa-
ter-bearing silicate melts, thus limiting potential sites of
hydridic fluid reservoirs to relatively cold, serpentinized
upper mantle. The “flat slab” setting is one possible loci
in modern arc settings and interestingly there is a cor-
relation of some giant porphyry and epithermal depos-
its with zones of low angle subduction in several of the
important mineral provinces of the Pacific Rim. Recently
Ranero and Sallarés (2004) have provided geophysical
evidence (anomalously low seismic velocities and den-
sities of the crust and upper mantle) for serpentinization
of the crust and mantle of the Nazca plate during bend-
ing at the north Chile trench.

Alternatively the hydridic fluids may be sourced from
the core of the Earth. Williams and Hemley (2001) re-
viewed the development over the last seventy years of
the concept of a hydridic core, noting the importance of
the experimental work (Antonov et al. 1980) in demon-
strating the significant increase in affinity between hy-
drogen and iron with increasing pressure such that a sto-
ichiometric iron hydride forms at high pressure. Okuchi
(1997) concluded that hydrogen may be the primary light
element in the core accounting for the major part of the
10% density deficiency of the outer core.

3 Hydridic fluids and metallogenic epochs?

Some first order observations about the temporal dis-
tribution of giant deposits through Earth history pro-
vide clues as to the dominant source of H,. Gold de-
posits are distributed heterogeneously through Earth
history with two Precambrian peaks at about 2800 to
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2500 and 2200 to 1600 Ma. There is a notable gap in
the record from 1600 to 600 Ma with major gold
provinces and deposits (including Cu-Au deposits) oc-
curring in the last 600 million years of Earth history.
Lead - zinc deposits are also distinctly time bound with
the most significant epochs occurring at the Paleoprotero-
zoic - Mesoproterozoic transition and in the late Paleo-
zoic (Devonian through Permian). The formation of
most classes of deposits are broadly related to plate-
tectonic processes but these “Earth-scale” epochs of
metallogenic province formation lasting up to 0.5 bil-
lion years with time gaps up to approximately a billion
years suggest an additional control beyond plate tec-
tonics. A core-mantle involvement in metallo-genesis,
possibly linked to mantle overturn and plumes of hydri-
dic fluids from the D’’- layer, provides an attractive
explanation for the large-scale temporal pattern of metal-
logenic epochs.

4 Composition of hydridic fluids

Hydrogen has potential to complex with most elements
of the periodic table at high temperature and pres-
sure to form hydrides. As hydrides are unstable in the
presence of water their distribution within the Earth
will reflect the distribution and state of water. The alkali
and most alkali earth elements form ionic hydrides.
Group 3 through 7 elements (e.g. Al, Si, N, S, Cl) form
covalent hydrides. The formation of hydrides by most
transition elements, lanthanides (REEs) and actinides
allows the possibly of transport of a wide range of
elements of metallogenic interest (e.g. Ti, V, Cr, Co, Mo,
W, U, Th, Au, PGEs) within the mantle and under appro-
priate circumstances within the crust by fluids other than
silicate melts.

There is potential for alkali-rich hydridic fluids, in-
cluding a significant component of alkali halide, to pro-
mote alkali metasomatism on mixing with silicate melts,
aqueous or carbonic fluids in the crust/upper mantle, gen-
erating reduced, alkali-rich, aqueous fluids via for example:

NaH + H,CO,—> Na* + HCO, + H,
with the potential for acid production via
H,CO;— H* + HCO;y

Such reactions will be rapid, irreversible and exother-
mic. The decreasing stability of hydrides with increasing
atomic number within any Group of the Periodic Table
(Mackay and Mackay, 1968) implies Na + Li - metasoma-
tism will be favoured over K - metasomatism. At low pres-
sure hydridic fluids are likely to evolve to low density
HSCO fluids dominated by H, with components of H,S,
CH,, HCl and CO.

5 Mass extinction events and related phenomena

If hydrogen degassing from the Earth’s core was a sig-
nificant, although probably episodic, process through
Earth history, then there ought to be a range of phenom-
ena that reflect the process, in the mantle, the crust, other
than giant base and precious metal deposits, as well as in
the biosphere and hydrosphere. Mass extinction is one
obvious phenomenon to consider. No single cause has
been established for the five major mass extinction events
of the Phanerozoic that occurred at the end of the Or-
dovician, Permian, Triassic and Cretaceous, and in the
late Devonian, or for the numerous lesser extinction events.
The most dramatic loss of species occurred at the Per-
mian-Triassic boundary, ca the time of the Siberian flood
volcanism, recently dated at 252.6 + 0.2 by Mundil et al.
(2004). This is also a time of formation of MVT style Pb-
Zn deposits (e.g. mid-continent USA; Coveney et al. 2000)
and there is evidence of mantle volatiles in these mineral
systems (Kendrick et al. 2002).

Newell (1967) originally related marine mass extinc-
tions to eustatic falls of sea level. Hallam and Wignall
(1999) affirm that nearly all major biotic crises coincide
with rapid global sea-level changes but emphasis a strong
link between transgression, spread of anoxic bottom wa-
ters and marine extinctions. The extinction at the Creta-
ceous - Tertiary boundary at 63.4 Ma has been widely
attributed to a bolide impact (Alvarez et. al., 1980) but
evidence for similar impacts as a causal mechanism for
mass extinctions is either weak or non existent (Hallam
and Wignall, 1999). Pope (2002) has argued that impact
dust was not the cause of the Cretaceous-Tertiary mass ex-
tinction. Correlation of large igneous provinces with mass
extinction events (Siberian Traps, end-Permian; Central
Atlantic Magmatic Province, end-Triassic; Deccan Traps,
end Cretaceous) led to suggestions of a causative link (see
e.g. Wignall, 2001). More recently, Morgan et al. (2004) have
suggested the causative events may be large explosive re-
leases of carbon-rich gas triggered by mantle plume incu-
bation beneath cratonic lithosphere, prior to the onset of
continental rifting. Sudden CO,/CO and SO, release into
the atmosphere would provide the primary killing mecha-
nism of the extinction event. The shock waves associated
with these ‘Verneshot’ events could generate the reported
‘impact signals’ at times of great mass extinction thus
obviating the need to appeal to bolide impacts.

Extensive geochemical studies reveal deviations in 3¢,
3180 8%45,85r/*’Sr and *He/*He in sediments across extinc-
tion intervals (Ryskin, 2003; Berner, 2004; Hotinski et al.,
2004 and references therein). Negative excursions in 8'3C
in carbonate, up to 8 %o at the Permo-Triassic boundary
are explained by the breakdown of methane hydrates stored
in sediments with methane release to the hydrosphere
and atmosphere leading to anoxia greenhouse conditions
and mass extinction. The negative deviation in 3"°C at
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the Permo-Triassic boundary is preceded by a positive
deviation through the Permo - Carboniferous; one of the
major “ice-house” periods of Earth history. §*sulfate shows
a negative excursion through the Permo - Carboniferous
to values of ca +10 %o at the Permo - Triassic boundary
and &*$ in sulphide show remarkables shift to ca - 2 %o
close to the boundary (Kajiwara et al. 1994).

6 Degassing of the Earth’s core and mass extinction

We use the Permo - Carboniferous through Permo - Trias-
sic interval of Earth history to illustrate our hypothesis that
flux of hydridic fluid may be the link between catastrophic
events such as the Permo - Triassic extinction and other
less dramatic phenomena and processes. We assume an
enhanced but not extreme flux from the Earth’s core through
the Permo - Carboniferous sufficient to promote methano-
gen growth in the hydrosphere utilizing CO, and H, as the
energy sources. Reduction of CO, to CH, led to a progres-
sive transfer of atmospheric CO, to methane hydrates in
oceanic sediments, a positive deviation in oceanic 8'*C and
a shift to cooler climates. Mantle sulphur carried in the
hydridic fluids (8%**S = zero) caused the 8* seawater - sul-
fate values to decrease to ca +10 %o. Relatively high Na con-
centrations in seawater during the Permian (Lowenstein et
al.2001) may be attributed to the NaH component of hydridic
fluids. The Permo-Triassic extinction event marked an ex-
treme flux from the D”- layer of the Earth’s core, leading to
wet-spot development in the mantle via the reaction

4H, + CO,—> CH, + 2H,0

extensive melting and volcanic activity. The violent re-
lease of a toxic gas mix (CO,, CO, CH,, H,S, H, and noble
gases) to the atmosphere, possibly via ‘Verneshots’ poi-
soned life and induced greenhouse warming. The event
in the hydrosphere was marked by a switch to negative
excursions in 8'%C, reflecting the increased abundance of
CH, in the atmosphere and onset of anoxia. The positive
spikes in 8°*S of sedimentary pyrite to ca -5 to -2 %o
marked the transient dominance of mantle sulphur in the
hydrosphere. Arguably, the extreme flux of hydridic fluid
was a significant factor in the formation of the Late Per-
mian MVT Pb-Zn provinces; a response to enhanced in-
put of reduced sulphur from the mantle as well as en-
hanced reduction of crustally derived sulfate by thermo-
chemical and/or biotic reduction.

7 Mechanisms of hydrogen release:
Wilson Cycle and metallogenesis

We envisage three levels of fluid transfer from the core to
the surface (i) plume transport of the hydridic fluids to
the base of the lithosphere with enhancement of H-bear-
ing phases in the transition zone below the 410km dis-

continuity; (ii) upwelling of the 410 km discontinuity as
function of slab breakoff after large scale ocean closure
and consequent remobilisation of the entire upper mantle
with a release of hydridic fluids 100 to 200 million years
later and consequent melting and mineralisation, late in
the tectonic cycle. This is likely to be the time of maxi-
mum flux of hydridic fluids into the lithosphere and maxi-
mum potential for metallogenic events; (iii) transfer of
H-fluids into the lithosphere by ductile shear zone devel-
opment and reactive transport (i.e., retrogression and
hydrothermal alteration of the lithosphere) with subse-
quent initiation of subduction (thus a new Wilson cycle).

8 Conclusions

The hypothesis of an episodic hydrogen flux from the
Earth’s core provides an explanation for many phenom-
ena through Earth history and links both catastrophic
and uniformitarian processes to provide a more holistic
picture of Earth evolution. Some of the potentially re-
lated phenomena include initiation of Wilson cycles, large-
volume magma eruptions, global anoxia, green house -
ice house cycles, mass extinction events, strength and po-
larity of Earth’s field, metallogenic epochs including for-
mation of oil and gas deposits and diamond growth in
the mantle. Epochs of enhanced but episodic flux may
last up to 100s of millions of years but extreme flux is
short lived; possibly lasting less than a million years.
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Lead isotopic composition of rutiles from the Chinese
continental scientific drill (CCSD) hole and its genetic
significance for the superlarge rutile deposit in
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Abstract. The central orogenic belt in China, which extends from
the Kunlun Mountains in the west to the coast in the east, has ex-
perienced a complex tectonic evolution.Based on the Chinese Con-
tinental Scientific Drill (CCSD) Hole, this paper reports that the Pb
isotopic composition of rutiles selected from surface, from 350m
depth and from 500m depth in core are variable, with high content
of radiogenic Pb at the middle and later stages of the step-by-step
leaching process. This suggests that the rutile-bearing eclogites
might have experienced two times of subduction and exhumation.

Key words. Rutile, Pb isotopic composition, tectonic setting, subduc-
tion, exhumation, CCSD

1 Introduction

The Maobei rutile deposit is located in the Maobei-
Jiangma area, about 15km southwest of Donghai county,
Jiangsu Province, and hosted within the gneiss-eclogite
assemblage of the Early Proterozoic Donghai Group. There
are ten lens- and bed-like orebodies, ranging from 600m
to 2640m in length. The complex ores are composed
mainly of rutile, ilmenite, garnet and omphacite, and are
disseminated, vein-like or have others features. The con-
tent of TiO, in ores on averaged is 2.13%, with the aver-
age contents of garnet and omphacite at 40.5 and 20%,
respectively. This rutile deposit was formed by deforma-
tion, with residual ores distributed widely on the surface
of its weathering crust. Dating the fluid inclusions within
the un-deformed quartz from rutile-eclogites in the North
Jiangsu terrane gives a Rb-Sr isochron age of 208Ma (Wang
et al. 2003), suggesting that the crystal quartz-bearing
rutile-eclogite finished deformation at the end of
Indosinian (Liu et al. 2004).

The Chinese Continental Scientific Drill (CCSD) Hole
cut through the Maobei rutile deposit. Different kinds of
mineralization such as rutile ores, ilmenite-magnet-
pyromelane mineralization, crystal quartz, serpentine ores
and U-Th enrichments have been discovered in the CCSD
cores, but the rutile ores are concentrated only within its
top 800m (Xu et al. 2004).

Based on the systematic logging of 5100 meter of core
from the CCSD, titanium mineralization occurred in three
sections from surface to 2000m deep. (1) The first min-
eralized section is the rutile ore bed located from sur-
face to 607m deep, which is composed of rutile- eclogite,
zoisite-kyanite rutile eclogite, rutile-V-Ti-magnetite
eclogite, garnet-biotite-hornblende-plagioclase gneiss,
garnet-amphibolite, or garnet-biotite-muscovite granitic
gneiss, with rutile normally enriched within interbedded
eclogites. The rutile contents of all kinds of eclogites gen-
erally range from 2% to 3%, in place from 3% to 5%,
with highest TiO, contents (normally 3~5%, in place
5~10%) occurring in fresh rutile- eclogite, quartz rutile-
eclogite and pyrite-rutile- eclogite. (2) The second sec-
tion of mineralization, from 930m to 1011m deep, is
mainly composed of quartz-rutile-eclogite, phengite-
rutile eclogite, kyanite-rutile-eclogite and garnet-biotite-
plagioclase-gneiss, with rutile contents ranging from 3%
to 5% (up to 10% locally). (3) The third section of min-
eralization, from 1595m to 1993m deep, is composed of
phengite-rutile-Ti-magnetite-ilmenite eclogite, uralite-
rutile eclogite, kyanite- rutile eclogite, epidote-garnet
amphibolite and biotite-muscovite-granitic gneiss. Ti-
tanium mineralization is concentrated in the phengite-
rutile-ilmenite eclogite, with rutile contents ranging from
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2% to 3%, ilmenite averaging at 1%, Ti-ilmenite ranging
from 1% to 3%, and pyromelane from 1% to 3%. Gener-
ally, the rutile and ilmenite content decrease correspond-
ing to increase of phengite, because rutile normally forms
ilmetite during retrograde metamorphism.

2 Samples, analytical methods and results

Because the CCSD intersects the Maobei rutile deposit,
the core samples from CCSD are the ideal representative
materials for the deposit. Hence, rutiles used in this study
were selected from rutile-eclogites at surface, at 350 m
and at 500m depth of the CCSD, respectively. The ana-
lytical work was done in the isotopic geochemistry
open-laboratory of the Chinese Survey of Geology,
and the method is the same step-leaching method as
that described by Frei and Kamber (1995) and Frei et al.

(1997). The process of pure mineral selection can be sim-
ply described as follows: picking out single rutiles un-
der binocular microscope, washing with 0.1mol/LHCI
purified water, encapsulating rutiles in the teflon high-
press smelting vessels, adding 4mol/L HBr, then leach-
ing the samples step by step at the time intervals of 40
minutes, 3 hours, 6 hours and 13 hours. The residual
materials, after leaching, are decomposed by HF+ HNO,
within the same vessel. The step-leaching fluid is trans-
ferred into HCl+HBr solution. The purified lead is ex-
tracted by anion-exchange column, in preparation for
mass spectrometric analysis after drying. The lead iso-
topic ratio was determined by the MAT-261 adjustable
multiple- acceptor thermionization mass spectrograph.
Silica gel was used as a transpiration agent, and stan-
dard sample SRM981 was used to control mass fraction-
ation. The results are listed in Table 1.

Table. 1: Lead isotopic compositions of rutiles from the Chinese Continental Scientific Drill Hole

Sample No. **Pb/*'Pb *"Pb/*'Pb **Pb/*Pb Th/U
DI-1(1) 17.536+0.039 15.494+0.039 37.883+0.087 3.95
DI-1(2) 17.192+0.058 15.097+0.052 37.026+0.113 3.67
D1-1(3) 17.115%0.098 15.091%0.093 36.919+0.213 3.66
D1-1(4) 17.17240.010 15.009£0.013 36.804+0.028 3.56
D1-1(5) 17.417%0.106 15.269+0.091 37.341£0.226 3.72
D1-1(6) 26.301%0.181 16.1740.114 38.588+0.310 1.57
D1-1(7) 17.41240.048 15.273%0.046 37.417£0.109 3.76
DI-1(8) 17.467+0.049 15.291+0.042 37.503+0.098 3.78
DI-1(9) 17.524%0.069 15.24740.059 37.392+0.141 3.68
D1-1(10) 17.481%0.078 15.224+0.068 37.33440.168 3.68
DI1-1(11) 17.8240.007 15.51740.007 38.094:+0.042 3.89
D1-1(12) 32.39140.158 16.09620.063 37.758%0.167 0.55

D5-1 18.15740.033 15.576+0.027 38.144+0.059 3.74
D5-2 17.864%0.049 15.437+0.042 37.823%0.108 1.50
D5-3 17.429+0.102 15.07940.083 36.96610.226 3.51
D5-4 17.37240.133 15.099+0.107 36.994+0.224 3.56
D5-5 17.71£0.054 15.36820.047 37.624+0.119 3.71
D5-6 30.584+0.070 16.147+0.048 38.139+0.101 0.62
D5-7 17.91240.113 15.484%0.101 37.879+0.243 3.74
D5-8 18.168+0.096 15.662+0.083 38.428+0.188 3.87
D5-9 17.714%0.051 15.3340.046 37.623+0.111 3.70
D5-10 17.558%0.056 15.261%0.052 37.535+0.131 3.73
D5-11 17.85%0.024 15.48820.026 37.994+0.060 3.82
D5-12 50.181+0.489 17.158%0.173 38.293+0.412 0.33
D8-1 17.943+0.251 15.427+0.293 37.867+0.588 3.70
D§-2 18.208%0.139 15.719%0.056 38.591+0.154 3.93
D8-3 17.84140.051 15.485%0.029 37.685+0.274 3.69
D8-4 17.979+0.082 15.609%0.063 37.925+0.428 3.74
D8-5 90.209+0.676 17.73%0.299 35.708+0.264 0.12
D8-6 18.827+0.122 16.203%0.085 40.287+1.058 4.37
D8-7 18.481%0.391 15.917+0.332 39.117+0.832 4.03

D1-1 from surface open pit, D5 from rutile eclogites (TiO,= 4.40~5.36%) at 350m depth, D8 from pyrite-rutile eclogites (TiO,=2.25%)

at 500 m depth.
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3 Discussion

The analytical results are listed in Table 1 and Figures 1
to 3. Figure 2 shows the variation of Pb isotopes with the
leaching time interval, while Figures 3 is the tectonic dia-
grams of lead isotopes outlined by Zartman and Doe
(1981) and Norman and Leeman (1989), respectively. As
shown in Figures 1 and 2, the CCSD rutiles do not plot
the same Pb isotope growth curve, with some abrupt
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Figure 1:“Pb/"Pb vs. "Pb/*'Pb diagram of rutiles from the CCSD

changes in Pb isotopic composition. The first four leaching
steps for the D5 sample and D1-1 sample, and the first three
leaching steps for the D8 sample give concordant and rela-
tive stable values of 2°°Pb/2*Pb ratio, suggesting that the
different rutile samples evolved within the same isotopic
system at the late stage of crystallization.

At that time, the tectonic environment for the forma-
tion of rutiles was concordant and relatively stable. How-
ever, the fifth leaching step for the D5 sample, the fourth
leaching step for the D8 sample, and the fifth leaching
step for the D1-1 sample give highly variable 2°°Pb/2*Pb
ratios, with smooth 2°°Pb/2*Pb values occurring at the
subsequent leaching steps. After the rutile samples were
leached thoroughly, the final steps give obviously differ-
ent 20Pb/204Pb ratios and different exchange rates of the
206ph/294Ph ratios for different samples, indicating that
the Pb isotopic system of the primary environment for
the rutile-formation out of equilibrium. During the whole
process of step-leaching, the 27Pb/2%4Pb ratios and 2°*Pb/
204ph ratios are also variable, especially the 2%Pb/2%Pb
ratios, but their variety tendency is similar to that of the
206ph/204Ph ratios. That is to say, the Pb isotopic system
during the growth of rutiles has been altered, perhaps
due to a change in geotectonic setting. In the lead isoto-
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Figure 2: Variation in Pb isotopic compositions of rutiles during the stages of step-leaching



72

Wang Denghong - Li Huagin - Chen Yuchuan - Xu Jue - Yu Jinjie - Chen Zhenyu - Wang Ping’an

17.5

D5
17.0 | 12
£165
E U-Thrich basalie
& 160 | /\
SCLM
155 ﬁ/ asthenophere and
subduction zone
24
15.0 s 1 1 !
10 20 30 40 50 60

206Pb/204Pb

15.7
D5
15.6 |  Upper crust
155 Orogenic belt
el
154
2
S 15.3
15:2 rfl:owle,l’érusf/l
151 Fge -7
o
15.0 1 1 1 1
17.3 17.5 17.7 17.9 18.1 18.3

206Pb/204Pb

Figure 3: Pb isotopic tectonic model diagram for the D5 rutile sample (after Zartman et al. 1981; Norman and Leeman 1989). The number
in the diagram represents the leaching step, i.e No.11 shows the Pb isotopic composition of the core of rutile minerals. The solid and dashed
lines represent the first and second times of subduction and exhumation, repectively. The D1-1 and D8 samples provide similar plots

pic tectonic-model plot (Fig. 3), the rutiles mainly plot in
the area of lower crust and SCLM, suggesting a SCLM
environment for the formation of rutiles. If the step-leach-
ing result represents the whole growth history of the
rutiles, then the variation of lead isotopic composition
might correspond to a change in tectonic environment.
If so, the changing path of Pb isotopic composition of rutiles
shown in Figure 3 can give information of the history of
tectonic evolution as follows: (1) the source rocks of rutiles
might be U-Th rich basalts with radiogenic Pb isotopic com-
position, (2) the basalts were incorporated into an orogenic
belt and subducted into the lower crust or mantle, but rap-
idly exhumed to a sub-surface environment, (3) the upper
crust imprinted a changing record of high content of ra-
dioactive elements, and (4) there was a second subduction
into lower crust and exhumation on to an orogenic belt.
Helium isotopic and PGE geochemistry studies on the same
rutiles or rutile-bearing eclogite samples and structure
analysis also suggest that the studied samples and the Maobei
rutile deposit might have been metamorphosed more than
one time (Chen et al. 2003; Wang et al. 2005).

4 Concluding remarks
Although this is the first time for the step- leaching method
is applied to study the history of the Maobei rutile de-

posit, some important clues are as follows:

1. Pbisotopic composition can provide useful information
to construct the evolution of tectonic environments.

2. The regular variation of Pb isotopic composition re-
corded in rutiles from the Maobei deposit, hosted
within the east part of the central orogenic ultra-high
pressure metamorphic belt, thus provides information
on double subduction and exhumation for that UHP
metamorphic belt. This is in agreement with the geo-
chronological, tectonic and geochemical studies of
Chen Y C et al. (2003), Xu et al. (2003), Yang J S et
al.(2003), Xu J et al. (2004), Wang D H et al. (2005) and
others, which suggest that the central orogenic belt lo-
cated in China has suffered at least two regional meta-
morphic events, the first in the Caledonian and the
second in the Indosinian.
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Abstract. The Earth’s mantle contains trace amounts of H, which
played an important role in metallogenesis and mantle evolution.
The identification of the modes of occurrence of H, in mantle-de-
rived rocks is of great value in the study of mantle fluids. In this
paper, H, contents of olivine, orthopyroxene and clinopyroxene of
Iherzolite xenoliths and clinopyroxene of pyroxenite xenoliths in
Damaping, Hebai province, China have been measured by vacuum
stepwise heating mass spectroscopy. The relation between H, con-
tents and heating temperatures, total volatiles, crushing sizes of
sample,and FTIR absorbance spectra are discussed. Theses suggest
that H, occurs mainly in gas-liquid inclusions, and secondarily in
structural hydroxyl (OH) of mantle-derived rocks, and H,-rich meta-
somatic fluid was involved in the evolution of the upper mantle
beneath the Northern China craton.

Keywords. Hydrogen, mantle-derived rock, Damaping, China

1 Introduction

Hydrogen is one of the most important volatiles in the so-
lar system. Some of the H, preserved in the Earths mantle
plays a significant role in mantle partial melting, metaso-
matism, mantle plume events, prodigious metal inventory,
bonanza metallogenic provinces and hydrocarbon genera-
tion, and has implications for evolution of Earths mantle
(Bell et al. 1995; Wood, 1997; Barley et al. 1998; Jin et al. 2004).
For example, the distribution of H, shows peak concentra-
tion coincident with the PGE and gold reef in the Dovyren
mafic-ultramafic layered complex, Russia (Konnikov et al.
2000). Hydrogen concentrations, incorporation and diffu-
sion mechanism in olivine and pyroxene have been exten-
sively studied. Results show that H, is present in mantle
minerals, and structural OH has been identified in these
nominally anhydrous minerals (Skogby et al. 1989; Smyth
et al. 1991; Bai et al. 1992; Liu et al. 1993; Ingrin et al. 1995;
Zhang et al. 2004). In the present study, variations in H, con-
tent of olivine, orthopyroxene and clinopyroxene in lherzo-
lite and clinopyroxene from pyroxenite xenoliths and infra-
red spectra have been determined to reveal the occurrence
modes of H, in mantle-derived rocks in Damaping, China.

2 Samples and experiments

Very fresh olivine, orthopyroxene and clinopyroxene sepa-
rates for this study were hand- picked under a binocular
microscope from lherzolite and pyroxenite xenoliths of
Cenozoic alkali basalt in Damaping, Hebei province, China.
Then, mineral separates were divided into five parts and

crushed and sieved to size of 0.9,0.2,0.1,0.06 and 0.03mm,
respectively. The samples were ultrasonically cleaned in 0.3
mol/l HCI, distilled water and CH,Cl,, respectively, to re-
move secondary carbonate and surficial contamination of
organic matter, flushed with distilled water and dried at
110°C. A vacuum stepwise heating MAT-271 mass spectrom-
eter was employed to determine the contents of H, in mantle
minerals in ten 50-min heating steps from 300 to 1200°C in
100°C increments: volatile extraction apparatus and detailed
experiment process are described by Zhang et al. (2004).
The systematic standard deviation of H, was typically 1mol%
at most. Olivine and orthopyroxene for infrared spectra mea-
surements were degassed at 120°C, 600°C,900°C and 1200°C,
respectively, and cooled sequentially at room temperature
in a vacuum line. The specimens were prepared by the
pressed powder pellet method. Infrared absorption spec-
tra were obtained at room temperature using a Nicolet 10DX
Fourier transform infrared spectrometer.

3 Modes of occurrence of H, in mantle rocks

The contents of H, and total volatiles released from olivine,
orthopyroxene and clinopyroxene in lherzolite and pyrox-
enite are related to the heating temperature and sample
crushing size. Hydrogen and total volatiles show synchro-
nous releasing peaks at heating temperatures of 400-500°C
and 700-900°C (Fig. 1), Table 1 lists the contents of H, at
releasing peaks of 400-500°C (LTP) and 700-900°C (HTP).
The contents of H, are well correlated to the contents of
total volatiles (Fig. 2), which indicates that H, has a similar
origin to total volatiles. Clinopyroxene in pyroxenite has
the highest content of H, at 700-900°C (Fig. 1), which im-
plies that pyroxenite formed under conditions of high Py,
(Skogby et al. 1989). This indicates a H,-rich metasomatic
fluid in the evolution of the upper mantle beneath the North-
ern China craton.

On the other hand, H, contents released from mantle-
derived rocks are related to crushing sizes of sample. With
decreasing crushing sizes of sample, H, contents increase.
Orthopyroxene has the highest content of H, in crushing
sizes of 0.11mm.

Organic contamination and gases adsorbed on the
sample surface and in cracks and secondary inclusions
were removed completely by means of efficient sample
cleaning and pretreatment. Hence, the H, released from
mantle-derived rocks during stepwise heating could be
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derived from three sources: (1) reactions among gaseous
components released from minerals, (2) OH" in mineral
structure and H in structural vacancies, and (3) gas-lig-
uid inclusions. Each source is discussed below:

1. The H, could have been created by reactions [1-4] at

high-temperature:

C+H,0— H, +CO

(1]

CO,+CH,—> 2CO+2H, (2]
CH,+2H,0 —> CO,+4H, (3]
2Fe;0,+H,0 — 3Fe,0,+H, (4]
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Figure 1: The content variations of H, and total volatile with
heating temperatures and sample crushing size. olv= olivine in
lherzolite; opx=orthopyroxene in lherzolite; cpx= clinopyroxene

in lherzolite; pxt= pyroxenite

H,0, CO,, CH, etc. gaseous components released from
mantle-derived rocks could react and form H, by the
above four reactions in the quartz sample tube or in
mineral interiors at high temperature. Because a lig-
uid nitrogen cool trap has been used to cool and isolate
the CO, H,0 and heavy hydrocarbons etc. released from
minerals from the sample quartz tube of high tempera-
ture in each heating step, H, is only created in mineral
interiors by the above reactions. Thus, it is the real com-
position of H, in equilibrium state of mantle conditions
at high temperatures (Zhang et al. 2000, 2004).

. The H, could be from OH- in mineral structure and H°

in structural vacancies. Extensive infrared spectro-
scopic studies show that small amounts of OH" are
present in mineral structures of mantle olivine and
pyroxene (Skogby et al.,1989; Smyth et al.1991; Bai et
al.1992; Ingrin et al.1995), but structural OH" is diffi-
cult to lose, although it could be lost after heating at
1000°C for 24 hrs (Bell et al. 1995; Kohn,1996). H, con-
tents from structural OH and structural vacancy H® in
either olivine or pyroxene could increase with increas-
ing sample surface area in small sample crushing sizes
(Skogby et al. 1989).

Infrared spectra of olivine and orthopyroxene de-
gassed at 120°C, 600°C, 900°C and 1200°C are shown in
Figure 3, IR absorbance peak of OH at a wavelength
of about 3400cm! show that the contents of OH" are
not reduced in samples degassed at 600°C and 900°C
compared with those dried at 120°C, but are reduced in
samples degassed at 1200°C; Liquid H,O decreased in
samples degassed at 600°C and 900°C, due to the degas-
sing of burst gas-liquid inclusions. These results imply
that H, releasing peaks of both 400-500°C and 700-900°C
in stepwise heating are not derived from the loss of struc-
tural OH" in mantle-derived minerals, although H, re-
leased at 1200°C may partly be from structural OH".

. H, could be in gas-liquid inclusions. Gas- liquid inclu-

sions in mantle xenoliths were formed during mantle
uplift by decompressional exsolution of gaseous com-
ponents dissolved in pyrolite at high temperature and

Table 1: The contents (ul.STP/g) of H2 at low-T releasing peak (LTP) and high T releasing peak (HTP)

Sample H, Peak Sample Size (mm)

0.9 0.3 0.2 0.11 0.06 0.03

olv LTP 0.73 0.83 0.44 0.56 1.96
HTP 0.37 0.42 0.77 3.04 7.49

opx LTP 0.42 0.83 0.07 0.07 0.15 0.52
HTP 1.25 0.39 1.47 2.53 1.07 0.75

cpx LTP 0.16 0.31 1.07 2.12 5.46
HTP 0.03 2.70 4.77 7.16 9.09

pxt LTP 0.27 0.01 0.17 0.08 1.24 5.98
HTP 4.28 4.66 5.11 5.40 18.88 49.92
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Figure 2: The relationship between H2 content and total volatiles.
Abbreviations as in Figure 1 and Table 1

pressure, which results in higher internal pressure of
gas-liquid inclusions. Mantle xenoliths in Damaping
have three kinds of gas-liquid inclusions. One is an
early stage of gas-liquid inclusions which have regular
shapes, such as ball, egg or negative crystal, with smaller
sizes (0.005-0.02mm), These were closed systems in the
melting and uplift of upper mantle. Another is a late
stage of gas-liquid inclusions which have irregular
shapes, such as tree-branch or bead-string, with larger
sizes (0.01-0.1mm). Some micro-cracks occur at the
sides of the fluid inclusions and demonstrate that this
kind of inclusion did not behave as a closed system in
the melting and uplift of upper mantle. The third type
is reprinted by large quantities of ultra-microscopic
gas-liquid inclusions blow i m in diameters. The for-
mation temperatures of gasliquid inclusions are be-
tween 987°C and 1296 °C (Xia, 1984), and homogeni-
zation temperatures are from 861°C to 1074°C (Liu et
al. 1981).

The decrepitation temperature of gas-liquid inclusions
depends on homogenization temperature and the thick-
ness of the wall of the gas-liquid inclusion, which is re-
lated to crushing size of sample (Zhang et al. 2000; Ander-
son et al. 2001). Because of higher interior pressures of
gas-liquid inclusions in mantle minerals, their decrepita-
tion temperature is lower than their homogenization tem-
perature (Liu et al. 1993). Hence, it is deduced that the
releasing peak of H, at 400-500°C is derived mainly from
the decrepitation of late-stage gas-liquid inclusions. Lower
H, contents imply that H, was leaked from late-stage gas-
liquid inclusions caused by their lack of closed-system
behaviors. The releasing peak of H, at 700-900°C (close
to homogenization temperatures of gas-liquid inclusions),
the largest releasing peak, is derived dominantly from the
decrepitation of early-stage of gas-liquid inclusions.

The amounts of H, released from gas-liquid inclusions
are controlled by both preserved amounts and amounts
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Figure 3: FTIR absorbance spectra of olivine (olx) and orthopyro-
xene (opx) after H, releasing at different temperature. Abbre-
viations as in Figure 1

of decrepitation of gas-liquid inclusions. Larger crush-
ing sizes of samples preserved more gas-liquid inclusions,
but the thicker wall of early-stage gas-liquid inclusions
(small size) prevented gas-liquid inclusion decrepitation,
which resulted in smaller amounts of H, released at 700-
900°C in larger crushing sizes of samples. At smaller crush-
ing sizes of samples, most late-stage gas-liquid inclusions
(big size) are broken, which results in the lack of a releas-
ing peak of H, at 400-500°C in smaller crushing size of
samples. When the crushing size of samples is appropri-
ate for both preserved amounts and decrepitation amounts
of gas-liquid inclusions, H, show the highest releasing
peak. Orthopyroxene in lherzolite shows a H, releasing
peak at crushing sizes of 0.11m (Table 1), H, contents de-
creased in smaller sized samples, which demonstrates
decrepitation of gas-liquid inclusions.

The amounts of H, released in olivine increased rap-
idly with lower crushing sizes, resulting from numerous
ultramicroscopic gas-liquid inclusions, not from struc-
tural OH" or structural vacancy H. This is because larger
crushing size of samples (0.3, 0.2mm) have very low H,
contents released at 700- 900°C, which could be caused
by the difficulty of the decrepitation of gas-liquid inclu-
sions, not problems with the loss of structural OH or struc-
tural vacancy H°.

It is concluded that the two peaks of H, release in
stepwise heating of mantle-derived rocks are from late-
stage gas-liquid inclusions, early-stage gas-liquid inclu-
sions and ultramicroscopic gas- liquid inclusions.

4 Conclusions

Hydrogen is mainly preserved in gas-liquid inclusions in
mantle minerals, especially early stage gas-liquid inclu-
sions, and only secondly in structural OH and structural
vacancy HC. The H, release characteristics of pyroxenite
shows that there was H,-rich metasomatic fluid involved
in the evolution of the upper mantle beneath the North-
ern China craton. These H,-rich mantle-derived fluids
were injected into crust (Dongying Depression) and have
important effects on hydrocarbon generation from kero-
gen degradation (Jin et al. 2004).
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Chapter 1-20

Controls of magmatism and hydrothermal activities on
mineralization in the Emeishan flood basalt Province,

SW China

Zhu Bing-Quan, Zhang Zheng-wei, Hu Yao-Guo
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Abstract. Correlations of metallogenic elements and geochronologi-
cal data from the Emeishan flood basalts indicate that Cu-Ni-PGE,
Fe-Ti-V, native Cu-Ag and Pb-Zn-Ag-Ge deposits were related to frac-
tionation processes of different magmas in deep and shallow
magma chambers at initial and final stages of eruption. Synvolcanic
hydrothermal activities also played an important role in the forma-
tion of these deposits.

Keywords. Emeishan flood basalts, Cu-Ni-PGE, Fe-Ti-V, native Cu-Ag
and Pb-Zn-Ag-Ge mineralization

1 Introduction

Deposits of Cu-Ni-PGE sulfides, Fe-Ti-V oxides, native Cu-
Ag and Zn-Pb-Ag-Ge sulfides related to flood basalts have
been progressively found in large igneous provinces (LIPs),
such as the Siberia, Midcontinent, Emeishan and Newark
LIPs. Figure 1 shows the distribution of metal deposits re-
lated to the Emeishan LIP (ELIP) along eruption channels,
indicating that the ELIP is one of the few LIPs with a com-
plete metallogenic system. A huge volume of magma usu-
ally erupted in a short time interval (1-3 m.y.) in many LIPs
and gave no opportunities for magma fractionation and
mineralization. However, strong magma fractionation and
crystallization, and synvolcanic hydrothermal activities
occurred during the initial and final stages of magma
etuption in some LIPs, and provided mechanism of these
metallogeneses.

2 Magma fractionation in deep magma
2.1 Chambers at an initial stage

High Ti-P flood basalts (HTB) (Ti0,>2.5%, P,05>0.3%, Ti/
Y>500 and Nb>20ppm) from the eastern part of the ELIP
have high backgrounds of Cu (mean 207 ppm), Zn (mean
143 ppm), V (mean 381 ppm) and Pt+Pd (mean 30 ppb).
There are positive correlations between Tiand Cu and Tiand
Zn (Fig.2). HTB and high-Mg basalts, with Mg# varying from
32-65,show a positive correlation between Tiand P with TiO,/
P,0,=10 (Fig. 3) and gy4(t) =0~+2, near those of primitive
mantle. Geochemical evidence indicates that enrich-ments
of metallogenic elements in HTB are related to crystal frac-
tionation of magmas derived from fractional partial melt-
ing of primitive mantle under sulfur-depleted conditions.

Komatitic picrites in the ELIP have Ni (mean 970 ppm)
and Cr (mean 2280 ppm) and have features similar to
primitive magma (€y4(t)=0, Nb<3 ppm, Zr<60ppm, and
flat REE pattern and spider diagram of HFSE), and simi-
lar to Noril’sk and Duluth (Fig. 4). Sulfur addition to primi-
tive magmas with a komatitic composition would induce
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Figure 1: A map showing geochemical and geophysical fields in
ELIP area, as well as distribution of related metal deposits. Shadow
area represents eruption channels. Contour lines are Pb isotopic
vectors (Zhu 2003)
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melting degrees of mantle lherzolites (the data for low Ti basalts
from Xu et al. 2001)

Ni-Cu-PGE sulfide mineralization. Meimechites with high
Nb contents (>10 ppm) are products of magma fraction-
ation in shallow chambers and related to Fe-V-Ti
metallogenesis, are instead of Ni-Cu-PGE mineralization.
Therefore HTB and komatitic picrites are the key
metallogenic magmas in the ELIP.

3 (Crystal fractionation in shallow magma
chambers at the final stage

Titanomagnetite crystal fractionation in shallow magma
chambers beneath eruption channels during the final stage
played an important role for native copper and Fe-Ti-V
mineralization, which caused strong negative correlations
between Ti and P and Cu and Ti in contrast to those of
cumulative magmas fractionation as mentioned above
(Figs 2-3). These magma fractionations also appear in
the Fenner trend in close environments with low oxygen
fugacity and the Bowen trend in open environments with
high oxygen fugacity, which formed a volcanic suite from
ultramafic to andesitic rocks, including volcanic breccias,
vesicular lavas, agglomerates, welded tuffs and small in-
trusive dikes, which distribute along the eruption chan-
nels with a NW strike. There are clear negative correla-
tions between SiO, and TiO, and SiO, and FeOt (total)
and positive correlation between Ti and V in these rocks
(Fig. 5). Zr and Nb also shows good positive correlation
for Cu ores, as induced by magma crystal fractionation
and hydrothermal activities (Fig. 6). Cu solubility in
magma increases with increasing in oxygen fugacity
(Ripley and Brophy, 1995). Thus, native copper mineral-
ization is commonly associated with low Ti tholeiitic-
andesitic rocks derived from HTB magma fractionation.
Based on this regularity, native copper deposits have been
widely found in the border areas between the Yunnan and
Guizhou provinces (Zhu et al. 2003). Fe-V-Ti deposits are
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Figure 4: A Nb-Zr correlation diagram for ultramafic lavas and
intrusive bodies from the Emeishan, Siberian and Supeior LIPs.
Boxes show data areas for rocks with Cu-Ni-PGE and Fe-Ti-V
mineralization (data from Sobolev et al. 1992; Shirey et al. 1994;
Hawkesworth et al. 1995; Chung and Jahn 1995)

related to the ultramafic — mafic rocks in the central and
eastern parts of the ELIP (Fig.1). However, these magma
fractionations did not induce Zn and Cu-Ni sulfide min-
eralizations.

4 Late stage hydrothermal activities

A Zn-Pb-Ag-Ge mineralization zone parallel to that of
the native copper in the eastern part of the ELIP was con-
trolled by the deep tectonic structures with NW strike,
which are also related to eruption channels of the EFB
(Fig. 1). A sharp gradient of the thickness of the lithos-
phere, and a Pb isotopic steep zone can delineate the con-
cealed tectonic structures (Zhu et al. 2000). Hydrother-
mal alteration, including silification, actinolite, zeolite,
bitumen and carbonate alteration, is associated with na-
tive copper mineralization along the eruption channel
zones over a wide area. T-P conditions of alteration min-
erals, vitrinite reflectance R, of bitumen, and tempera-
ture determination of liquid inclusions indicate a tem-
perature range from 400°C to 100°C (Zhu et al. 2003). Al-
though isotopic dating for ELIP gave an eruption age range
of 251-265 Ma (Zou et al. 1997; Zhou et al. 2002; Lo et al.
2002),*°Ar/*? Ar dating of alteration minerals (laumontites)
from three native copper deposits in Ludian, Yongshan
and Huize of Yunan and Guizhou provinces yields con-
sistent plateau ages (228-226 Ma) (Zhu et al. 2005), which
are in agreement with results of Sm-Nd and Rb-Sr isoch-
ron dating for sphalerites from the Qilingchang Zn-Pb-Ge
deposit in Huize (228-225 Ma) (Huang et al. 2004). The hy-
drothermal activitities mobilized some elements including
Zn, Ge, Cu, Zr, Nb, Th and U (Fig. 6). Therefore, genesis of
the large and super-large Zn-Pb-Ag-Ge deposits in the north-
eastern Yunnan was also associated with the hydrothermal
activitities following the HTB eruption. The traditional opin-
ion for the genesis of these deposits, regarded as SEDEX
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deposits hosted in Carboniferous -Devonian strata, is thus
incorrect. The hydrothermal activitities following lava erup-
tion lasted for about 30 m.y., which is comparable to that in
the Keweenawan Peninsular (Bornhorst et al. 1988). The
native copper ore bodies with high grades were closely as-
sociated with zeolitization and bituminization. Thus, the
hydrothermal activitities formed native copper and Zn-Pb-
Ag-Ge sulfide deposits within the ELIP.
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Abstract. While oxidized, chloride-rich, intersti-tial brines produce
redbeds from rapidly deposited coarse-grained rift-basin fills, the
redbeds may be leached of their trace copper contents, thereby
providing a source of copper for the formation of sediment-hosted
stratiform copper deposits in nearby greybeds.The reddening pro-
cess should lower the Eh of the brine such that the brine becomes
suitable for iron solubility.In a simple conceptual analysis, iron could
be transported toward the greybeds ahead of the infiltration by
cupriferous brines.

Keywords. Sediment-hosted stratiform copper, rift basin, redbed, pro-
gressive diagenetic reddening, copper, iron, metal solubility, metal
transport, Eh-pH, brine evolution, genetic model

1 Introduction

Genetic models for sediment-hosted stratiform copper
deposits (SCDs) commonly call upon the leaching of foot-
wall redbeds by oxidized chloride-rich interstitial brines
to provide the copper and associated metals now found
in adjacent greybeds (Boyle 1989; Brown 1992, 1997; see
Fig.1). A closer examination of the Eh-pH conditions fa-
vorable for copper mobilization in brines reveals that con-
ditions suitable for significant iron solubility are only
moderately more reducing than those favorable for cop-
per solubility. Furthermore, significant solubilities for iron
and copper can be related to the progressive diagenetic
reddening process that creates redbeds from immature
coarse rift-filling sediments. A conceptual analysis of prob-
able Eh-pH conditions in the interstitial brine during the
reddening process suggests that, in the general genetic
model for SCDs, partial iron mobilization could preceed
copper infiltration toward the base of the greybeds.

2 Diagenetic formation of redbeds and metal
leaching

Rift-filling redbeds, a product of slow diagenesis, consist
initially of immature clastic debris accumu-lated in rift
basins during rapid erosion of adjacent highlands. The
reddening of such debris, involving the oxidation of com-
mon iron-bearing minerals by oxidized pore fluids to pro-
duce iron hydroxides and oxides, is progressive and may
take place over millions of years (Walker 1967, 1989;
Zielinski et al. 1983). If the pore fluid is a brine (formed,

Highland with
Meteoric Recharge

SCD

Fine-grained,
Sulfide-rich Greybeds
(Reducing)

\\ “-v Redox Boundary

Cu Chloride- Coarse-grained
bearing Brine

Redbeds
(Oxidizing)

Figure 1: A general genetic model for SCDs, based on a highland re-
charge of meteoric waters which evolve to redden the rift sediments
and to become saline and capable of transporting copper into the
base of overlying reduced sulfide-rich sediments (adapted from
Brownin print)

for example, by the drainage of coeval evaporite pans on
surface or by the leaching of evaporite beds within the
rift basin fill), metals such as copper may be released to
the pore fluids during the progressive diagenetic alter-
ation and may then be transported to greybed sites for
deposition as SCDs. The dependence of a favorable cop-
per solubility on the formation of reddened sediments
imposes an important time constraint on the formation
of SCDs: they cannot precede the reddening process.

During reddening, iron is also leached from the im-
mature sediment and is commonly thought to be rede-
posited immediately at the microscopic scale as goethitic
and hematitic pigments in and around the original iron-
bearing minerals (Walker 1989). The production of these
pigments is a very slow process, which would depend
largely on the rate of introduction of oxidants by the pore
fluid. The ultimate stability of the pigments is assured by
an abundance of oxidants, as would exist above the Fe?*/
Fe(OH), transition of an Eh-pH diagram for the Fe-O-H
system (Fig. 2).

3 Iron solubility during reddening

At low temperatures, iron is soluble as Fe?* in reduced,
acidic aqueous solutions (Fig. 2) and would probably be
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still more soluble with the formation of iron-chloride com-
plexes in a sulfur-poor, chloride-rich brine. However, Eh-
pH conditions leading to the formation of redbeds deep
within an intracontinental rift basin are unlikely to have
been truly reducing or significantly acid at the site of red-
dening. Conditions during active reddening are more likely
to have been close to the Fe?*/Fe(OH); or Fe**/hematite
transitions due to the pH-buffering effect of the redden-
ing process itself: oxidants would be consumed by the
produc-tion of iron hydroxides (e.g. goethite) and hema-
tite, and any significant acidity would be neutralized by
reactions such as plagioclase and biotite alterations to
form smectite. Those conditions are neither acid nor re-
ducing in our common usage of those terms, but neither
are they oxidizing as we would say of conditions within
the broad iron-hydroxide or hematite stability fields where
the reddening process is essentially complete. They are
in fact transitional conditions in which the contours of
solubility of iron may represent ppm levels of Fe?* in so-
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Figure 2: Stabilities of aqueous iron species in equilibrium with
iron oxides for a low-temperature Eh-pH diagram. The upper
ellipse represents typical Eh-pH conditions for surface and near-
surface meteoric water (from Garrels 1960). The lower ellipse
represents near-neutral pH, reducing conditions under which Fe™*
would be significantly soluble in the pore waters of rift-basin
sediments undergoing reddening.

lution (see the lower ellipse of Fig.2), and possibly still
higher levels due to the formation of iron chloride com-
plexes in a saline pore fluid.

4  Copper solubility during reddening

Contours of copper solubility in a low-temperature chlo-
ride brine have been determined by Rose (1976, 1989)
(Fig.3). Compared to the poor solubility of copper in fresh
water, the addition of 0.5 M NaCl to induce the formation
of soluble copper chloride complexes opens up an area
of important copper solubility centered around pH = 7
and Eh = 0.1+ 0.1 mv (see the central ellipse of Fig. 3).
With the superposition of the ellipses from Figures 2 and
3, it becomes clear that, as expected, copper has its most
favorable solubility distinctly above the Eh-pH conditions
of the de-oxygenated pore fluid capable of mobilizing iron.

Note also that the Eh conditions favorable for copper
transport in a near-neutral pH brine are decidedly lower
than the highly oxidizing conditions of ‘meteoric water’.
In other words, descending meteoric water attains opti-
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Figure 3: Stabilities of aqueous copper chloride complexes in
equilibrium with cupriferous minerals for a low temperature Eh-
pH diagram, with Cl- = 0.5M and XS = 0.001M. The central ellipse
represents near-neutral pH, mildly oxidizing conditions especially
favorable for the solubility of cuprous chloride complexes. The
upper and lower ellipses have been transferred from Figure 2
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Figure 4: A modified Figure 1 showing the transport of iron and
copper during the reddening of rift-basin sediments, with iron
largely preceding copper toward an incipient SCD, in a more
oxygen-depleted brine than that for copper transport.

mum conditions for copper transport after a significant
but not complete depletion of its oxygen. This conclusion
suggests that copper mobilization is most efficient within
the zone of active reddening where the Eh of the pore
brine is evolving progressively from highly oxidizing to
reduced conditions. Combined with the earlier conclu-
sion that copper mobilization follows early diagenetic red-
dening, this additional constraint suggests that copper
transport should be optimal in the immediate vicinity of
and essentially contempora-neous with the reddening
process.

5 Discussion

Figure 4 reproduces the traditional concepts of Figure 1,
with modifications to take into account the new perspec-
tives on copper and partial iron solubilities during the
reddening of immature rift sediments. Both metals are
considered to be significant constituents of a low-tem-
perature brine which evolves from an initial input of me-
teoric water. Iron is undoubtedly released from the fer-
ruginous silicates during diagenetic reddening, as ob-
served by Walker and associates, and trace amounts of
copper are simultaneously released, first to be adsorbed
on early goethite, then to be re-released to the pore brine
as goethite crystallizes to form the hematitic pigment typi-
cal of redbeds. With more advanced oxidation, the pore
brine may become highly depleted in oxygen and a por-
tion of the goethite and/or hematite may also be taken
into solution and circulate across the basin sediments.
The ultimate fate of that mobilized iron remains largely
undefined.

The above analysis results from a compilation of sev-
eral earlier well-known independent observations which,
once assembled into a single concept, provide new per-
spectives on the mobility of two important metals asso-
ciated with SCD mineralization. The analysis itself is far

from exhaustive, for it is only reasonable to ask, for ex-
ample, what other metals should be examined in a simi-
lar manner. If iron is mobilized, should not manganese,
with still higher solubilities at the Eh-pHs of the ‘ground
water’ ellipse, be a more obviously mobilized metal? Or
should other metals, such as those considered by Rose
(1989) (silver, cobalt, lead, zinc and uranium) or those
known to be associated with SCDs in greater or lesser
amounts (silver, cobalt, lead, zinc, uranium, gold, molyb-
denum, selenium, mercury, PGEs) be brought into the
analysis.

The answer is of course ‘yes’, although with some se-
rious reservations. As Rose (1989) noted, the behavior of
metals during the multistage process of leaching from
source minerals and from intermediate-stage goethitic
precipitates remains a largely untested and poorly un-
derstood aspect of the simple diagenetic leaching model.
Rose and Bianchi (1985) investigated the retention ca-
pacities of goethite and provide some important insights
into the ability of goethite to adsorb metals and to sub-
sequently release metals to a pore-filling brine as goet-
hite crystallizes to hematite. However, they found im-
portant variations in retention behavior between metals
according to the salinity, temperature, pH and Eh of the
solutions, and Rose (pers. comm, 2001) suggests as well
that the particular mix of ions (Cl,, SO,*, CO,%, Ca?*,
Mg?*...) in the pore solution could significantly alter the
retention behaviors and ratios of metals released to a
brine.

At our current incomplete level of understanding of
such aspects, it nevertheless appears that the basic fea-
tures of redbed reddening are known from the petro-
graphic studies of Walker and associates, and the deriva-
tion of a cupriferous solution is essentially unavoidable
during reddening if the low-temperature pore solution is
sufficiently saline and has an Eh-pH which evolves through
the favorable range outlined by the central ellipse of Fig-
ure 3.

Iron mobilization may be unavoidable too where the
reddening process further depletes the brine in oxygen
and Eh-pH conditions approach those of the lower (i.e.
‘ground water’) ellipse of Figure 3. If so, evidence iron
transport and redeposition should exist in the vicinity of
SCD mineralization. Three examples deserving examin-
ation in this context may be cited: the syn-ore stage he-
matitic Rote Fédule associated with the Kupferschiefer
SCDs; a multitude of iron oxide occurrences known in
the Copperbelt-hosting Lufilian Arc of central Africa; and
the abundant high-iron chlorites of the basal Nonesuch
Formation at the White Pine SCD. Another possibly dis-
tantly-related copper-iron mineralization that could be
re-examined in this regard would be the low-tempera-
ture sediment-affiliated members of the iron oxide-cop-
per-gold family of mineralization.
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Abstract. Digital SEM imagery including X-ray mapping and spectral cathodoluminescence (CL) studies support the previously-pro-

posed diagenetic replacement mode of origin for the large Prot-
erozoic shale/siltstone-hosted Century zinc deposit in northwest
Queensland. CL effectively distinguishes different generations of
quartz and sphalerite and reveals that the weakly mineralized silt-
stone beds were replaced by locally pervasive diagenetic silica and
microconcretionary siderite prior to ore deposition. This may have
destroyed the depositional permeability of these rocks and pro-
moted infiltration of mineralizing fluids into the shale bands in the
ore sequence. Micro-replacement textures in which sphalerite has
replaced pyrobitumen, pyrite and siderite are incompatible with ther-
mochemical sulphate reduction model for mineralisation and favour
a mechanism involving a chemically-reduced, sulphur-bearing ore
fluid with metal transport, possibly facilitated by organic complexes.
Zn in microconcretionary siderite records the infiltration of sulphur-
poor, zinc-bearing fluids prior to main phase sphalerite mineraliza-
tion. Late stage honey coloured sphalerite has similar Mn and Fe con-
tents but weak CL compared to main phase sphalerite. The time in-
terval represented by the two mineralization phases is unknown.

Keywords. Century zinc deposit, SEM, X-ray mapping, cathodolumi-
nescence

1 Introduction

The Zinifex Century mine, approximately 250 km NNW
of Mount Isa in northwestern Queensland Australia, is
currently the world’s second largest single mine producer
of zinc. The Century deposit is one of several large sedi-
mentary-hosted Zn-Pb-Ag deposits associated with car-
bonaceous intervals in the sequence of the late Palaeopro-
terozoic “Isa Superbasin” (Southgate et al. 2000) and had
a estimated initial resource of 118 Mt with 10.2% Zn, 1.5%
Pb and 36 g/t Ag (e.g. Broadbent et al. 1998). Much of the
ore is extremely fine-grained and the current study was
undertaken to investigate possible applications of SEM-
based scanned digital imaging to ore texture interpreta-
tion in ore genesis and metallurgical studies.

2 Geological background

The Century deposit is hosted by interbedded carbon-
aceous shales and siltstones near the top of the Isa
Supersequence (Southgate et al. 2000). These are consid-
erably younger (1595 = 6 Ma) than the host rocks of the

large Pb-Zn-Ag deposits near Mount Isa (ca 1653 Ma),
and at McArthur River (ca 1640 Ma) (Page and Sweet 1998).
The ca 40 m thick mineralized interval is part of 300 m
thick siltstone-shale sequence, underlain by massive car-
bonaceous shales and overlain by sandstones. Siltstones
in the vicinity of the orebody are distinguished by high
siderite-contents and stylolitic fabrics (Broadbent et al.
1998). The ore-bearing sequence is laterally terminated by
faults, and above, by an unconformity with Cambrian lime-
stones. The ore-bearing sequence has been subdivided into
4 main units designated 1 to 4 from the youngest to oldest
(Broadbent et al. 1998). Unit 4 forms the lower ore zone in
the mine and consists largely of mineralized black shale.
Unit 3 forms an inter-ore waste band and is composed of
stylolitic sideritic siltstones. Unit 2 is a thick mineralized
black shale forming most of the upper ore zone resource.
Unit 1 forms marginal ore and is dominated by stylolitic
sideritic siltstone with 4 thin sulphidic shale interbeds.

Pyrite and sphalerite are the most abundant sulphides
with pyrite being relatively concentrated in rocks imme-
diately above and below the orebody. Galena is compara-
tively minor and concentrated to the southeast (Broadbent
et al. 1998). About 95% of the sphalerite is white to grey
and occurs in laminated to aggregated forms that broadly
follow the fabric in the host rocks. It is strongly concen-
trated in shale intervals and about half is specifically
hosted in pyrobitumen-rich laminae (Broadbent et al.
1998). About 5 % of the total sphalerite occurs in late stage
vein and breccia settings that also host the majority of
the galena. It is unclear whether these features formed
shortly after main phase sphalerite mineralization or rep-
resent a completely separate phase of later fluid migra-
tion. Subordinate galena is disseminated in grains up to
1 mm in size that are mostly concentrated in discrete bands
up to a few cm thick in shale.

3 Methods of study

Large samples of fresh rock from each subunit of the min-
eralization sequence stratigraphy as described by
Broadbent et al. (1998), were obtained in the Century open
cut shortly after the early stages of mining had continu-
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ously exposed the southeastern part of the deposit. The
samples were slabbed and polished thin sections were
prepared from selected areas. These materials were used
to achieve a general characterization of textures at hand
sample, optical microscope and SEM scale. Combined
WDS and EDS multi-element X-ray maps and cathodo-
luminescence (CL) images (cf. Fig. 1) were generated us-
ing a Jeol JXA-8200 electron probe microanalyser fitted
with a CSIRO-developed XCLent 256 channel spectromet-
ric CL system.

4 Results

Images of a sample containing early fine-grained grey
sphalerite and a veinlet of late-stage honeycoloured

sphalerite reveal that the former is characterized by a com-
plex extremely fine-scale CL texture whereas the latter
has a very subdued CL response (Fig. 1a). The early
sphalerite also has quite variable CL brightness and spec-
tral characteristics. The cause of this is not immediately
clear as no obvious chemical distinctions were observed
amongst the limited range of minor elements investigated
with both types have similar low Mn- and very low Fe-
contents (Fig. 1a).

Siderite rich layers in the Unit 1 siltstones have a dis-
tinctive microconcretionary texture (Broadbent et al. 1998,
Fig.1b). SEM images show that where unmineralized, these
bands can be almost entirely composed of siderite and
fine-grained diagenetic silica which can be distinguished
from the few preserved primary quartz grains by its CL

Figure 1a: Images of a sample of Century ore (Unit 4, Lower Ore Zone) illustrating applications of integrated scanned image technology
to characterization of sphalerite. Sphalerite distribution is obvious as brighter areas in in the BE image and Zn X-ray map. Early layer-
parallel sphalerite (Sp 1) has high CL brightness (and complex polychromatic CL texture though this is not seen in greyscale images)
and occurs in fine-scale intergrowth with quartz and other silica-bearing minerals. Late fracture-controlled sphalerite (Sp 2) has a very

subdued CL.

Figure 1b: Images of part of an unmineralized siltstone from Unit 1 which is shown to predominantly comprise diagenetic siderite
(bright in BEI) and silica with just a few preserved sedimentary quartz grains (e.g. Q1 and Q2). The siderite is microconcretionary in
character and compositionally-zoned with high Zn-contents in the youngest growth zones.
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texture (Fig. 1b). Broadbent et al. (1998) undertook spot
microprobe analyses of siderite microconcretions and
proposed these revealed a time progression from Mn and
Zn-bearing cores to relatively Mg-rich rims. However, new
X-ray mapping reveals that siderite textures are more com-
plex and include cases where Zn-poor siderite is rimmed
by Zn-rich siderite (Fig. 1b). It also revealed that Mn and
and Zn are actually decoupled from each other.

SEM imaging revealed a variety of textures involving
sulphide minerals that have implications for the interpre-
tation of mineralization processes. Disseminated galena
grains are revealed to have a porphyroblastic or nodular
character and to have complex internal textures involving
microinclusions of sphalerite and apparent epitaxial
overgrowths on enclosed detrital quartz grains (Fig. 2a).
Pyrobitumen seams in ore bands are commonly replaced
by crowded aggregates of fine-grained pyrite with both
phases showing evidence of their having been replaced by
sphalerite (Fig. 2b). Where sideritic bands are mineralized
they display clear evidence that sphalerite post-dates, and
in some cases has selectively replaced the siderite (Fig. 2c).

5 Discussion

Broadbent et al. (1998) proposed that the Century deposit
originated by the influx of an oxidized metal-bearing fluid
into a pre-existing zoned oil and gas reservoir leading to
sphalerite deposition by thermochemical sulphate reduc-
tion (TSR). An issue with the Broadbent et al. model is
the need explain how the Zn-bearing fluids were chan-
nelled into the organic-rich shale units that might be ex-
pected to be the least permeable in the sequence, par-
ticularly given that the ore deposit occurs in a part of the
basin sequence distinguished by thinly bedded units and
containing relatively massive black shale below, and sand-
stones above (Broadbent et al. 1998). The current study
supports the general concept that main phase sphalerite
mineralization occurred in rocks with a prior history of
organic maturation and diagenesis. At SEM scale the sid-
eritic siltstones reveal extensive diagenetic replacement
of their primary grain textures by finegrained silica as
well as siderite which is likely to have had a profound
effect on their porosity/permeability characteristics at the
time of mineralization. Where they are mineralized, the
siltstones display evidence of fracturing that was prob-
ably coupled to reaction-enhanced permeability (sphaler-
ite replacement of siderite; Fig. 2c). This echoes another
situation described by Uysal et al. (2004) where organic
matter-rich shales developed enhanced porosity and per-
meability characteristics in a process linked to hydrocar-
bon expulsion whereas organic matter-poor shales, silt-
stones and sandstones in the same sequence had been
sealed by diagenetic quartz and carbonate.

In a TEM investigation of Century ore samples,
McKnight (2004) found that organic matter contains

Figure 2: Electron microscope images of replacement textures
involving sulphides from the Century upper ore zone sequence.
(a) Galena (Gn) “porphyroblast” in Unit 1 siltstone (secondary
electron image reveals aspects of the grain texture in the host
rock). The galena contains zones of sphalerite (Sp) micro-
inclusions and idiomorphic quartz (Qtz) grains that probably
developed by epitaxial overgrowth on detrital grains. Sample from
unit 1. (b) Fine grained pyrite (Py) developed in a pyrobitumen
(black) seam within Unit 150 shale (a thin marginal ore band in
the upper ore sequence). Sphalerite (Sp) has replaced both
pyrobitumen and pyrite. Backscattered electron image. (c)
Microconcretionary siderite (Sid -darker grey material is
predominantly silica, cf.
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ultrafine crystallites of sphalerite (> 100 nm) and pro-
posed an alternative model for mineralization involving
cotransport of Zn, S and hydrocarbons. Likewise sphalerite
replacement of iron minerals (siderite, pyrite; Fig. 2) are
inconsistent with the TSR model as no oxidized iron bear-
ing reaction products are present and Fe must have been
removed in the (reduced) fluid phase. The temperatures
of main phase mineralization at Century are presently
unconstrained. Chen et al. (2003) discussed similar con-
cepts with reference the HYC deposit at McArthur River
and pointed out that hot (> 250° C) reduced fluids have
the capacity to cotransport sulphur and metal and would
potentially be rather more aggressive mineralizing agents
than other types of fluids envisaged for shale-hosted Pb-
Zn-Ag mineralization.

Digital SEM imagery has many potential applications in
geometallurgical studies aimed at better understanding the
processing behaviour of ores. SEM-based imagery should
evidently be the preferred means of characterizing sphalerite
textural relations in Century ores and particulate samples
(concentrates and tails) as these are commonly too fine-
scale to be resolved by other means. CL provides a new
means of discriminating different generations of sphalerite
in processing products and X-ray maps (cf. Fig. 1b) should
be invaluable in estimating the quantities of nonsulphide
(unrecoverable) zinc thereby allowing better monitoring
of actual concentrator performance.
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Diagenetic origin of the Luzhou copper deposit,
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Abstract. The Luzhou sandstone-hosted copper deposit in the
Chuxiong Basin is hosted by the Cretaceous Maotoushan Forma-
tion. Ore is localized in paleo-river channels on the limbs of gently
folded anticlines. Sedimentologic, paragenetic, isotopic and min-
eral zoning studies suggest that the deposit was formed where oxi-
dized Cu-rich basinal fluids were reduced during early diagenesis.

Keywords. Cretaceous stratiform-copper deposit, Luzhou, Chuxiong
basin

1 Introduction

Sandstone-hosted copper deposits in the Chuxiong Ba-
sin represent an important metallogenic district in China.
The district contains six medium-sized (average 17.2 mil-
lion tonnes of ore at 1.4 % Cu grade) copper deposits,
including Luzhou, Haojiahe, Dacun, Tuanshan, Wadizhu
and Geyizha, and more than ten smaller deposits that

CHINA
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Figure 1: Geologic map of Luzhou Cu deposit.

average tonnages and grades of 2.15 million tones at 1.06
% Cu. The Luzhou contains 30.86 million tonnes of ore at
an average grade of 1.32% Cu. The genesis of these de-
posits has been a source of controversy with proposed
models including (1) sedimentation-reworking concen-
tration of Cu (Qin et al. 1993; Zhuang et al. 1996; Ran and
Zhuang 1998), or (2) hydrothermal mineralization dur-
ing diagenesis (Chang 1975).

2 Geologic setting

The Chuxiong Basin formed on the Permian Emeishan
basalt on the southwestern margin of the Yangtze Craton.
The basin stratigraphic sequence contains Late Triassic
coal-bearing formations at the base, overlain by Jurassic-
Cretaceous redbed sandstones and caped by a Tertiary
evaporite gypsum-salt sequence. North-trending exten-
sional faults controlled second-order depressions in the
basin. The largest copper deposits are distributed along
the western margin of the Yuanmou Old Land. The Luzhou
copper deposit is hosted in the Upper Cretaceous
Matoushan Formation (Fig. 1).

3 Geologic characteristics of the Luzhou copper
deposit

The base of the Matoushan Formation contains conglom-
erates and gravels that unconformably cover the Lower
Cretaceous Puchanghe Formation. Conglomerates are
overlain by an upwards-fining sequence of sandstones,
siltstones, mudstones and calcareous mudstones. Ore is
hosted in medium- to fine-grained sandstones directly
above the conglomerates.

The Luzhou deposit contains several stratiform ore
zones with strike lengths ranging between 140 m and 3
km, widths between 80 and 460 meters, and an average
thickness of 12 m (ranging from 1 m to 36 m). Ore is
localized in paleo-river channels now situated on the limbs
of gently folded anticlines.

The dominant ore mineral in the deposit is chalcocite
that is disseminated in the sandstones and formed prior
to pore-filling diagenetic cements. A second stage of
chalcocite occurs in fractures that cut diagenetic miner-
als. Ore minerals are zoned from hematite below the ore
through chalcocite-bornite-chalcopyrite and pyrite at the
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Figure 2: Schematic cross section of the showing mineral zoning of
the Luzhou Cu deposit.

top of ore zones. Previous studies have suggested that ore
zoning is the result of repeated and superimposed hy-
drothermal events. Our petrographic studies, however,
suggest that copper mineralization took place at a redox
interface where oxidized Cu-rich fluids were progressively
reduced. The observed zoning of reduced minerals above
ore and oxidized below are also inconsistent with super-
gene concentration of Cu.

4 %S values of ore minerals

The &S values of 44 sulfide minerals separated from the
Luzhou Cu deposit range between -31.4%o and -1.84%eo,
with most values ranging between -18%o to -16%o (Fig.
3). These low values suggest a sulfur source that origi-
nated from biogenic reduction of sulfate.

5 Genesis of the copper deposit

Mineralization in the Luzhou deposit is stratiform and
localized by a combination of paleo-river channels and
gently folded anticlines. Paragenetic relationships suggest
mineralization took place during diagenesis and low sul-
fur isotope values of ore minerals indicate sulfur was
sourced from biogenic sulfate reduction (Schmidt and
McDoald 1979). The timing of mineralization suggests
that that Cu-rich oxidized brines were driven out of the
basin during burial and compaction. Localization of ores
in permeable beds within the limbs of anticlines com-

No.of Samples

ol LT 1 [] [

32 28 24 20 -16 -12 8 4
8%s (%o)

Figure 3: Distribution of sulfide 8*'S values. Analysed minerals
include pyrites, chalcopyrites, bornites and chalcocites.

bined with the zoning of redox sensitive minerals sug-
gests ores were formed by progressive reduction of the
ore fluid, possibly through fluid mixing, in permeable
zones.

Acknowledgements

This work was supported by the CAS Knowledge Innova-
tion Project (grant KZCX2-SW-117 ). Jan Pasava, Ray
Coveney and Poul Emsbo have revised the manuscript.

References

Cheng Y (1975) A preliminary discussion on the genesis of sand-
stone-hosting copper deposits in a certain area of China and ore-
controlling factors. Acta Geologica Sinica 59: 28-44 (in Chinese
with English abstract)

Qin D, Meng Q, Yang M (1993) Sedimentation-reworking origin of
the Haojiahe copper deposit in Mouding. Mineral Deposits 12:
97-106 (in Chinese)

Ran C, Zhuang H (1998) Geochemistry of the Assemblage of Cop-
per, salt and inorganic deposits in the Chuxiong Basin. Beijing:
Science Press, 1998, 19-40 (in Chinese with English abstract)

Schmidt V, McDoald DA (1979) Texture and recognition of econdary
porosity in sandstones SEPM, Spec. Pub., No. 26: 175-207

Zhuang H, Ran Ch, He M (1996) Interaction between copper, salt
and organic matter and the formation of the sandstone-type cop-
per deposits in the Chuxiong Basin. Acta Geologica Sinica, 70:
162-172 (in Chinese)



Chapter 2-4

An overpressured fluid system associated with the
giant sandstone-hosted Jinding Zn-Pb deposit,

western Yunnan, China

Guoxiang Chi, Hairuo Qing

Department of Geology, University of Regina, Regina, Saskatchewan, Canada 545 0A2

Chunji Xue, Rong Zeng

Faculty of Geological Sciences and Resources, Chang’an University, Xi‘an 710054, China

Abstract. The Jinding Zn-Pb deposit is hosted in continental clastic
rocks in the Meso-Cenozoic Lanping-Simao Basin in western Yunnan.
The deposit has been compared to SEDEX, MVT, and sandstone-
hosted types (SST), all assuming intra-basinal origins for the ore-
forming fluids. The driving forces of fluid flow and the pressure sys-
tem have not been systematically investigated.This paper presents
field and fluid-inclusion evidence to show that the Jinding miner-
alizing system was strongly overpressured.The common occurrence
of CO,-rich fluid inclusions and the high fluid pressures suggest a
mineralizing system markedly different from most other sediment-
hosted base metal deposits including SEDEX, MVT and SST.Numeri-
cal modeling of basinal fluid flow indicates that sediment compac-
tion alone in the Lanping-Simao Basin cannot produce any signifi-
cant overpressure.Tectonic thrusting can significantly increase fluid
pressure, but is not enough to cause the high fluid overpressure
indicated by fluid inclusions. Input of extra-basinal fluids (e.g.deep-
sourced CO,) into the basin may have contributed to the develop-
ment of the overpressured mineralizing system.

Keywords. Sandstone-hosted, Zn-Pb deposits, Jinding, sedimentary
basin, overpressure, fluid inclusions, numerical modeling

1 Introduction

The Jinding Zn-Pb deposit is located in the Meso-Ceno-
zoic Lanping-Simao Basin in western Yunan. With a re-
serve of approximately 200 Mt ore grading 6.1% Zn and
1.3% Pb (i.e. a metal reserve of about 15 Mt), Jinding is
one of the largest Zn-Pb deposits in the world. The na-
ture of the mineralization at Jinding has been the subject
of a number of scientific debates, focusing on whether
the mineralization is syngenetic or epigenetic (see Xue et
al. 2005). Most previous studies assumed the mineraliz-
ing fluids were intra-basinal (e.g. Kyle and Li 2002), al-
though some connections with deep-seated (mantle) pro-
cesses have been suspected (Yin et al. 1990; Xue et al. 2003).
No studies have been carried out regarding the pressure
regime of the fluid system, regardless of syngenetic or
epigenetic origin.

In this paper, we propose that the fluid system associ-
ated with the Jinding deposit is strongly overpressured,
based on filed observations and fluid inclusion data. Us-
ing numerical modeling of basinal fluid flow, we further
propose that the observed high fluid pressures were partly

caused by thrusting of lithified rocks over soft sediments,
and fluids external to the basin (likely deep-sourced) may
have contributed to the development of the overpressures.

2 Regional geology

The Lanping-Simao basin is an intracontinental basin
developed on the Changdu-Lanping-Simao micro-plate
between the Yangtze Plate to the east and the Tibet-Yunnan
Plate to the west, separated by the Lancangjiang and
Jinshajiang-Ailaoshan faults (Fig. 1). The basin evolved
from an inherited marine and marine-continental basin
in Triassic period, through a continental depression ba-
sin in Jurassic-Cretaceous period, to a continental pull-
apart basin in Cenozoic. The strata of the basin consist
of, in ascending order, the Upper Triassic Waiguchun
(T3w), Sanhedong (T3s), Wailuba (T3wl) and Maicuqing
(T3m) formations, followed by a hiatus and then Middle
Jurassic Huakaizuo (J2h) and Upper Jurassic Zhuluba (J3z)
formations, Lower Cretaceous Jingxing (K1j), Nanxing
(K1n) and Hutoushi (K1h) formations, an Upper Creta-
ceous hiatus, and Eocene Yunlong (Ely), Guolang (E2g),
Baoxiangshi (E2b) formations and undivided Upper
Eocene sediments (E3). Except T3s that is composed of
limestones and Ey that in part contains limestone frag-
ments, all other units are composed of siliciclastic rocks
with varying proportions of sandstones and shales. Ceno-
zoic tectonic events include regional westward thrusting,
local uplifting, and alkaline igneous activities of 68 to 23
Ma (see Xue et al. 2005).

3 Local geology

The Jinding deposit occurs as tabular ore bodies hosted
in sandstones of the Jingxing Formation (K1j) and sand-
stones and carbonate breccias of the Yunlong Formation
(Ely) near a NS-trending, high-angle normal fault, the
Pijiang fault (Figs. 1 and 2). K1j rocks were thrusted over
Ely along a flat-lying fault (the F, fault, Fig. 2). The strata
above F, (the Jinding nappe or allochthonous system) are
overturned, whereas those below F, (autochthonous sys-
tem) remain in normal position (Fig. 2).



94

Guoxiang Chi - Hairuo Qing - Chunji Xue - Rong Zeng

D)

L T I T e

b i

LTI

ﬁ"‘w

¥
b

Teruiary, samisinne, breoolas, vilimas
teandssony, mnl gypsam

E Miigceng aandsiome, brecoias snd mndstang

voleanic mcks

EHepocome i+ | BT,

aiid Bpecoias
PFaleoeene Yanloag ¥ edmatian
B il

wardigione aiml arenie
Midldle Jussssic \rawgh Loowes Cretagsou,

wlanise packs

Middle-U'pper Trmssie acidic- intemmediale: basic

E Uppet Triavale Hises g
D Paicorou:, poor-metnmorhe: Mysch

Precambrias ithsough Devosian metamoanhic focks IE | memngrang Eauly

Hamalayan intrusions of the mantle origin

{nlogical bugmdury

E gt i

JAF | figmlua - Aibacrshaan fauls

LEF | Lujring-Sirmao fush

E Therund Fauli E Chrowth Tauli

Figure 1: Location and major structural features of the Lanping - Simao Basin in western Yunnan, China, with enlargement of the

northern part where the Jinding deposit is located (after Xue et al. 2005).

The deposit consists of a number of ore bodies that
are distributed around a doming structure called the
Jinding dome. Both the strata above and below F,, and
the thrust fault plane itself, are folded by the dome, indi-
cating the doming process postdated thrusting. The fact
that Zn-Pb ores occur both above and below the F, fault
suggests that mineralization also postdated the nappe
emplacement, possibly related to the doming process. Zn-
Pb mineralization similar to that around the Jinding dome,
controlled by the same thrusting fault, occurs in the vi-
cinity of the Jinding deposit, e.g. the Tuzishan occurrence,
a few kilometers northeast of Jinding.

4 Indicators of high fluid pressures

4.1 Hydrofracturing

A significant portion of the Jinding ore deposit is hosted
in carbonate breccias in E1y, which have been interpreted
as alluvial fan or fan delta complex related to the Pijiang
growth fault (Kyle and Li 2002). The matrix of the brec-
cias is generally red-colored sandstone. Locally, limestone
fragments are surrounded by an mm-wide halo charac-
terized by a pale color indicating reduced conditions (Fig.
3A). It is possible that some of the carbonate fragments
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may have been brought up by overpressured, reduced
hydrothermal fluids mixed with sediments.

Angular fragments of sandstones in the matrix of sand-
stones in the Hutoushi Formation (K1h) (Fig. 3B), seen at
the core of the Jinding dome, may be related to
hydrofracturing and infilling of soft sediments. Multidi-
rectional fractures and angular breccias of limestone ce-
mented by calcites and sulfides (pyrite and sphalerite)
(Fig. 3C) are common in the Sanhetong Formation (T3s).
These features are likely related to high fluid pressures
and hydrofracturing.

4.2 CO,-rich fluid inclusions

A number of fluid inclusion studies have been carried
out in the Jinding deposit (see Xue et al. 2005), most re-

w

e R
R

o
o ol el
3
ol
Tty
%53

*,
o
S

5

.,
o
I
i,
3

0 Tkm

I

Figure 2: A sketch geological section of the Jinding Zn-Pb deposit
(after Xue et al. 2005).

Hydrothermal fluids

porting basinal brines with variable salinities (e.g. Kyle
and Li 2002). CO,-rich fluid inclusions were reported in
several studies (e.g. Yin et al. 1990; Xue et al. 2002). The
presence of CO,-rich fluid inclusions is unusual for a sedi-
ment-hosted Zn-Pb deposit, and potentially indicates high
fluid pressures.

Abundant CO,-rich fluid inclusions were found in cal-
cite closely associated with sphalerite and galena in the
Tuzhishan occurrence. The fluid inclusions range from
carbonic-only to aqueous-only, with variable carbonic/
aqueous ratios. This is interpreted as a result of immisci-
bility and heterogeneous trapping. The melting tempera-
tures of CO, range from -58.5¢ to -57.0°C, indicating domi-
nance of CO, and presence of other gases such as CH,. The
homogenization temperatures (Th) of carbonic inclusions
(toliquid) range from -6.8° to 21.3°C. The Th values of aque-
ous inclusions coexisting with the carbonic inclusions
range from 110° to 133°C. Using the Th values of aqueous
inclusions to approximate the trapping temperatures and
isochores of carbonic inclusions, the fluid pressures are
estimated to be 513 to 1364 bars (Fig. 4). The pressure
variation may be related to fluctuation between hydro-
static and lithostatic or supralithostatic regimes.

5 Numerical modeling of overpressures

High fluid pressures may have been caused by sediment
compaction, loading of the nappe, or input of deep-
sourced fluids into the basin. We have examined the ef-
fect of sediment compaction and thrusting with numeri-
cal modeling using the Basin2 program (Bethke et al. 1993).
The inputs of the modeling are lithology, thickness and
duration of the strata in the Lanping-Simao Basin from
Tj,, to E;, based on data from the Third Geological Team
(1990). The results indicate that, considering sediment
compaction alone, the maximum fluid overpressure dur-

Figure 3: (A) Limestone fragments in matrix of red sandstones, with a halo of pale color, Yunlong Formation (Ely)- (B) Angular

fragments of sandstone in sandstone matrix, Hutoushi Formation (Kj}, ). (C) Angular fragments of limestone in matrix of calcite with

pyrite and sphalerite, Sanhedong Formation (T3g).
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Figure 4: Isochores of carbonic fluid inclusions and inferred
pressures for the temperature range of 110°C to 133°C.

ing the evolution history of the basin was less than 10
bars. However, if the loading of the nappe is considered,
fluid overpressures increase significantly. The thickness
of the Jinding nappe as is preserved is about 600 m, and it
is unknown how much has been eroded. In the numeri-
cal model, we assume that the nappe was 2 km thick and
thrusted over the whole basin from 55.8 Ma (end of
Yunlong Formation) to 50 Ma. The results indicate fluid
overpressures up to 100 bars were developed throughout
the basin underneath the nappe. However, this overpres-
sure is still not enough to explain the high pressures in-
dicated by fluid inclusions.

6 Discussion and conclusions

High fluid pressures are indicated by fluid inclusions and
hydrofracturing in the Jinding deposit and nearby oc-
currence. The pressure regime, the occurrence of CO,-
rich fluid inclusions, together with Pb and noble gas iso-
topic data (Xue et al. 2005) all point to an origin different
from other major types of sediment-hosted Zn-Pb de-
posits including SEDEX, MVT, and SST. The high fluid
pressures can not be explained by sediment compaction,
even if the loading of the nappe has been considered. In-
puts of fluids from a deep-seated source may be respon-
sible for the strongly overpressured fluid system.
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Abstract. Preceeding the main Hercynian Au-As-Sb metallogenic hy-
drothermal event, metallic preconcentrations (Au, Sb, Pb) occurred
during the sedimentation of the Paleozoic, namely in the Precambrian
(?) and/or Cambrian layers bearing volcanic prints, in the volcano-
sedimentary lower Ordovician and in the basal Carboniferous brec-
cia. The most evident lithostratigraphic control in the Durico-Beirao
mining district concerns the Au-As mineralization hosted by the Areni-
gian alternances along the Eastern limb of the Valongo Anticline, with
important syn-diagenetic concentration of gold related to exhalative
“black-layer; with pyrite-arsenopyrite. Lithostratigraphic controls are
not so evident for the Sb-Au mineralizations that occur west of the
Western limb of the Valongo Anticline. Nevertheless, all the studied
deposits are hosted by competent sequences, mainly conglomer-
ates, arenites and pelites from the Precambrian (?) and/or Cambrian
(Montalto Unit) with acid volcanic rocks intercalated in the base, and
in some cases by the Carboniferous basal breccia (paleo-placer type).

Keywords. Stratiform Sb-Au deposit, black layers, organic matter,
exhalative, acid volcanic rocks

1 Introduction

As a result of a general paragenetic study (Couto et al.
1990; Couto 1993), gold-antimony mineraliza-tions of the
Durico-Beirdo district were separated into two types: Sb-
Au and Au-As. Two gold impoverished types are also
present: Pb-Zn-(Ag) and W-Sn. The Sb-Au and Au-As
deposits are each located in two distinct areas, and they
are related to different lithostratigraphic and structural
controls. In this paper we will consider the lithostratigraphic
controls of the mineralizations. Ore deposits are mostly
of the vein type but some mineralizations are stratiform.

2 Geological setting

The Durico-Beira region is situated near the southwest-
ern boundary of the axial part of the Hercynian folded
belt, in the Central-Iberian Zone.

Country rocks consist of a NW striking band of folded
metasedimentary rocks, surrounded by pre- to post-oro-
genic Hercynian granites (Fig. 1). The litho-stratigraphical
sequence begins with Precambrian (?) and/or Cambrian,
subdivided into two no formal units (Couto 1993). The
Terramonte Unit s a thick flyschoid sequence, showing some
turbiditic characters. The Montalto Unit consists of alter-
nating pelite and quartzite layers ending by thick polygenic
conglomerates.

Weathered volcanic acid rocks and exhalites are present
at the base of the Unit. Ordovician, discordantly overlying
the Precambrian (?) and/or Cambrian, begins with platform
deposits, followed by interbedded fine grained and coarse
grained detritic sediments, indicating subsident and tec-
tonically stable sedimentation conditions. Sedimentary lay-
ers bearing prints of volcanic origin are intercalated in the
Arenigian alternating sequence (Couto 1993; Couto et al.
2003). The locally reduced thickness of Silurian and the fre-
quent gap of Devonian indicate the evolution to tectoni-
cally more and more unstable conditions. In the area these
rocks of marine facies form an important geological struc-
ture,known as Valongo Anticline. Carboniferous sediments
are deposited on this folded and weakly metamorphosed
(epizonal) basement, in continental basins.
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Fig. 1 Geological setting of the the Durico-Beirdo mining
district (modified after Couto et al. 1990). 1 - Carboniferous;

2- Ordovician - Devonian: 3- Precambrian (?) and/or Cambrian;
4 - contact metamorphism; 5 - post-Stephanian granite;

6 - shear-zone; 7 - fault; 8- supposed fault.
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3 Litho-stratigraphic controls of the ore deposits

Couto (1993) showed that the different types of mineral-
ization are not submitted to the same litho-stratigraphic
controls.

In the Montalto area, volcano-sedimentary layers oc-
cur in the base of Montalto Unit (Couto 1993). Quartzic
layers alternating with millimetric to centimetric layers
composed of Mg-ripidolite, ilmenite, paragonite and scarce
pyrophyllite, angular quartz crystals and sericite flakes
resulting from feldspar alteration, are interpreted as an
exhalite. Layers of green and violet rocks spotted by small
yellowish to brownish balls (Fe- and Ti-Fe-oxydes), with
a matrix of sericite and subordinate carbonate and ir-
regular layers of angular quartz crystals, resulted from
the recrystallization of a partly vitreous acid volcanic pri-
mary rock. The upper Arenigian alternating sequence is
one of the best regional marker, mainly composed of
banded arenitic, siltitic and pelitic beds. They are char-
acterized by the presence of exhalative-sedimentary in-
tercalations (black layers) and of distal volcanogenic prints
in the sediments.

Black layers, well exemplified in Banjas mine (Au-As),
are mainly composed of chlorite, muscovite, quartz and
kaolinite. Accessory minerals are tourmaline and zircon.
Opaque minerals, predominantly pyrite and arsenopy-
rite (gold-bearing), are frequent. This syngenetic arse-
nopyrite has a low grade of arsenic (mean As+Sb= 27.2
at%) indicating low temperatures of deposition (volcan-
ic origin). Organic matter represented by fusinitizated
fragments is present, and migrabetumes and hydrocar-
bons are not excluded (Couto 1993; Couto et al. 2003).
Sporadic occurrence of transported algal and bryozoan
remains suggest that these intercalations of carbonaceous
fine-grained black sediments are related with episodic
development of anoxic conditions (Couto et al. 2004).
Subconcor-dant thin quartz “veins” are interbedded in
black layers. These flat veins are interpreted as detritic
and chemical siliceous rocks (quartzite and chert) crys-
tallized or recrystallized during the circulation of hydro-
thermal mineralizing fluids (Couto et al. 2003).

Native gold visible to the naked eye was observed most
frequently in the black layer, particularly in the sub-con-
cordant quartz veins. Similar black layers with dissemi-
nated sulfides and native gold were also observed in the
Ribeiro da Igreja and Vale do Inferno mines (Sb-Au). In
the area of Ribeiro da Estivada mine (Pb-Zn-Ag with low
local gold contents) six layers with the same composition
were analysed. All the samples have Au (8-151ppb) and
Sb (8-124ppm).

Uncommon lithologies interpreted as volcanogenic
prints in the sedimentary environment, were observed in
the Arenigian alternating sequence all around the Valongo
Anticline. The most frequent are laminz with angular,
wedge- or needle-shaped quartz crystals, and flakes of

sericite probably resulting from feldspar crystals alter-
ation.

The Carboniferous basal breccia in Alto do Sobrido
mine (Sb-Au) area is, no doubt, the most favourable coun-
try rock, with significant anomalies in gold, reaching 2g/
t. The amount in As (mean 141,6 ppm), Sb (201-1731 ppm)
and Pb (5-1740 ppm) are also anomalous.

4 Discussion

The most evident litho-stratigraphic control in the Dirico-
Beirdo mining district is the location of the Au-As de-
posits in the Arenigian alternating sequences, character-
ized by the presence of volcanogenic prints and black lay-
ers with organic matter. The genetic relationships between
the ore deposits and this particular lithologic levels may
be explained by three main factors according Couto et al.
(2003): (1) Mechanical characters, depending on the com-
petence of the rocks, (2) Topochemical reaction between
the mineralizing fluids and the “black-layer” bearing car-
bonaceous matter and disseminated sulfides, (3) Exist-
ence of metallic concentrations in the Arenigian alter-
nating sequence (Au -30 ppb, Sb -16 ppm, Pb -135 ppm).
In such an environment, the pyrite-arsenopyrite-gold
bearing black layer may be interpreted as an exhalative-
sedimentary deposit. These black layers, that occur in
metric anticlines related with the first phase of the
Hercynian orogeny, were interpreted by Combes et al.
(1992) as “saddle-reef” structures, connected with the
same mineralizing event that originated the veins. More
recent mineralogic and petrographic studies comple-
mented with analytical data, suggest the existence of sin-
diagenetic metallic concentrations in the black layers,
previous to the main mineralizing hydrotermal episode
(Couto 1993; Couto et al. 2003). The black layers show
evidences of volcanic activity and of detritic origin (Couto
1993). Part of the gold could be proceeding from the mar-
gin of the basin and concentrated by the organic matter,
in accordance with the model considered for Kirk et al.
(2001) for the auriferous deposit of Witwatersrand (South
Africa). The presence of carbonaceous black shales or
black slates is frequently reported in the close environ-
ment of massive sulfide deposits hosted by volcano-sedi-
mentary series, e.g. at Neves Corvo mine (Leca 1985) in
the Iberian Pyrite Belt. Pasava et al. (2003) suggested that
Devonian black shales and organic matter played an im-
portant role at the the origin of tin-polymetallic deposits
in the Dachang mining district. Otherwise, most of the
Dtirico-Beirdo Sb-Au veins are emplaced in heterogeneous
sequences characterized by alternating layers of compe-
tent and uncompetent rocks of the Precambrian (?) and/
or Cambrian, and rarely in the Carboniferous basal brec-
cia. Nevertheless, the existence of volcano-sedimentary
layers has to be reported, notably in the vicinity of Sb-Au
deposits as Montalto. Metallic positive anomalies com-
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pared to the clark values have been detected in these in-
tercalations (Au = 488-787 ppb; Sb = 145-508 ppm). In
the Carboniferous basal breccia (Au = 253 ppb-2 ppm; Sb
= 201-1791 ppm; Pb = 5-1740 ppm) the metallic anoma-
lies are related to a pre-concentration of paleo-placer type.
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Abstract. Textural relations and other features suggest PGE that (Plati-
num group element-bearing) Mo-Ni sulfide beds of South China
and similar beds from Canada most likely originated by venting of
hydrothermal fluids to the sea floor during sedimentation.
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Unusual PGE-Au-bearing non-placer deposits consisting
of Fe, Ni, As, and Mo sulfides (Fan et al. 1973; Chen et al.
1982; Fan 1983) occur in black shales, at or close to the
Precambrian-Cambrian unconformity. The deposits oc-
cur in a 1600 km belt that extends across south China,
with most known ore-grade occurrences located
in Guizhou and Hunan. Lott et al. (1999) concluded that
the deposits formed by sedex processes as did Steiner et
al. (2001) and Pa$ava et al. (2004). This inference is based
primarily on the exceptionally high grades for the ores
which contain >2-4% Ni and Mo. The main host for Mo
is a new mixed layer C/MoS, phase named MoSC by Kao

Figure 1: Collage of reflected light photographs of the polymictic
Ni-Mo sulfide ore bed of Tianeshan, near Zunyi, Guizhou. Widths
of field approximately 2 mm. Note compositional variation of
consisting of varying proportions of a layered C/MoS2 phase
(MoSC), iron and nickel sulfides, apatite, and organic matter. The
light gray horizontal wavy band that extends through the middle
of the photograph in the lower left-hand corner of the figure
consists almost entirely of the new mixed layer (MoSC) that was
first described by Kao et al. (2001). The presence of about 50 mole
% carbon MoSC indicates that MoSC is not jordisite as is
commonly supposed. Width of field = 2 mm.

et al. (2001) (Fig. 1). Data for primary fluid inclusions
hosted by alteration and gangue minerals associated with
the ores are consistent with the presence of high temper-
ature (+200°C) fluids of extremely variable salinity dur-
ing mineralization (Lott et al. 1997). Polymictic textural
relations (Fig. 1) also fit with syngenetic deposition of
the ores (Orberger et al. 2003; Pasava et al. 2004).

Hulbert et al. (1992) and Orberger et al. (2003) have
also proposed hydrothermal origins for Devonian Pt-Pd-
Au-bearing mineralization at the Nick and other prospects
in the Yukon of Canada (Fig. 2) but Goodfellow (2002) pro-
poses an origin by bolide impact, which had previously
been proposed by Fan (1983) for the Chinese ores.

Mao et al. (2001) have concluded that ore constituents
for the Chinese shales may have been derived from sea-
water. Lehman et al. (2004) have shown the feasibility of
seawater derivation given certain assumptions that seem
to be reasonable. Furthermore Lehman et al. (2004) have
suggested that metal associations and precious metal ra-
tios, including Au:Pt:Pd near 1:1:1, are difficult to recon-
cile with hydrothermal origins. Luo et al. (2004) have sug-
gested that Mo may have been derived from lower Cam-
brian K-bentonites. Available Re-Os dates from several
laboratories (Horan et al. 1994; Mao et al. 2001; Jiang et
al. 2004; Liu et al. 2004) are consistent with a lower Cam-
brian age of ore deposition. It is commonly assumed that
the Ni-Mo deposits form a continuous layer but this is
not certain, nor is it clear whether the different Ni-Mo
occurrences are coeval as opposed to diachronous. Al-
though there is evidence for remobilization of ore con-
stituents (Orberger et al. 2005), most textural features are
consistent with syngenetic origins (Fig.1). However, avail-
able radiometric ages are not sufficiently precise to dis-
tinguish among the three possible modes of origin that
have been proposed. The origins of the deposits remain to
be resolved definitively, but are important in part because
they constitute a largely untested alternative to conventional
sources of precious metals, especially platinum group ele-
ments. The temporal evidence suggests that the deposition
of the Chinese deposits may have coincided with the Cam-
brian Explosion of Life and the end of Snowball Earth,
but a causal relationship to this boundary is uncertain,
and in any case would not apply to the Canadian deposits
formed long after the start of the Paleozoic Era.
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Figure 2: Cambrian-age Ni-Mo sulfide ore from Tianeshan, near
Zunyi, Guizhou sitting on a sample of Devonian-age mineralized
Ni sulfide from the Nick deposit, Yukon.
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Abstract. This study analyses the structural geology of the Mount
Isa Zn-Pb-Ag orebody from mine to micro scales in order to deter-
mine the role of tectonic structure in its evolution. Features of Zn-
Pb-Ag deposit are compared to the nearby copper ores as the two
ore types are potentially related. A ubiquitous correlation between
the metal distribution and tectonic structures exists at all scales.
Disharmonic folds are located central to high grade shoots, where
as continuous folds are located along the margins of orebodies.
Contours of metal grade and ratio of the main metal species are
parallel D, fold hinges and silica-dolomite alteration fronts through-
out the Zn-Pb-Ag deposit. The timing of mineralisation is shown by
sulphide-structural overprinting relationships. The scale integrated
nature of this study means that features examined are highly rep-
resentative of the deposit.The Zn-Pb-Ag deposit is made up of bed-
ding parallel sulphide accumulations at a range of scales. However,
in all textural variations of these bands the all constituent sulphides
can be shown to overprint tectonic structures. Consequently, for
the first time the contribution of remobilisation of a pre-deforma-
tion deposit at Mount Isa can be confidently discounted. The struc-
tural features of the copper and Zn-Pb-Ag and copper ores are the
same though exhibited at different scales. Zn-Pb-Ag and copper
mineralisation occurred at similar times in the fourth regional de-
formation.

Keywords. Mount Isa, stratiform sediment hosted Zn-Pb-Ag, copper,
remobilisation, syntectonic mineralisation

1 Introduction

The Mount Isa Zn-Pb-Cu-Ag deposit is one of the largest
and most enigmatic base metal accumulations on Earth.
This study is a scale integrated analysis of the structural
geology of the Mount Isa Zn-Pb-Ag orebody ranging from
the mine scale metal distribution to micro structures of
the complete range of sulphide textures present in the
deposit. The aim is to determine the role of structure in
the evolution of the Mount Isa Zn-Pb-Ag ores. A com-
parison with the nearby copper orebodies is included
because the two ore types are potentially related. Prior to
mining the base metal deposit contained in excess of 405
million tonnes of ore including 150 Mt at 7 % Zn, 6% Pb
and 150 g/t Ag and 255 Mt at 3.3 % Cu (Forrestal 1990;
McGoldrick and Large 1998; Waring et al. 1998) in spa-
tially separate copper and Zn-Pb-Ag orebodies.

The Mount Isa base metal deposit is located on the
western margin of the Leichhardt River Fault Trough in
the Western Fold Belt of the Mount Isa Inlier, northwest-
ern Queensland, Australia (Fig. 1). It lies east of, and ad-

Townsville . 100 Km I
5 20°S
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%] Leichhardt River Fault Trough
I:l Kalkadoon-Leichhardt Belt

Figure 1: The Mount Isa Inlier and its main tectonic units.

jacent to the Mount Isa and Paroo faults and is traversed
by folds that formed during the Isan Orogeny (1610-1500
Ma). The orebody is hosted by the Urquhart Shale, a do-
lomitic sedimentary sequence in the Upper Mount Isa
Group.

The Zn-Pb-Ag orebody contains a series of conform-
able lenses that consist of centimetre scale bedding par-
allel sulphide bands and breccias and belongs to the strati-
form sediment hosted Zn-Pb-Ag class of deposits (Large
et al. 2002; Fig. 2). Other deposits in this class include Red
Dog (Alaska), Sullivan (Canada), HYC (Northern Terri-
tory), Century (Queensland), and George Fisher-Hilton
(Queensland). In contrast to the Zn-Pb-Ag orebody, the
copper orebodies at Mount Isa are discordant at the mine
scale and consist of cross-cutting breccias.

2 Previous work

The genesis of the Mount Isa base metal deposit is con-
troversial because of apparently conflicting features be-
tween and within the copper and Zn-Pb-Ag orebodies.
Early workers (Blanchard and Hall 1937; Grondijs and
Schouten 1937) considered the deposits to be epigenetic
based on the proximity of ores to folds and high strain
zones. This model was replaced by predeformation
mineralisation models, including exhalative and diage-
netic depositional styles, to explain the conformable na-
ture of sulphide bands within the Zn-Pb-Ag ores (Murray
1961; Neudert 1986; McGoldrick and Large 1998; Large
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Figure 2: a) Bedding plan in the Lead Mine at Level 9 (3080 mRL).
NNW-SSE-striking fold zones are defined by bedding orientations
that deviate from the dominant N-S to NNE-SSW-striking fabric.
b) Level 12 (2910 mRL) plan of Pb+Zn > 7.75 % and silica-
dolomite alteration in the Mount Isa Lead mine.

et al. 1998). In these models, various discordant features
documented by the earliest workers were attributed to
remobilisation (McDonald 1970; McClay 1979). Evidence
of syntectonic sulphide deposition presented by Perkins
(1997) has largely been dismissed as an effect of
remobilisation because of the ambiguous representivity
of these features (Betts and Lister 2002; Large et al. 2002).
However, remobilisation has never been documented at
Mount Isa.

3 Structural geology

The mine-scale fabric is dominated by NNE-SSW-strik-
ing bedding in the south that progressively rotates to N-S
in the north of the mine (Fig. 2). This fabric is traversed
by numerous NNW-SSE-striking, asymmetric and ENE-
verging folds that formed in D,. The Zn-Pb-Ag orebody
contains ten sheetlike Zn-Pb-Ag ore lenes located around
the northern margin of the discordant quartz-dolomite
bodies, locally referred to as silica-dolomite, which host
the breccia hosted copper ores. The ore lenses are up to
1.2 km long and plunge in the range of 23-60° towards

a) Longitudinal section
Looking west

Pb+Zn (%)
[]4.25-7.25 minor fold
[M7.25-9.5 :

B o5 . major fold

Silica-dolomite alteration

b) Level 12 Plan

£
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[7.75-14.00 50m
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Figure 3: Relationship between the metal distribution and tectonic
structures in the Zn-Pb-Ag deposit. a) Longitudinal section
looking west orebody C. b) Plan through level 12, demonstrating
the metal distribution is centred on disharmonic folds.

323-348°, which is parallel to the plunge of F, fold hinges.
Longitudinal sections show the ore lenses contain NNW-
plunging high grade shoots that are parallel to their mar-
gins and coincidental with NNW-plunging folds that are
disharmonic within the lenses. Similarly orientated folds
are located along the margins of the ore lenses but these
folds are continuous across them (Fig. 3).

Metal zonation patterns through out the Zn-Pb-Ag
orebody show Pb:Zn contours are parallel to F, fold hinges
and silica dolomite fronts. The remarkably continuous
nature of the lead distribution and the simple and paral-
lel shapes of the Pb:Zn contours indicate deposit is
undeformed and there has not been any differential
remobilisation of sulphide species.

4 Textural analysis

The Mount Isa Zn-Pb-Ag orebody consists of conform-
able sulphide bands and breccias whose enveloping sur-
faces are parallel to layering at hand specimen and expo-
sure scales. The range of textural variation in the bands
and breccias and their distribution has been determined
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Figure 4: Plan showing the distribution of sulphide textural groupings is the same a the hinges of F4 folds. The combined thickness of all
bands and breccias has a NNW-SSE-striking peak plus a NW-SE striking one north of the silica-dolomite alteration front. Sulphide
bands (microcrystalline and fine grained styles excluding microbreccias) display two NNW-SSE-striking peaks that straddle the
combined styles peak. Breccias have a NNW-SSE-striking cumulative thickness peak coincidental with the combined styled peak and a

peak area north of the silica-dolomite alteration front.

by systematically logging drill core throughout the
orebody. Sulphide bands were classified by the dominant
sulphide species and its grain size into the following cat-
egories; microcrystalline pyrite bands, microcrystalline
sphalerite bands, fine grained sphalerite bands and
microbreccias, galena bands, and nodular layers. All bands
contain the same paragenetic sequence, Fe-dol, cte-qz, py,
sp, gn, cp with sulphides overprinting tectonic structures.
Microcrystalline pyrite is the earliest sulphide phase in
the sequence and overprints several generations of crenu-
lation cleavages.

The breccias are classified according to the pattern of
brecciation into foliation fill, fold clast and rounded clast
breccias. These contain the same paragenetic sequence
as the banded ore styles described above, which clearly
overprints tectonic structures including foliations and
folds.

The deposit is zoned with respect to the ore textures
described above (Fig.4).It contains a core of breccias sur-
rounded by sulphide band textural styles. All ore textural
styles have NNW-SSE-trending distribution, which is the
same orientation as fold-hosted mine-scale high-grade
shoots.

5 Discussion

The Zn-Pb-Ag orebodies at Mount Isa formed in the fourth
regional deformation without remobilisation from a pre-
existing accumulation in the vicinity. The structural con-
trols on mineralisation are demonstrated by the ubiqui-
tous relationship between the metal distribution and fold-
ing at mine scale, sulphide-foliation overprinting relation-
ships in all ore textural styles at micro scales and the dis-
tribution of ore textural styles through the deposit.

Synchronous copper and Zn-Pb-Ag mineralisation is
indicated by their similar and ore-structural relationships
at a range of scales. Their spatial separation is the result
of processes acting during mineralisation and could re-
flect the influence of a change in the size of structures
between the orebodies on the chemistry of the
mineralising system.

Bedding parallel sulphide textures in the Zn-Pb-Ag
orebody are not diagnostic of pre-deformation minerali-
sation as has been proposed by previous workers because
such features can form by structural processes as dem-
onstrated at Mount Isa. The bedding parallel nature of
sulphide accumulations reflects the strong influence of
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rock type on strain partitioning and ultimately the
localisation of structurally controlled fluid flow. Rock type
based competency domains occur at a range of scale from
individual beds to the formation scale. At Mount Isa shale
and shale dominated packages experienced the higher pro-
gressive strains and consequently now host ore sulphides.

The scale integrated nature of this study and the wide-
spread spatial distribution of the data mean that the fea-
tures presented here are highly representative of the de-
posit. In the past, features demonstrating tectonically con-
trolled sulphide deposition have had a questionable
representivity, which has meant they were able to be dis-
missed as being the products of remobilisation without
actual evidence of this process being presented.
Remobilisation processes can be confidently discounted
as having a significant influence of the formation of the
Mount Isa Cu-Zn-Pb-Ag deposit.
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Abstract. The fluid system of the Yuebei Basin was developed by
three kinds of ore-bearing fluids during the late Palaeozoic. The
first, called the Dabaoshan fluid was related to magmatic hydro-
thermal processes and formed multi-metal deposits during sub-
marine volcanic hydrothermal sedimentation. The second, the
Fankou type fluid is related to circular hydrothermal fluid in deep
formation and formed SEDEX type low to middle temperature Pb-
Zn-Ag-Hg deposits. The third, the Hongyan type fluid is related to
diagenetic compressive water of basin and formed a single low
temperature pyrite deposit. Based on the study of ore deposits
features in the basin,comprehensive research on temperature field,
dynamic field and chemical field of the fluid system shows that
fluid system in the Yuebei basin mainly includes multi-origin of
ore-forming materials, entirety of ore-forming process and signifi-
cance of dynamic controlling on ore-forming processes, all of these
are controlled by the regional tectonic regimes.

Keywords. Fluids system, ore-forming process, tectonic regime, Yuebei
basin

1 Geological setting

The Yuebei basin is located in the northern Guang-
dong province, 24°~25°20' north latitude, 113°~114° east
longitude. The outside margin of the basin con-
sists mainly of pre-Devonian metamorphic rocks, while
its cover rocks are late Palaeozoic, Mesozoic and Ceno-
zoic strata. The Devonian strata are widely distributed
in the basin, which overlies the Caledonian unconformity.
The north boundary of the basin is composed by
the Zhuguangshan granite belt. To the south is the
Fogang granite belt. Stratabound deposits are well
developed in the basin, including the large and mid-
dle size Fankou ore deposit, the Dabaoshan ore deposit
and the Hongyan ore deposit. Most ore deposits occur
in carbonate strata of early Devonian and late Carbon-
iferous age. The basin edge is mostly controlled by
EW and NNE linear structures, which corresponds to
two mantle gradients, namely, the EW-trending Nanling
gravity gradient belt and the NNE-trending Ganxi-Yuexi
gravity gradient belt. The two belts cross the entire
Guangdong province and extend to Jiangxi province.
The NNE faults appear to control the later magmatic
intrusion, the change of palaeography and distribution
of ore deposits.

2 Geological characteristics of ore deposits

The south-western margin of the Yuebei basin, contains
dozens of medium to large pyrite deposits (typified by
the Hongyan deposit) which are related to basin com-
pressive fluids and forming a 6 km long pyrite belt in
Yingde area. At the eastern margin of the basin occurs
the Dabaoshan middle-high temperature multi-metal
deposit pertaining to submarine volcanic hydrothermal
deposition. And the northern margin is host to the Fankou
middle-low temperature SEDEX type Pb-Zn-Ag-Hg de-
posits.

3 Types of ore-forming fluids in basin and their
composition

Three types of ore-forming fluid occurred in the basin.
In the Hongyan area, fluid inclusions belong to Na-Ca-Cl
type, as their X(Na*)>(K*). NaCl-equivalent salinity
(11.2%) is rather high for fluid inclusions and are similar
to that of oil-field sludge water or ore-forming fluids in
Mississippian valley type deposits. Ore-forming fluids in
Fankou deposit and Dabaoshan deposit show the feature
of X(K*)> (Na*) . The fluid of the Fankou deposit is of K-
Ca-Cl type. The K-Ca-F (Cl) type occurs in the Dabaoshan
deposit. Tens of deposits in Hongyan area are located in
dolomite, which occurs as alens and sphenoid in limestone.
Except for dolomite, no evaporite minerals such as anhy-
drite occur in the strata. Rocks are medium to fine grained
and display features of “fog centre” and “bright centre”. X-
ray crystal power diffraction indicates the degree of order
of dolomite is up to 0.80 and Ca, Mg content is close to ideal
chemical composition of dolomite (CaCO,, MgCO; = 1:1
molar fraction), and 8'*Cppy is 0.236%o0, 8'3Cppp, 0.832%o0.
These imply that dolomite in Hongyan area is not the sedi-
ment of high salinity brine solution, but is the result of di-
genetic fluids replacing limestone in basin.

4  Source of ore-forming material for basinal fluid
150 samples in Fankou deposit were analyzed for S iso-

topes. The average value for §%S concentration is
+17.29%o, suggesting that S derived from the reduction
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of sulfate from seawater. The 8**S of the Hongyan ore de-
posit ranges from -22%eo to -8%o in the Hongyan deposit,
and it can be inferred that S derived from biogenic pro-
cesses. The ore-forming process probably involved bio-
logical agents and the deposit is thought as sedimenta-
tion-modification stratabound deposit (Chen 1992) with
most of S derived from sulfate in seawater. In Dabaoshan
deposit, 8**S shows highly concentration near 0, that is, -
3%o0~+3%o, and its mode, +1.5%o, reflecting that S is de-
rived from the mantle (Chen 1994).

12 samples in Hongyan deposit were analyzed for their
Pb isotope in galena, pyrite and bulk rock. Except for one
187 Ma age for galena, model ages approximate those of
Devonian strata. These show the same source of sedimen-
tation and ore-forming materials. According to a mixed
calculation model of Pb source, it is believed that about
one third Pb derived from the crust, two thirds from the
mantle. The young model age for one galena is thought
to be the result of late magmatic intrusion (Caishanding
magmatic rocks in Yanshan period).

Pb isotope compositions of Fankou deposit were ana-
lyzed in galena, pyrite, bulk limestone, bulk diabase.
p ranges from 9.73 to 9.90, Th/U value in galena is rela-
tively low (3.11). These reflect Pb derived from crust where
part of Pb came from the radioactive decay of U.

In the Dabaoshan deposit, Pb isotope compositions of
sulphates reflect Pb sources that include crust, island arc
and ocean volcanic rocks.

Isotope compositions for mineral inclusions in the
Fankou deposit range from -40%o to -83%o for 8D and
0% to -8%o for 8'80. These reflect derivation from base-
ment formation water and atmospheric water at a late
stage of mineralization. Fourteen carbonate rock and cal-
cite samples that coexisted with Pb and Zn minerals in
the Fankou deposit were for §*C and 8'®0 isotopes and
compositions that resemble normal seawater carbonate.

Based on the above analysis, it is apparent that fluid
system in Yuebei basin has multiple sources, including
mantle and crust (magmatic water, basement formation
water and sea water). However, each individual deposit
shows evidence of mixed fluids. For example, the Hongyan
deposit shows evidence for mantle, crustal and magmatic
fluids. Data for the Fankou deposit imply a combination
of crustal fluid and seawater.

5 Migration track of the fluid system of the
Fankou deposit

In the Fankou deposit, a long and narrow band of zoned
mineralization parallels a contemporaneous fault. Because
of changing physical and chemical conditions, especially
dilution of fluid salinity, ore-bearing fluids erupted along
contemporaneous fault and then deposited minerals in
the following sequence: pyrite-quartz, sphalerite-galena,

siderite, and ankerite. And the residual fluids diffused
outwards; as a result, dolomite and calcite develop widely
and show obviously zoning.

Based on the analysis of Zn and Pb contents and
®(Zn)/®(Pb) in Sh5 ore-body, near the cross of two groups
of contemporaneous fault, both Pb and Zn and ®(Zn)/
®(Pb) in the trend surface map show a close upheaval,
where there is not only an area enriched in Pb and Zn,
but also a zone of pyrite displaying high decrepitation
temperatures. These may indicate the location of an erup-
tion centre of submarine hydrothermal fluid.

The temperature estimates for the Sh5 ore-body show
temperature falling with distance from the faults cross
(the likely fluid eruption centre), and the highest tem-
perature points, that is, 305°C, 300°C, 298°C, 292°C, occur
near the intersection of two groups of faults, with points
less than 200°C located at the edge of the ore-body. Tem-
perature field shows regular change on plane that reflects
fluids fanned outwards from the centre, which is similar
to the distribution trend of Zn, Pb and Zn/Pb.

Near the intersection of two groups of faults, brecci-
ated ores develop in sulphide accumulations, in which
sphalerite color is dark, and some sphalerite solid solu-
tion separated from chalcopyrite. These indicate high ore-
forming temperature. As highly mineralized near the erup-
tion centre, the biology remains slumped from other place
is almost replaced by pyrite or sphalerite and forms mould
biology replace texture. As the ore-forming temperature
fell with distanc from the eruption centre, mineraliza-
tion became relatively weak. The color of sphalerite is
pale-green. The ores become banded or laminated instead
of brecciated and biological remnants are less well devel-
oped; only relic with disseminated or rimmed texture can
be seen occasionally. At the edge of ore-bodies, ores de-
velop lamellar structure, and galena content diminishes,
the sphalerite content rises relatively, and decrepitation
temperatures are lower.

A study of the ore-body temperature field via systemic
testing temperature of mineral inclusions, together with
geochemical and geological methods, permit determi-
nation of the location of the eruption centre of subma-
rine hot spring and the moving direction of ore-form-
ing fluids.

6 Ore-forming dynamics

The three types of ore deposits in the Yuebei area display
a close relation to fault and uplift. Ancient uplift and faults
provided necessary conditions to form Fankou, Hongyan
and Dabaoshan types of ore deposits. In the three types
of deposits, ores show syngenetic or epigenetic rudaceous-
brecciated structure, and its breccias include wall rocks
and ores. In the Xiniu ore deposit, 2.5~3 cm circinal brec-
cias replaced by pyrite occur widely. These breccias might
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be the result of further rounded after structural collapse.
In the Fankou ore deposit, a large amount of rudaceous,
brecciated ores or limestone breccias developed in ore-
body and in its wall rocks. Some micro-crack occurred in
ore-body, and sulfides or marine argillaceous sediments
deposited on the crack surface, but additional marine sedi-
ments were deposited. These reflect ore-forming processes
accompanying structural (or tectonic) evolution.

Because of the different scale of ore-controlling fault,
fluid circulation and location of the ores, different types
of stratabound deposits show different ore-forming pro-
cess. For example, the Dabaoshan deposit is located near
a deep fault and its formation has a close relation to sub-
marine volcanic exhalation and magmatic superimposi-
tion. The ores show multi-stage mineralization and coarse-
grained crystal textures; mineral compositions are com-
plex; and the mineralization association is W-Mo-Bi-Fe-
Cu-Pb—Zn-Au-Ag-S et al. In the Hongyan ore deposit,
which is controlled by faults and formed at a relatively
shallow depth, mineral compositions are simple, with
pyrite ores showing colloform structure; the main min-
eralization association is Fe-S.

On the northern margin of the Quren basin, galena-
sphalerite-pyrite mineral deposits occur from west to east,
such as the Yanliutang, Hongzhuchong, Fankou, Tieshiling
deposits. But in the Yingde basin, only a single pyrite de-
posit is present. This may be because of different tectonic
scale and depth. At the northern margin of the Quren
basin, deposits are controlled by the structure of long time
activity, EW striking and parallel to the unconformity
plane between Cambrian and Devonian, and absent tidal-
flat clastic rock facies (Cen and Yu 2001). Pb isotope com-
positions are very similar in the Yangliutang, Fankou and
Tieshiling deposits. Their projected points focus on the
evolution line of orogenic belt and upper crust and the
results imply they are from the same source and mineral-
ized early or late along the same EW striking structure.

7 Discussion and conclusions

Our results lead to the following conclusions: First, ore-
forming material came from multiple sources, that is, flu-
ids from the mantle, magmatic hydrothermal fluid, meta-
morphic hydrothermal fluid and basinal compressive
fluid. Second, entity of ore-forming process, fluid is im-
portant in ore-forming process, because it can assimi-
late, transit and unload the ore-forming materials. Third
the ores were controlled by dynamic processes a com-
paction fluid system, a gravity fluid system and a ther-
mal dynamic fluid system.

In the Fankou Pb-Zn deposit, my of Pb isotope is
9.39~9.90, omega 37~40, and k about 4.0, these reflect
most Pb derived from crust. But in the coordinate of -
my and omega-k, the range of project points is large, and

in the coordinate of 207Pb/?04Pb-206Pb/2*Pb, a part of the
points locate in the range of oceanic volcanic rock. So
part of Pb may come from upper crust in Fankou de-
posit. It is the result of mixing and homogenization be-
tween Pb from mantle and crust. plate tectonism and
magmatism have led to migmatization and homogeniza-
tion of different source of Pb. The oceanic volcanic sedi-
ment blended with crust material by plate underthrust-
ing and then melted, the remobilized metal material rose
along fault to form deposits. In the Fankou, Yangliutang
and Dabaoshan deposit, diabase magma intruded after
mineralization. So the rising of deep material and ore-
forming process is controlled by regional plate tectonism.

Most of the margins of the Yuebei Basin were con-
trolled by linear structures. These EW and NNE struc-
tures controlled the whole evolution process of Yuebei
basin. From Caledonian period (early Palaeozoic era) to
Hercynian-Indosinian period, then to Himalayan period,
the strike direction of plate movement changed from SN
to NW-NE, then to NW-NE. The change of direction af-
fected the properties of basin and tectonics, e.g., basin
properties changed from interarc trough to back arc ba-
sin to fault basin, and tectonic, from miogeosyncline to
paraplatform, then to active platform or geodepression.
Magmatic rocks, changed from ultrabasic, to intermedi-
ate to acid. The extensive volcanic activity weakened
(double models). As a result, the large scale of acid magma
intruded and erupted outside of the area. So the change
affected the type of deposit, that is, from exogenetic de-
posit, endogenetic deposit to stratabound deposit, part
of exogenetic deposit changed into endogenetic deposit
or superimposed modification deposit.
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Abstract. Marcasite single crystals were synthesiz-ed directly by a re-
action of aqueous solutions containing Fe?* and Fe3* with H,S and
polysulphides at 200°C. It might be that natural marcasite formed
according to some similar recipe, making use of an interaction of H,S
and polysulphides with pore fluids containing Fe?* or Fe3* e.g.iron
sulphates or chlorides. The structure of synthetic marcasite was re-
fined from synchrotron diffraction data by the Rietveld method.
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1 Introduction

Iron sulphides, pyrite and its dimorph marcasite, are the
most abundant sulphides in the Earth’s crust. The growth
of pyrite and marcasite has been studied by many au-
thors (e.g. Allen et al. 1912; Rickard 1969; Murowchick
and Bernes 1986; Schoonen and Barnes 1992 a, b, ¢), Mar-
casite is reported to be difficult to grow experimentally,
yet the preparation of marcasite single crystals was re-
ported by Allen et al. as early as 1912.

2 Techniques and methods

A modified experimental technique of Allen et al. (1912)
was used. A steel autoclave with a Teflon insert contained
1M sodium thiosulphate solution (Na,S,0;.5H,0) and in
it was placed a teflon beaker with Fe?* or Fe** solutions
[FeCl,; Fe(NH,.S0,),.12H,0 - (ammonium iron (III) sul-
fate -12 hydrate); FeSO,.7H,0; Fe,(SO,);] (Fig. 1.). The
temperature was 200° C, pressure <15 MPa, run times
ranged between 11 and 1650 hrs.

At =200 °C thiosulphate - Na,S,0;.5H,0 breaks down
to produce hydrogen sulphide,

Na,$,0, +H,0 < Na,S0, + H,$

Marcasite crystals grow by interaction of slowly gen-
erated hydrogen sulphide with the ferric salt solution,

FeSO, + 4 H,S & FeS, (mc) + 3S +4H,0

In systems where sulphur and H,S is present,
polysulphides can form by several reaction paths
(Murowchick & Barnes) such as

H,S +S & H,S

n+l1

Marcasite can thus also originate by the reaction:
Fe’* + H,S, < FeS, (mc) + $%,; + 2H*

The morphology of run products was examined on a
Tesla Scanning Microscope. Run products were routinely
examined by X-ray powder diffraction (diffractometer
Philips), one sample was selected for synchrotron diffrac-
tion at ESRE Grenoble. Using the Rietveld technique (Schnei-
der 1994) the synchrotron powder data yielded a good qual-
ity refinement of the crystal structure of marcasite.

3 Discussion and results

Marcasite was synthesised at 200°C. In addition to marca-
site, only native sulphur was detected in run products, but
no pyrite or pyrrhotite. There is no evidence that an iron
monosulphide grew before or simultaneously with marca-
site. Marcasite crystals form coatings on the surface of iron-
containing solutions and coat walls of the Teflon beaker.
The crystals of marcasite are well developed, up to 0.5 mm
in size, and have a prismatic habit (Fig. 1). In some places,
marcasite crystals cluster in globular aggregates (Fig. 3).
We observed no differences in the shape of marcasite crys-

\ N
Teflon inset\g

Teflon baker

L Fe” or Fe* solutions

i NapS203.5H,0 solution

<+— Steel body

Figure 1: Autoclave used for the synthesis of marcasite crystals.
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Figure 2: As-13, SEM micrograph of marcasite formed by reaction
of H, S with 1M FeSO, solution, 200 °C for 165 hours.

Figure 3: As-17, SEM micrograph of marcasite formed by reaction
of Hy S with 1M FeSOy solution, 200 °C for 80 hours.

tals grown on the surface of different Fe-containing solu-
tions. The yellow colour of Fe-containing solutions at the
end of the experiments indicates the presence of mixed
polysulphides in solution (Cotton and Wilkinson 1972).

4 Refinement of the marcasite crystal structure

The structure of synthetic marcasite was refined from
synchrotron diffraction data by the Rietveld method. The
space group is Pnnm, and the results of the refinement
appear in Table 1.

A complete description of the structure can be reduced
to two different Fe-S bond lengths and four different S-S
bond lengths, S,-S;,, S,-S3, S5-Sy, S-Sy, and S,-Sg; the “in-
ter-octahedral” bond is designated S,-S;,. Also included
are data of Buerger (1931).

5 Conclusions

Marcasite single crystals were synthesized directly by a
reaction of aqueous solutions containing Fe?* and Fe**
with H,S and polysulphides at 200 °C. The reaction pro-
ceeds fairly rapidly at 200 °C, and marcasite grows in well-

Table 1: Results of Rietveld structure refinement of synthetic
marcasite compared to single-crystal data Buerger (1931).
Diffraction data from ESRF, Grenoble

parameters synthetic marcasite,
marcasite A from kX
synchrotron Buerger (1931)
unit-cell parameters
a(R) 4,4446 (2) 4.436
b (A) 5.4246 (2) 5.414
c(A) 3.3864 (1) 3.381
atom coordinates®
x(S) 0.2004 (2) 0.200
y(S) 0.3787 (2) 0.378
occupancy factor®
n (Fe) 0.253 (1) 0.25
n(S) 0.486 (2) 0.50
temperature factor
B, (Fe) 1.67 (3) -
Byy(Fe) 1.64 (4) -
Bss(Fe) 1.68 (3) .
By,(Fe) 0.00 (3) .
B1\(S) 1.43 (4) -
By,(S) 1.31(5) -
Bs3(S) 1.60 (4) -
By,(S) 0.00 (3) -
interatomic distances (&)
Fe-S, 2.239 (1) 2.231
Fe-S, 2.252 (1) 2.251
S, - Ssa 2.215 (1) 2.212
S;-S;3 2.972 (1) 2.971
S3-S, 3.123 (1) 3.114
S,- S, 3.228 (1) 3.222
S, - S¢ 3.386 (1) 3.381
agreement factor Ry, (%) 7.1 -
wavelength (A) 0.62061 -
2 © range (°) 10-50 -

developed crystals. It might be that natural marcasite
formed according to some similar recipe, making use of
an interaction of H,S and polysulphides with pore fluids
containing Fe?* or Fe** e.g. iron sulphates or chlorides.

Acknowledgment

The research was supported by grant No.205/99/0176 from
the Czech Grant Agency. The research at ESRF Grenoble
was performed in 1999 on beamline BM01B, as part of
experiment CH-681; we wish to thank Hermann Emerich
and Wouter van Beek who were instrumental in collect-
ing the data. Mgr. A. Gabasovd took the SEM photos.

References

Allen ET, Crenshaw JS, Johnson J (1912) The mineral sulphides of
iron. A. Journ. Sci., 33: 169-236

Buerger MJ (1931) The crystal structure of marcasite. Am. Mineral.
16: 361-395



Thispageintentionallyblank



Chapter 2-9 - Synthesis and structure of single-crystal marcasite

113

Cotton FA, Wilkinson G (1972) Advanced Inorganic Chemistry, 421-
457 Interscience Publisher, New York

Murowchick JB, Barnes HL (1986) Marcasite precipitation from hy-
drothermal solutions. Geochimica et Cosmochimica Acta 50:
2615-2629

Rickard DT (1969) The chemistry of iron sulfide formation at low
temperatures. Stockoholm Contrib. Geol. 20: 67-95

Schneider M (1994) Program for Rietveld analysis of X-Ray and neu-
tron powder diffraction patterns. EDV-Vertrieb

Schoonen MAA, Barnes HL (1991) Reaction forming pyrite and
marcasite from solution: I. Nucleation of FeS, below 100°C.
Geochimica et Cosmochimica Acta 55: 1495-1504

Schoonen MAA, Barnes HL (1991) Reaction forming pyrite and
marcasite from solution: II. Via FeS precursors below 100°C.
Geochimica et Cosmochimica Acta 55: 1505-1514

Schoonen MAA, Barnes HL (1991) Mechanism of pyrite and marca-
site formation from solution: III Hydrothermal processes.
Geochimica et Cosmochimica Acta, 55: 3491-3504



Chapter 2-10

Lower cambrian metallogenesis of south China:
Interplay between diverse basinal hydrothermal
fluids and marine chemistry

Poul Emsbo, Albert H. Hofstra, Craig A. Johnson, Alan Koenig, Richard Grauch
U.S. Geological Survey, MS 973, Box 25046, Denver, Colorado 80225, USA

Xing-chun Zhang, Rui-zhong Hu, Wen-chao Su, Dao-hui Pi

Key Lab of Ore Deposit Geochemistry, Inst. of Geochem., Chin. Acad. Sci., Guiyang 550002, China

Abstract. The lowermost Cambrian metalliferous black shales of south-
ern China represent a unique metallogenic province.The shales host
a wide range of world-class synsedimentary metal deposit types.The
diverse metal assemblages in these deposits are best explained by
venting of multiple hydrothermal fluids including reduced H,S-rich
brines, petroleum, and oxidized brines into the basin. Coincident for-
mation of shales that are extraordinarily rich in organic carbon and
metals suggest a rapid increase in bioproductivity and anoxic/dysoxic
conditions during ore formation.We propose that basinal fluids were
the source of biolimiting nutrients that caused eutrophication and
basin-wide anoxia. The dramatic geologic and geochemical changes
in this basin demonstrate the possible impacts of hydrothermal sys-
tems on the generation and sequestration of organic matter, forma-
tion of black metalliferous shales, and chemical changes of seawater.
Keywords. Yangtze, black shales, brine, petroleum, sedex, anoxia, car-
bon, barite, nickel, molybdenum, gold, platinum, phosphate

1 Introduction

The earliest Cambrian black shales of southern China host
a remarkable array of synsedimentary deposits. These
diverse deposit types include sedex Ba, Ni-Mo-PGE-Au,
U, V, Se, Au, Mn, metalliferous black shales, and PO, de-
posits (Coveney et al. 1994). These distinct deposit types
have generally been viewed independently and a variety
of conflicting genetic models have been proposed. Mod-
els call on different metals sources (i.e. hydrothermal, sea-
water, riverine, diagenetic) and depositional mechanisms
(biogenic accumulation, redox changes, sulfide and carbon-
ate generation and precipitation). Yet, these deposits are all
hosted in correlative strata of the same sedimentary basin,
are sometimes interbedded, and occur along the same min-
eralizing trends (Coveney et al. 1994). These spatial and
temporal relationships suggest a common genetic link. The
goal of this paper is to take a holistic view of the lower
Cambrian metallogenesis and explore the possible interre-
lationships of these diverse sediment-hosted deposits.

2 Lower Cambrian geologic setting and
stratigraphy

Neoproterozoic continental rifting formed the large
northeasterly-trending Nanhua rift basin that shaped the
edge of the Yangtze craton (Wang and Li 2003). This rift

basin architecture controlled subsequent upper Neo-
proterozoic and lower Cambrian sediment depositional
patterns (Fig. 1). Platform carbonates covered much
of the Yangtze craton during this time. Outboard, a se-
ries of silled shale basins formed during the sag phase
of the rift (Wang and Li 2003). Deeper parts of these
smaller sub-basins were filled with black shales that were
flanked by shallow water sediments on their margins
(Fig.1). The orientation of these topographic depressions
reflects continued movement along large basement faults
that formed during the main phase of rifting. Metallif-
erous and highly carbonaceous (>10% TOC) shales that
formed in these basins represent the base of the lower-
most Cambrian Niutitang Formation (and correlative
units). This extraordinary black shale province occurs
along the entire southern and northern margins of the
Yangtze craton and covers approximately 1x10® km?
(Wang and Li 1991).
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Figure 1: Simplified upper Neoproterizoic/Lower Cambrian
paleogeographic map of south China (Li,1986, Coveney et al.
1994), showing locations of synsedimentary deposits including
Ni-Mo-PGE-Au, vanadium, and uranium deposits, and stone coal
isopachs (Coveney et al. 1994), barite (Wang and Li 1991: Clark et
al. 2004), phosphate (Li 1986), and Mn (Hein et al. 1999).
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3 Diversity of syn-sedimentary deposit types

The lower Cambrian organic-rich metalliferous black
shales host a series of the world’s largest barite (+ with-
erite) deposits that account for ca. 50% of the world’s barite
production (Clark et al. 2004). Barite is interbedded with
organic- and vanadium-rich shales, phosphate, and Mn
mineralization that are the distal expressions of economic
deposits containing these metals (Coveney et al. 1994;
Clark et al. 2004; Wang and Li 1991). Bioaccumulation of
barite from upwelling of nutrient-rich waters has been
proposed for the formation of these deposits (Jewell, 2000).
However, the deposits display all the geologic character-
istics and radiogenic/stable isotopic compositions of other
Paleozoic barite deposits that are hydrothermal
synsedimentary-exhalative (sedex) in origin (Emsbo and
Johnson 2004; Clark et al. 2004).

The black shales also contain a unique mineraliza-
tion type that is characterized by a sulfide-rich horizon
ranging in thickness from <1 cm to 2 m and can be traced
over the entire 1600 km southern paleocoastline of the
Yangtze craton (Fig. 1). It is yet uncertain if this horizon
is a continuous bed or concentrated around a series of
mineralized centers, but the ore horizon occurs in the
same stratigraphic position and, where exposed, is con-
tinuous for many km’s (Mao et al. 2002; Lehmann et al.
2003; Coveney 2003). The horizon shows elemental abun-
dances reaching the following levels: 20% TOC, 18% Mo,
10% P,04, 8% Ni, 2.5% As, 0.5% Cu, 0.2% Se, 0.15% Sb,
0.2 % Ba, 20 ppm Re, 2 ppm Au, 1.2 ppm Pt, 0.7 ppm Pd,
500 ppm U, 100 ppm Hg, and 20 ppm W. The element
ratios of ore metals vary little in the horizon. The ore
mineralogy is distinctive and includes jordisite (amor-
phous Mo-S-C), pyrite, vaesite, bravoite, minor arsenopy-
rite, chalcopyrite, covellite, sphalerite, millerite,
polydymite, gersdorffite, sulvanite, pentlandite,
tennantite, tiemannite, violarite, and native Au
(Murrowchick et al. 1992; Coveney 1994; Lott et al. 1999).
The horizon also contains clasts of bitumen that are par-
tially replaced by phosphate and sulfide minerals
(Murrowchick et al. 1992; Steiner et al. 2001). These bi-
tumen clasts are interpreted as rounded fragments of
algal material (Murrowchick et al. 1992; Lott et al. 1999)
or as tar clots formed from migrated petroleum gener-
ated by hydrothermal heating of the carbonaceous foot-
wall rocks (Steiner et al. 2001). The remarkable metal
enrichments in this horizon have been variously inter-
preted as being the result of hydrothermal venting of
basinal sedex brines (Coveney et al. 1994; Lott et al. 1999;
Murowchick et al. 1994; Steiner et al. 2001), extraestrial
impact, diagenetic concentration, and synsedimentary
enrichments from seawater (Mao et al. 2002). Opponents
of sedex hydrothermal models have shown that the metal
assemblage is unusual for hydrothermal deposits, has con-
flicting chemical solubilities in a hydrothermal fluid, and

are unzoned within the horizon, which is not typical of
sedex deposits.

Another notable feature of this shale sequence is its
high organic contents. Centers of the shale basins con-
tain highly carbonaceous combustible shales (<35% TOC)
that are up to 40 m thick (Fig. 1). This marine alginite is
locally called a “stone coal” because it is mined as an
energy source (Coveney 1994). Shales are also metallif-
erous and contain 0.1 to 0.3% Mo, 0.05 to 0.2% Ni, and
0.5t0 0.9% V (Emsbo 2004; Steiner et al. 2001). The shale
also locally hosts a series of V, U, Au and Se deposits/oc-
currences that are generally coincident with the
paleobathymetric lows of the shale basins (Fig 1). In ad-
dition, a series of large Mn deposits occur on the margin
of the shale basins (Coveney et al. 1994; Hein et al. 1999).
Finally, phosphate beds are interbedded with all the
above-described mineralization. Where these beds
thicken, they form Chinas largest phosphate deposits.
Many of the phosphate mines also produce Mn and phos-
phate is enriched in most of the metals described above.
In total, these deposits represent one of the largest phos-
phate districts in the world.

Conventional and well-established models call on the
upwelling of nutrient-rich ocean waters into the basin to
form the stone coals, Mn, and phosphate deposits. Intro-
duced nutrients result in an increase in bioproductivity
causes basin-wide anoxia and the formation of black
shales. Metals in the shales, Mn, and phosphate deposits
are thought to be scavenged from seawater through
bioaccumulation, sulfide generation, and by the precipi-
tation of metals at redox fronts (Hein et al. 1999; Jewell
2000; Clark et al. 2004).

4 Diversity of hydrothermal fluids

The occurrence of sedex barite deposits establishes that
the lower Cambrian was a period of intense hydrother-
mal venting along the entire margin of the Yangtze cra-
ton. Their geologic setting in a large intracratonic rift basin
and formation during the sag phase in smaller sub ba-
sins is classic for world-class sedex deposits. The large
size of these barite deposits in the absence of ore-grade
base metals is strong evidence that the ore fluids were
reduced H,S-rich basinal brines (Emsbo 2000; Hofstra and
Emsbo 2004). Small base metal occurrences within the
shale sequence suggest more oxidized basinal brines may
also have vented locally within the basin.

The diversity of metals concentrated in the Ni-Mo-
PGE-Au horizon, however, is inconsistent with forma-
tion from a single hydrothermal brine (Lehman et al.
2003; Hofstra and Emsbo 2004). Petroleum-exhalative or
“petrex” mineralization might explain this unusual metal
assemblage (Emsbo 2004). Our chemical analyses of
modern petroleum and bitumen from over mature res-
ervoirs (Emsbo 2004, Emsbo and Koenig 2005), chemi-
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cal modeling (Hofstra and Emsbo 2004), hydrous pyroly-
sis experiments (Grauch et al. 2004) and analyses of pe-
troleum in modern hydrothermal vents on the seafloor
(Koski et al. 2004) have shown that these metals are all
highly soluble and transported in petroleum. Mass bal-
ance estimates show that amount of metals transported
by large petroleum systems far exceed the amount of
metals in conventional ore deposits and that contained
in the entire modern ocean (Emsbo 2004). Petroleum
discharged into a basin would form a sea-surface slick
and distribute the petroleum over large areas. Its con-
tained metals would be liberated and deposited as the
oil was volatilized, water-washed, oxidized and biode-
graded. This might explain the distribution of the hori-
zon over a large area and the lack of distinct chemical
zoning. Remaining insoluble and difficult to biodegraded
organic compounds (ca. 1-10% of the petroleum) would
coalesce and form clots of bitumen “tar balls” that would
tend to sink as their density increased and as they incor-
porated mineral mater. The bitumen clots that comprise
much of the south China ore horizon and are variably
replaced by pyrite and phosphate support this hypoth-
esis. Moreover, our recent laser ablation ICP-MS analy-
sis of the bitumen confirms it is highly enriched in ore
metals (Emsbo et al. 2004).

Analyses of modern brines and chemical modeling
show Mn concentrations are commonly enriched by an
order of magnitude above other ore metals in both H,S-
rich reduced and oxidized brines (Hofstra and Emsbo
2004). On the seafloor Mn is highly soluble under an-
oxic conditions. Thus any Mn vented into an anoxic ba-
sin would disperse and only precipitate at redox bound-
aries in the basin as MnO and Mn carbonates. Although
phosphate occurs in all deposit types and large phos-
phate accumulations are common in sedex deposits (cf.
Howards Pass, Broken Hill), PO, is relatively insoluble
in oxidized and reduced brines and its solubility in pe-
troleum is not well known (Hofstra and Emsbo 2004). It
is thus uncertain, perhaps unlikely, that a hydrothermal
fluid introduced phosphate.

Modern sedimentary basins invariably contain re-
duced and oxidized brines and petroleum within dif-
ferent reservoirs. Thus, it is reasonable to expect that
all of these fluids would migrate and discharge during
a massive fluid migration event. In fact, evidence of mul-
tiple fluid compositions during the formation of
exhalative deposits are common. The Red Dog deposit
in Alaska, for example, contains one of the worlds
largest barite deposits that likely formed from reduced
brines. Barite is cut by the world’s largest Zn deposit that
undoubtedly formed from oxidized brines (Emsbo 2000;
Johnson et al. 2004). In addition, the S and O isotopic
composition of barite shows compelling evidence for
hydrocarbons venting during barite formation (Johnson
et al. 2004).

5 Link between hydrothermal fluids and marine
chemical and biologic processes

Traditionally, the presence of organic-rich metalliferous black
shales, phosphate, and Mn deposits (and, in some cases, all
the above-described deposits) are explained by coastal upwel-
ling of cold nutrient-rich ocean waters onto the continental
shelf. The increased nutrients in shallow marine environ-
ments are thought to cause, as observed along modern up-
welling coastlines, a surge in bioproductivity and corre-
sponding eutrophication, anoxic/dysoxic conditions, and
sequestration organic carbon. In this model, metal and phos-
phate in the shale are sourced from seawater and accumu-
lated through variety biogenic and chemical mechanisms.

Alternatively, the hydrothermal basinal fluids may have
been the source of nutrients. Brines contain very high concen-
trations of biolimiting nutrient (NH,, reduced C, trace metals,
Ba and Si). Moreover, potentially significant amounts of
nutrients in liquid petroleum and gas (e.g. C, CH,, N, H,S)
may have accompanied brine discharge. Recent estimates
have shown the flux of nutrients in large sedex hydrother-
mal systems can exceed that of the entire modern riverine
flux into the ocean (Emsbo 2004). The immense flux of brines
and petroleum required to form the hydrothermal depos-
its imply a nutrient flux of global proportion. Such a nutrient
flux into a single sedimentary basin would undoubtedly
cause massive increases in primary bioproductivity. Result-
ing eutrophication would establish anoxic conditions and
preserve organic matter. The diversity of hydrothermal fluids
explains the extraordinary metal enrichments in the black
shales. However, the low solubility of phosphate in hydro-
thermal fluids suggests that it was not introduced by the
brines. A plausible phosphate source, other than seawater,
might be remobilization of phosphate adsorbed on detrital
ferric oxyhydroxides as the seas become anoxic.

An appealing aspect of this model is that it explains
the temporal and spatial coincidence of these phenom-
ena. Overall, the enormous flux of biolimiting nutrients
and metals delivered to the ocean by hydrothermal fluids
may have been sufficient to form the metal deposits and
trigger basin-wide anoxia and the associated biologic,and
chemical changes in the sedimentary basin.
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Early-diagenetic sulphides in sediment-hosted
deposits: A textural and geochemical study from
an unmetamorphosed QPC gold placer, Belle-Brook,
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Abstract. In many sediment-hosted ore deposits the timing of
mineralisation and the role of diagenetic, syngenetic and epige-
netic processes in the ore genesis is a contentious issue. Such un-
certainty is inevitable in the absence of well-constrained
unmetamorphosed assemblages.This study shows that fine-grained
early-diagenetic sulphides formed at low temperature in
unmetamorphosed auriferous quartz pebble conglomerates (QPC)
at Belle-Brook in southern New Zealand have a variety of diage-
netic textures and geochemical signatures similar to those attrib-
uted to metamorphic and/or hydrothermal processes in a variety
of giant sediment-hosted ore deposits. Both sedimentary and di-
agenetic processes associated with the QPC at Belle-Brook gold are
relatively well-constrained, and hence the mineralising processes
are more easily understood than those from older sediment-hosted
deposits.

Keywords. Early diagenesis, iron sulphide, marcasite, framboidal py-
rite, quartz pebble conglomerate

1 Introduction

Diagenetic fine-grained (<1 mm) Fe-sulphides are com-
mon and important components of many sediment-hosted
gold and base-metal deposits worldwide: e.g. Witwatersrand,
Mt Isa Inlier - McArthur Basin, Broken Hill, Kupferschiefer,
Viburnum Trend. A central issue regarding the genesis of
many sediment-hosted ore deposits is the timing of ore
mineralisation and the role of diagenetic, syngenetic and
epigenetic processes with regard to the timing of ore
mineralisation (Large et al. 1995; Large et al. 1998;
Oszczepalski 1999; Marshall and Spry 2000; Frimmel and
Minter 2002; Robb 2005). Sulphide mineralisation is par-
ticularly problematic because of the lack of criteria to
distinguish between early-diagenetic textures and those
resulting from regional metamorphism and/or hydrother-
mal mineralisation. For example, recrystallised/annealed
textures and atoll structures in ore sulphides in meta-
morphosed terranes are commonly attributed to meta-
morphism, despite similar textures occurring in sulphides

from unmetamorphosed sediments. Fine-grained diage-
netic sulphides in unmetamorphosed sediments are well
known for their propensity to act as efficient scavengers
of trace metals. However, the extent of remobilisation of
these trace-metals both within sulphides and through
unmetamorphosed sediments is not widely appreciated.
Similarly, sulphide diagenesis has a significant effect on
remobilisation in unmetamorphosed sediments of gold
as indicated by the precipitation of supergene gold and
quartz.

This poster documents a variety of early-diagenetic
sulphide textures that occur at Belle-Brook in eastern
Southland, New Zealand, in an unmetamorphosed Ter-
tiary quartz pebble conglomerate, which may aid the in-
terpretation of similar sulphide textures in older sedi-
ment-hosted deposits.

2 Local geology

Belle-Brook is the site of a small-scale alluvial gold mine
that contains abundant early-diagenetic sulphide miner-
als. The local stratigraphy consists of Miocene - Pliocene
non-marine fluvial to fluvial-deltaic sediments deposited
by a large meandering river system, and preserved in a
basinal setting. The local structure is dominated by a se-
ries of steeply-dipping north to northeast-striking reverse
faults of the Dunsdale Fault System. Belle-Brook is adja-
cent to the downthrown side of one of these major faults.
Cenozoic uplift resulted in local redeposition of variably
quartz-rich QPC during the late Miocene and Pliocene.
At Belle-Brook QPC horizons (75-90 % quartz) within
the broader non-marine fluvial sequence are generally
less that one metre thick.

Detrital and diagenetic sulphide minerals occur in the
QPC at Belle-Brook, which is supported by sulphur iso-
tope data, which range from -45 to +18 per mil (relative
to VCDT). Detrital sulphides are principally euhedral py-
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rite and arsenopyrite (1-4 mm in diameter). Similar grains
are common in the heavy mineral faction of sediments
derived from the Otago Schist. Early-diagenetic sulphides
are less common regionally, and predominantly occur in
localised saturated QPC, as fine-grained framboidal py-
rite and marcasite (< 1 mm in diameter), anhedral lump
marcasite (up to 20 cm in length), with rare euhedral
marcasite and pyrite.

3 Early-diagenetic sulphides
3.1 Morphology

Marcasite is the predominant sulphide mineral in the
heavy mineral faction of the QPC at Belle-Brook. Marca-
site occurs as either fine-grained framboids (< 200 pm in
diameter) or larger-scale aggregated masses of framboids
up to a few centimetres in diameter. Framboidal marca-
site is composed of interpenetrating euhedral marcasite
microcrysts (10-30 pm in diameter). Smaller aligned oc-
tahedral? microcrysts (< 1 pm across) are observed in
the larger microcryst faces where disrupted by dissolu-
tion, producing a ‘wool ball’ texture. Large aggregated
masses in which individual framboids are indistinct are
referred to as lump’ marcasite. These anhedral marcasite
masses are dull grey in colour and up to 20 cm in length.
As well as occurring freely, lump marcasite is commonly
found as an overgrowth on quartz cobbles in outcrop and
on ground surfaces and tailings heaps. In general marca-
site is well-preserved with few alteration products occur-
ring on surfaces. Sulphur isotope values (3*S -12 to -20)
for both framboidal and lump marcasite are consistent
with non-marine bacterial sulphate reduction.

In comparison to framboidal marcasite, framboidal
pyrite is relatively rare. Individual pyrite framboids are
10-40 pm in diameter and composed of densely packed
octahedral microcrysts (1 pm in diameter). Sub-spheri-
cal polyframboidal masses of pyrite are up to 300 pm in
diameter. Framboidal pyrite is typically well-preserved
with few alteration products. Rare euhedral (cubic) py-
rite is found occurring on strongly altered lump marca-
site. Framboidal pyrite is assumed to be diagenetic.

Although uncommon, small striated rhombohedral
crystals (1-5 um across) of authigenic arsenopyrite are
observed along cleavages on parent detrital arsenopyrite
crystals. Scorodite, was not observed on either parent or
the potentially authigenic arsenopyrite crystals.

3.2 Geochemistry

The anhedral lump marcasite contains elevated concen-
trations of Ni (180-20,157 ppm), Co (195-7,010 ppm), As
(219-6,861 ppm) and Cr (34-1,449 ppm), and to a lesser
extent, Zn, Pb, Cu and W. With the possible exception of

rare discrete Ni-Co oxide crystals, these trace elements
are assumed to occur in solid solution. Microprobe analysis
confirms Ni + Co-rich (1-21 wt.% Ni) colloform-style
bands within the marcasite (Falconer 2003; Falconer et
al. in press). Rare oscillatory-zoned As-rich and Ni-rich
marcasite are observed. Bulk trace element data is not
available for framboidal marcasite or euhedral pyrite.
However, Ni-rich colloform-style bands are observed in
framboidal marcasite, and it is probable that trace ele-
ments elevated in lump marcasite, are also elevated in
the framboidal marcasite.

3.3 Texture

In polished section, the marcasite framboids comprise
finely-divided radial marcasite crystals that have concen-
tric colloform-style bands (< 1 pm wide) about the cen-
tre of the framboid. These colloform-style bands are very
subtle under reflected light, but distinctive using the elec-
tron microprobe, and are commonly conspicuously hex-
agonal in appearance.

Lump marcasite exhibits a variety of fine- to coarse-
grained radial, fibrous, lath, bladed, plumose, polygranular,
massive and replacement (i.e. of organic material) tex-
tures, along with a variety of Ni + Co-rich colloform-style
bands. The colloform-style bands are either constrained
within the original individual framboid, or occur over
100’s of microns spanning over many aggregated
framboids. On alarge scale (100’s of microns) fine-grained
radial marcasite is colloform banded, in which the 1-2
pm bands are associated with variably altered Ni-rich
marcasite. Similar to colloform banded marcasite, is con-
centric banded marcasite which is crystallographically
controlled and associated with massive marcasite. A va-
riety of banded textures are inferred to be secondary rather
than primary based on spatial associations, which may
imply remobilisation of solid-solution nickel within the
sulphide lattice. Lump marcasite exhibits a variety of
recrystallisation textures within a single section, ranging
from progressively deformed framboids that aggregate,
and exhibit a straightening of grain boundaries, devel-
opment of 120° triple-junctions, and ultimately, develop
into a massive groundmass.

Diagenetic pyrite and marcasite are rarely observed
together, but where they are pyrite is the earlier of the
two, and generally observed as framboidal pyrite either
surrounded by radial marcasite, or within a massive mar-
casite groundmass. In lump marcasite, atoll (ring) struc-
tures are observed where marcasite replaces framboidal
pyrite within radial marcasite.

Lump marcasite is characterised by ubiquitous frac-
tured, brecciated and disaggregated detrital quartz grains
that feature conspicuous embayments along grain mar-
gins.
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3.4 Pyrite - marcasite association

Where pyrite and marcasite occur together in lump mar-
casite, paragenetic relations indicate that pyrite is a pre-
cursor to marcasite formation. This is consistent with the
observation (SEM) of framboidal pyrite with localised
overgrowths of marcasite crystals. Another interpretation
of this ‘overgrowth’ relationship is a possible transforma-
tion of framboidal pyrite to framboidal marcasite. Two main
observations may indicate this transformation. (1)
polygonisation and recrystallisation of octahedral micro-
crysts in framboidal pyrite into pentagonal or hexagonal
arrays (5-10 pm wide) (2) the development of marcasite
microcrysts in recesses between pyrite framboids that pro-
gressively cover, and, ultimately replace pyrite framboids.
Both of which correspond with the size of marcasite
microcrysts that make up framboidal marcasite.

4 Discussion

Although early-diagenetic sulphide minerals are ubiqui-
tous in sediment-hosted ore deposits, there is little ap-
preciation for their development during early diagenesis.
Sulphide textures are often ascribed to metamorphism
simply because sediments have been deeply buried and
undergone metamorphism. Annealed textures in sulphides
are reported to occur in response to greenschist facies
metamorphism and upwards (Craig and Vokes 1993). In
this study, annealed and recrystallised textures are a char-
acteristic feature of lump marcasite suggesting that fine-
grained framboidal sulphides recrystallise at temperatures
much lower than presently assumed. Similarly, atoll struc-
tures are interpreted to indicate replacement of framboidal
pyrite during metamorphism (England and Ostwald 1993).
Atoll structures are observed in marcasite at Belle-Brook,
indicating that such replacement may also occur at lower
temperatures. Solid state conversion of marcasite to py-
rite is well known and reportedly occurs at 157°C
(Murowchick 1992; Craig and Vokes 1993), but little is
documented about conversion from pyrite to marcasite
as may be indicated by textures from Belle-Brook (Fal-
coner 2003). The implications of such supergene processes
have important economic significance. For example,
rounded porous pyrite with typical marcasite ghost tex-
tures within the Witwatersrand deposit, variously inter-
preted as a replacement of carbonates, evaporates and piso-
lites (England et al. 2003; Phillips and Law 2000) could have
formed from early-diagenetic sulphides. In turn, the stabil-
ity of these sulphides, or lack of stability, is used to help
constrain the state of the Archean atmosphere (Phillips et
al. 2001, Frimmel in press). The ready formation of early-
diagenetic sulphides under oxidising conditions at the sur-
face at Belle-Brook puts into question their use as guides to
establishing palaeoenvironmental conditions.

5 Conclusions

Establishing the genesis of sulphide minerals in sediment-
hosted deposits is essential for establishing the role of
diagenetic, syngenetic or epigenetic processes in relation
to the timing of ore mineralisation and formation of ore
deposits. Young unmetamorphosed sediment-hosted de-
posits such as Belle-Brook provide relatively well-con-
strained examples of the behaviour of early diagenetic
iron sulphides and provide valuable insight into the subtle-
ties of sulphide transformation and behaviour that is usu-
ally obscured by overprinting associated with metamor-
phism and/or hydrothermal processes that accompany ore
mineralisation in the giant sediment-hosted deposits.
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Abstract. Whole-rock analyses of clastic to chemi-cal metasedimentary
rocks of the Rosh Pinah (RP) and Wallekraal Formations of the Port
Nolloth Group, eastern Gariep Belt, provide insights into the prov-
enance and depositional history of the early Rosh Pinah Graben.
The findings of this study propose the following provenance of clas-
tic material:Based on immobile trace elements and REE data, source
terranes for quartzo-feldspathic material could be fractionate I-type
granites such as the Goidab Massif, the Vioolsdrif Granite and gran-
ites of the De Hoop Subgroup, all from the palaeoproterozoic
Richtersveld Terrain (2.0 Ga). Mafic basement material derived from
distal sources such as gabbro and tonalite of the Vioolsdrif Suite
are regarded to have contributed to the occurrence of ferromag-
nesian elements in the argillite. Proximal mafic source rocks are ex-
cluded due to low log (Fe,05/K,0) ratios reflecting strong weath-
ering. RP clastic metasediments have chemical features of passive
margin to active continental margin greywakes, mainly from a felsic
arc source with increasing old sediment component possibly from
a passive continental margin setting. The generally high (La/Th)¢,
ratios of RP metasediments could be explained by detrital input of
rocks from the volcanic Orange River Group, showing calcalkaline
geochemistry (Reid 1997), and from alkali granite and syenite bod-
ies of the Richtersveld Suite (Frimmel et al. 2004).

Keywords. Provenance, geochemistry, metasediments, Rosh Pinah
Zn-Pb-Ag(-Cu-Au), REE, immobile trace elements, passive to active
continental margin source, calcalkaline geochemistry

1 Introduction

Syn-sedimentary stratiform Zn-Pb-Ag(-Cu-Au) sulphide
mineralisation, frequently linked to banded iron formation
of the same area, is developed within the Neoproterozoic
tectono-metamorphic belts of Namibia (e.g. Tsongoari,
Rendezvous, Rosh Pinah).

Economic deposits with and without associated bimo-
dal volcanism in Southwestern Gondwana are found both
in southern Africa and eastern South America. Neopro-
terozoic basin evolution commenced with the break-up
of alate Mesoproterozoic supercontinent resulting in con-
tinental rifting exploited by siliciclastic material (Frimmel
and Jonasson 2003). Coarse clastic basal rift deposits are
followed by a transgressive carbonate-shale succession
representing the transition from early rift to passive con-
tinental margin sedimentation. A regressive sequence is
followed by basin inversion causing post-glacial carbon-
ate and siliciclastic flysch deposits in foredeep positions

(Frimmel and Jonasson 2003). Host rocks to the large
stratiform orebodies at RP are highly silicified black shale
and dolomitised limestone within a major quartzo-felds-
pathic package.

In this study, results of a geochemical and provenance
investigation are reported aiming at characterising and
fingerprinting the variable source of metasedimentary
rocks in the Rosh Pinah district of the eastern Gariep Belt.
These findings may allow a more accurate assessment of
the sedimentary infill potential for zinc, lead, copper and
silver in this region thereby contributing to an improved
understanding of the processes that control the source of
base metal mineralisations.

2 Results of major element, REE and immobile
trace element studies

Compositional data for some 325 samples of unmineralised
argillite, feldspathic sandstone, and carbonaceous sand-
stone show well-defined correlations among major, trace
and rare earth elements (REE, n = 110) that reflect mix-
ing lines between original quartz-rich and clay-rich pre-
cursor sediments. Abundances of ferromagnesian ele-
ments (V, Cr, Sc), high field strength elements (Ti, Th, Nb,
Ta) and REE (La to Lu) are highest in fine-grained argil-
lites. Sample groups are distinguished on the basis of to-
tal REE contents versus (La/Yb).y ratios, and on La/Th
ratios and Fe,0,€ content. The groups appear to be inde-
pendent of sedimentary sorting and are interpreted to
reflect different source terranes. The dominant siliciclastic
rocks in the Rosh Pinah and northern adjacent area con-
sist of metamorphosed arkoses, subarkoses, wackes, shales,
and minor (sub-)litharenites (Fig. 1) as supported by a
classification scheme of terrigenous sandstones and shales
after Herron (1988). Due to intermediate to low log (SiO,/
Al,O;) values, sediments are regarded as relatively ma-
ture, and strongly weathered as shown in their predomi-
nantly low log (Fe,0,/K,0) ratios reflecting a feldspar
dominance over ferromagnesian minerals. Rare earth el-
ement patterns of all samples are also similar to the pat-
tern of upper crust with light rare earth enrichment, pro-
nounced negative Eu anomalies and relatively flat heavy
rare earth patterns (Fig. 2). The majority of the samples
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Figure 1: Rosh Pinah metasediment compositions in the classification scheme of terrigenous sandstones and shales using
log(Fe;03/K;0) vs. 1og(Si02/Al,03) by Herron (1988) after Pettijohn et al. (1972).
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Figure 2: Chondrite-normalised rare earth element pattern of
argillaceous to quartzo-feldspathic arenites in the Rosh Pinah
District.

are characterised by moderate to steep REE slopes, high
La/Ta ratios and weakly elevated Th and U concentra-
tions.

3 Provenance of Rosh Pinah metasediments -
insights from REE and trace element data

(La/Th) ¢y ratios as used by (Slack and Hoy 2000) show
moderate to very high values (3,04 to 21,8) for Rosh Pinah
metasediments suggesting derivation largely from calc-
alcalic igneous or metaigneous rocks. Elevated Fe,0,¢
(non-sulphide total iron, > 2.5%) relative to SiO, for ap-
proximately half of the samples and generally high (La/
Th)y ratios (approx. 7 to 14,09) record erosion of a mixed
provenance comprised of evolved metagranitic rocks with
a small fraction of iron-rich detritus believed to be de-
rived from magnetite or hematite iron formations. Rosh

1,59 and trace element characteristics that are consistent
with upper crustal derivation. Trace element patterns point
to a decreasing to absent juvenile contribution. This trend
is indicated by smaller negative Eu anomalies, less marked
high field strength depletion, less variation in Th/Sc ra-
tios with values >1. RP metasediments are characterised
by acidic arc signatures, with La/Th ratios close to the
field of upper continental crust (Fig. 3).

The findings of this study propose the following prov-
enance of clastic material: RP metasediments can be dis-
criminated in their tectonic setting, due to their variabil-
ity in their TiO,, Al,05/SiO, and Fe,0; + MgO contents
(Bathia 1983). Most samples show chemical characteris-
tics of passive continental margin sediments. RP samples
can be attributed to a predominantly quartzose sedimen-
tary provenance, distinguished by discriminant functions
after Roser and Korsch (1988), which are based on the
raw oxides of TiO,, Fe,0;, Mg0, Na,O and K,O and their
ratios to Al,O; respectively.

Most RP metasediments have too high La contents for
a contribution from active to passive margin sediments
according to Bathia and Crook (1986) but plot in or near
the field of continental arcs (Fig. 3). On a log basis, data
from these elements suggest for the metasediments both
an Archean and a Post-Archean provenance based on their
generally high Th and La contents (Taylor and McLennan
1985) (Fig. 4). All samples have low Cr and Sc, but high
Co contents, and nearly all have high Th/Sc ratios (>0,6),
precluding a significant component eroded from mafic
or ultramafic rocks. Most samples plot in the field of con-
tinental arc sediments with a minor overlap into fields
for active continental and passive margin sediments on a
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Figure 3: Rosh Pinah metasediments in the La-Th diagram of
Bhatia and Crook (1986). UCC = average upper continental crust
(Taylor and McLennan 1985); I, S, and A = average I, S, and A-
type granites of White and Chappell (1983); BH = average Broken
Hill (Australia) clastic metasedimentary rock (Slack and Stevens 1994)
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Figure 4: Hf vs. La/Th diagram of Floyd and Leveridge (1987)
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Figure 5: La vs. Th diagram (Taylor and Mc Lennan 1985).

La/Sc vs. Ti/Zr diagram (Bhatia and Crook 1986). Results
from Hf and La/Th plot (Floyd and Leveridge 1987) sug-
gest mainly a felsic arc source with increasing old sedi-
ment component possibly from a passive margin source
and little input from a andesitic to no input from tholei-
itic ocean island (Fig. 5). Immobile trace elements and
REE used for evaluation of granitic source rocks attribute
most RP metasediments to the field of fractionated I-type
granitoids, some to A-type granitoids and I-, S- and M-
type granitoids. Based on the isotopic composition of ore
lead showing elevated 2”Pb/?*Pb ratios, Frimmel et al.
(2004) suggest an Eburnean (ca. 2.0 Ga) volcanic arc ma-
terial to provide the main sediment source for the
metasedimentary siliciclastic host by erosion. The former
is best preserved in the Richtersveld Terrane, that repre-
sents the largest volume of post-Archaean juvenile crust
in southern Africa.

4 Palaeotectonic settings of the eastern Gariep Belt

Palaeotectonic settings of Gariep Belt metasediments at
RP are evaluated using discriminant diagrams based on
data for relatively immobile trace elements and REE
(Bhatia and Crook 1986) in the following way:
Diagrams using La-Th-Sc and Th-Sc-Zr/10 show
argillaceous, carbonaceous and ferruginous RP clastic
sediments with chemical features of passive margin to
active continental margin greywakes. Samples of the RP
and Wallekraal Formations show considerable scatter on
a La-Th plot largely falling outside the fields for conti-
nental arcs and active and passive margins. Immobile trace
elements and REE data point towards fractionate I-type
granites such as Goidab Massif, Vioolsdrif Granite and
De Hoop Subgroup to be source terranes for quartz and
feldspar-rich basal rift deposits. Mafic basement mate-
rial could be involved in forming a transgressive shale
succession. It could derive from distal sources such as
gabbro and tonalite of the Vioolsdrif Suite as evidenced
in the occurrence of ferromagnesian elements in the argil-
lite. RP clastic metasediments have chemical features of
passive margin to active continental margin greywakes,
mainly from a felsic arc source with increasing old sedi-
ment component possibly from a passive margin source.
The intrusive bodies of the Bushmanland and Kakamas
Terranes to the south and north (Frimmel et al. 2004)
could represent sources of evolved metagranitic rocks,
possibly with a small fraction of iron-rich detritus hav-
ing derived from magnetite or hematite iron formations
such as the older diamictite deposited in the immature
continental rift of the Gariep Belt. A subsequent major
regressive sequence is followed by set in of basin inver-
sion, post-glacial carbonate and siliciclastic flysch deposits
in foredeep positions. Proximal mafic source rocks are
excluded due to low log (Fe,0,/K,0) ratios reflecting
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strong weathering and therefore small amount of ferro-
magnesian minerals. RP type mineralisation is confined
to a narrow failed-rift graben. Massive sulphide precipi-
tation took place during eustatic sea-level drop, trigger-
ing starvation of the Rosh Pinah Graben. The availability
of a fertile basement or clastic derivatives from it are re-
garded as local control for provision of dissolved iron
(Frimmel and Jonasson 2003). The generally high
(La/Th)y ratios of RP metasediments could be explained
by detrital input of rocks from the volcanic Orange River
Group and from alkali granite and syenite bodies of the
Richtersveld Suite.
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Abstract. Iron oxide-copper-gold (IOCG) minera-lization occurs within
and peripheral to a large-scale Proterozoic breccia system known
as Wernecke Breccia.The breccia and related mineralization appear
to have formed, independent of a magmatic cycle, during the ex-
pansion of over-pressured, hot, highly saline, basinal fluids into weak
and/or permeable regions of the strata during the temporal evolu-
tion of the Wernecke Basin. The mineralization contains abundant
magnetite and hematite and is similar to typical IOCG deposits.
However, the formation of the Wernecke Breccia IOCG system in a
thick evaporite-bearing sedimentary package also has similarities
to the formation of sediment-hosted copper deposits such as those
in the Mount Isa area and the Zambian copper belt.

Keywords. Wernecke Breccia, iron oxide-coppergold, IOCG, Yukon

1 Introduction

Iron oxide-copper-gold (I0CG) mineralization and ex-
tensive metasomatic alteration are associated with an Early
to mid-Proterozoic breccia system known as Wernecke
Breccia that extends over several hundred kilometres in
the north central part of the Yukon Territory, Canada (Fig.
1; cf. Bell 1986; Thorkelson 2000). Present genetic models
for IOCG systems invoke the involvement of magmatism
as a source of fluids and/or as a source of heat to drive
fluid circulation (cf. Hitzman et al. 1992; Pollard 2000, 2001;
Barton and Johnson 1996,2000). New data from Wernecke
Breccia indicate IOCG mineralization can form in a non-
magmatic environment as a result of the evolution of ba-
sinal brines.

2 Geological framework of the Wernecke breccia
10CG system

Wernecke Breccia occurs in areas underlain by the
Wernecke Supergroup (WSG) an approximately 13
kilometre-thick package of Early Proterozoic, dominantly
marine, fine-grained sedimentary rocks and carbonates
that were deposited as two clastic to carbonate grand cycles
(Delaney 1981; Thorkelson 2000). Small Early Protero-
zoic (ca. 1710 Ma) igneous bodies known as the Bonnet

Plume River Intrusions (BPRI) cross-cut WSG strata and
are spatially associated with Wernecke Breccia (cf.
Thorkelson et al. 2001 a, b). Rare subaerial volcanic rocks,
known as the Slab volcanics, occur in the eastern part of
the study area (ibid).

Strata of the WSG were deformed and metamorphosed
to greenschist grade during the Racklan Orogeny, a pe-
riod of pre-1600 Ma contractional deformation (cf.
Thorkelson 2000; Thorkelson et al. 2001b; Brideau et al.
2002). The timing of BPRI and Slab volcanics relative to
Racklan deformation is uncertain (ibid).

3 Wernecke breccia and 10CG mineralization
3.1 Wernecke breccia

Bodies of Wernecke Breccia occur in weak and/or per-
meable regions (e.g. fold hinges, shear zones, permeable
strata) throughout the WSG but are most abundant in
the lower part of the stratigraphy (Delaney 1981; Lane
1990) where there is a transition from evaporite-bearing
calcareous metasedimentary rocks to overlying carbon-
aceous shale (Hunt et al. 2005). The breccia bodies range
from a few centimetres to several kilometres across and
vary from clast- to matrix-supported. Clasts within the
breccia were locally derived from proximal host rocks and
range from < 1 centimetre to several hundred metres
across (cf. Thorkelson 2000; Hunt et al. 2005). Early phases
of breccia are preserved as clasts within later breccia.
Matrix to the breccia is made up of rock fragments and
hydrothermal precipitates consisting largely of feldspar
(albite and/or potassium feldspar), carbonate (calcite, or
dolomite/ankerite, locally siderite) and quartz.

3.2 Mineralization and alteration

IOCG mineralization made up dominantly of magnetite,
hematite and chalcopyrite occurs as multiple episodes of
veining and disseminations within and peripheral to
Wernecke Breccia (cf. Bell 1986; Thorkelson 2000; Hunt



128

Julie A. Hunt - Timothy Baker - David Gillen - Derek J. Thorkelson

Early Proterozoic

|:| Wernecke Supergroup
Y k
l:l ounger rocks " e

* Wernecke Breccia :

il(" Wernecke Breccia body
included in this study
T Selected Faults

@ Village 138°

® N\avo
136° Y

Figure 1: Location of Wernecke Breccia, distribution of Wernecke Supergroup and location of IOCG prospects included in this study

(modified from Thorkelson 2000).

et al. 2005). Sodic and/or potassic metasomatic alteration
extends tens to hundreds of metres away from the brec-
cia and is overprinted by widespread carbonate alteration.

4 Formation of Wernecke breccia

Wernecke Breccia was produced in WSG sediments that:
1) had undergone diagenesis and compaction; partial dis-
solution of evaporites during these processes would have
caused disruption of intercalated and overlying sediments
and led to the formation of solution breccias; 2) had been
affected by syn-depositional faulting; 3) had been intruded
by BPRI; 4) had reached elevated temperatures due to
burial and metamorphism and 5) had been affected by at
least one phase of metamorphism (Thorkelson 2000; Hunt
et al. 2005).

Fluid inclusion and isotopic data indicate breccia-form-
ing/mineralizing fluids were largely basinal in origin (Hunt

2004; Hunt et al. 2005). The lack of an obvious major in-
trusive heat sourcec suggests fluid circulation may have
been driven by tectonic, gravity and/or density processes.
Thus, in contrast to other IOCG systems where magmatism
plays a significant role, the formation of the Wernecke
Breccia IOCG system appears to be related to the tempo-
ral evolution of the Wernecke basin and to be indepen-
dent of a magmatic cycle.

Wernecke Breccia mineralization contains abundant
low TiO, iron oxides and is therefore similar to deposits
in the IOCG class (cf. Hitzman et al. 1992). However, the
formation of the Wernecke Breccia IOCG system by basi-
nal fluids derived from a thick, evaporite-bearing sedi-
mentary sequence, independent of a magmatic cycle, also
bears many similarities to sediment-hosted copper de-
posits such as those in the Zambian Copper Belt and the
Mount Isa district (Australia) that were formed during
the evolution of the host sedimentary basins.
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Figure 2: Photographs of Wernecke Breccia: a) typical breccia and b) mineralized breccia with chalcopyrite matrix.
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Abstract. Lithostratigraphically controlled replace-ment mineraliza-
tion in the South Pennine Orefield, UK, has been studied to ascer-
tain the petrophysical characteristics of receptive horizons. These
exhibit significantly different pore parameters but mineralization
is more directly controlled by the presence of hydrophobic, low solu-
bility and low porosity horizons that create ‘intracarbonate ponding
surfaces’ on which downward fluid movement is retarded and flu-
ids focussed along the upper interface. For deposit formation a
strong contrast is required with the overlying units so that the en-
hanced fluid flow and residence time can initiate and propagate
replacement. The mechanical properties of the overlying units are
also important. This represents a new conceptual approach to de-
fining receptivity and for the first time allows receptive units to be
identified by their essential and measurable petrophysical signa-
tures. These techniques are already being used in an on-going ex-
ploration programme.

Keywords. Replacement mineralisation, petrophysics, MVT deposits,
receptivity, carbonate hosted, fluorite, South Pennine Orefield, UK

1 Introduction

The fluorite-barite deposits in the South Pennine Orefield,
UK are found in a well-explored MVT district within the
central and northern Pennine Hills. They are hosted by
Carboniferous Limestone, capped by Namurian Shale, with
the limestones being sporadically interbedded with tuff
and lava horizons (Aitkenhead et. al. 1985). The South
Pennine Orefield is an exhumed carbonate platform with
and lagoonal to reef facies transitions are observed par-
ticularly around the northern and eastern outcrop of the
limestone. Mineralisation is concentrated on the eastern
edge of the platform.

The area has a long history of working with the ga-
lena content of the vein and replacement mineralization
being exploited for lead since probably the Roman times.
Current working is for fluorite and barite, with minor,
galena and aggregates as by-products. Over the last 50
years working has focussed on the major vein systems
and these have been extensively mined both on surface
and in underground mining operations. As these high-
grade deposits have become depleted, and world prices
for fluorite declined due to strong international compe-
tition, there is greater need to discover large, economic,
near-surface deposits amenable to open pit extraction.
The replacement mineralisation associated with the vein
systems includes bedding replacements, breccia domes

and ‘pipe complexes’ or mantos (Butcher and Hedges
1987; Jeffrey 1997). These have often been discovered for-
tuitously, and represent some of the largest ore bodies
exploited to date (e.g. Masson, Dirtlow Rake etc). Their
distribution is irregular and has hitherto been unpre-
dictable. The traditional structurally controlled settings
have already largely been examined and deposits worked.
There are however a number of large deposits that are
found without such structural control where lithostrati-
graphic factors appear to dominate. This replacement
mineralization has been reported as occurring mainly
within units dominated by coarse crinoidal limestone
and only rarely found in the darker fine-grained facies
(Stevenson and Gaunt 1971).

The literature on MVT deposits and other lithostrati-
graphically controlled carbonate deposits frequently re-
fers to horizons that preferentially host the mineraliza-
tion as being receptive or replacive. This observation is
however usually justified in terms of general comments
on its probable higher porosity or permeability as the
controlling factor. Joint density has also been suggested
in some cases. The nature of what actually controls re-
ceptivity is however almost never identified.

The study reported here involved the use of simple
petrophysical and microstructural techniques to exam-
ine the stratigraphic section through the limestones in
an area well known for its replacement deposits. The min-
eralization in the Castleton study has been studied for
over 20 years and the units that preferentially hosted de-
posits have been identified. The samples from each ho-
rizon could therefore be designated replacive or non-
replacive and any systematic differences identified.

The original hypothesis was that the organic matter
that caused the darker colour in some units might play
a role in mediating reactions between the limestone
and hydrothermal fluids responsible for the miner-
alization. Fortunately the limestones have not undergone
significant diagenetic, metamorphic or structural
modification since the mineralising events and so the
limestones examined now are very similar to those
encountered by the hydrothermal fluids (Walkden and
Williams 1991).

The techniques included wettability, mercury intru-
sion porosimetry, nitrogen adsorption surface area, dis-
solution rate, and major oxide chemistry.
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2 Sampling

Samples were taken from each lithostratigraphic unit in
the large Hope Cement works quarry (Fig. 1) that exposes
a 160m vertical section of limestones representing almost
the full section of the uppermost Dinantian Limestones
that host mineralization. Sampling was undertaken close
enough to the mineralization to minimise the potential
for significant lateral facies variation but sufficiently dis-
tant to avoid test results reflecting alteration associated
with the mineralization itself. Each sample was
characterised by the suite of tests described above and
the preferentially mineralised horizons highlighted. The
fluorite-barite replacement mineralization comprised a
series of flattened domal structures restricted to a few
horizons. The margins of the mineralization showed pref-
erential replacement in some individual beds, replace-
ment fronts with the limestone host rocks and variable
silicification. The centre of the mineralised bodies is fre-
quently brecciated and contained abundant clay.

3 Results

The graphs in Figure 2 indicate the responses three of
the tests. It is clear that the upper mineralised zone and
specifically the most intensely mineralised units are lo-
cated at a critical interface associated with the least wet-
table horizon in the succession. This unit is also the least
soluble and has a very low surface area. The geometry of
the replacement mineralization in this zone clearly indi-
cates that it was initiated on the upper surface of this unit
but subsequently developed in the units above it and to a
much lesser extent in one unit below.

The unit immediately above the interface is extremely
wettable, more soluble and has high surface area. Other
units in the mineralised zone share some of these at-
tributes. The mineralised zone is floored by the next hy-

Figure 1: Oblique air photo of the Hope Cement Works Quarry
looking west, in August 2003. Mineralisation is found at two levels
in the main faces.

drophobic and low solubility unit down from the initia-
tion horizon. The lower mineralised zone does not show
such interface control but is located mainly within the
most soluble carbonate unit within the succession.

4 Model

The original floor of the upper mineralised horizon has a
characteristic signature with a highly hydrophobic,low sur-
face area,and low dissolution rate. A highly contrasting easily
wetted, high surface area, porous and soluble unit, overlies
this. The interface between was the loci for the mineraliza-
tion and focussed the fluids for replacement to be initiated
in the overlying unit. The thinly bedded nature of these
provided easy upward stoping as the replacement and as-
sociate dissolution selected some thin beds and destabilised
others leading to breccia formation and in-fill of the
mineralised zone. As the mineralization developed the re-
sistant, hydrophobic low solubility, footwall was breached
and replacement permeated down until the next hydropho-
bic, and resistant unit was encountered. This represents a
‘secondary floor’ and formed the final base of the deposits.

The hydrophobic units therefore forms an ‘intra-car-
bonate ponding surface’ but the mineralization appears
to require a strong contrast such that the units above are
hydrophilic and porous enough to accept the fluids fo-
cussed by the unit beneath.

The mineralization also exploits the most highly soluble
units in the succession although these are certainly not
the most pure and the relationship of chemical purity,
microstructure and mineral composition to this dissolu-
tion rate is still under investigation. Identification of car-
bonate units with these ‘fingerprints’ allows receptive pack-
ages of limestone stratigraphy to be identified and tar-
geted. Combining this with information on regional fluid
flow pathways and local structural controls allows explo-
ration targets to be defined. Predictive exploration for
these previously difficult to locate deposits has become
possible and is underway.

5 Conclusions

This represents a new conceptual method for identifying
horizons and lithofacies that have enhanced potential for
hosting mineralization. It identifies in this setting for the
first time the critical combination of petrophysically dis-
tinct units needed to locate mineralization in carbonate
sequences devoid of the usual gross lithological or struc-
tural controls. The concept of intracarbonate ponding
surfaces based on wettability, porosity and surface area
characteristics is already being used for exploration within
the orefield and has led to wider understanding of the
localising factors and controls on a number of the other
orebodies in the area.
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Figure 2: Results of wettability, dissolution rate and nitrogen adsorption surface area analysis for the stratigraphic succession in which

the lithostratigraphically controlled fluorite-barite deposits are located. Limestone units -light grey, Upper and lower replacive zones in

mid grey, main mineral hosting units in the upper replacive horizon detailed in black.
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Geological and economic conditions of the Gar iron
ore deposit development (Amur region, Russia)
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Abstract. The Russian Far Eastern territory con-tains more than 10000
million tones (mt) of unexploited iron ore.The Gar deposit contains
reserves of 388 mt at a cutoff grade of 40% (iron oxide) and proven
and probable reserves of 600 mt. Ores are amenable to coke-free
metallurgy.Technological testing by an electro-metallurgical method
produced high quality. Availability of cheap power in the area and
its proximity to North East Asia suggests that the Gar deposit may
be economically favorable to develop.

Keywords. Amur region, iron ore deposit, prospected reserves, capi-
tal expenses

1 Introduction

The Gar iron deposit is located in the Amur Region of
Russia. The deposit is located 140 km to the northeast of
town Svobodnii and 80 - 90 km from the BAM and
Shimanovsk - Chagoian railway. The proximity of the
Amur Region to the developing market of North East Asia
suggests it may be economically favorable to mine
(Kichanova 2003).

2 Geology of the Gar deposit

Ore in the Gar deposits is hosted in a metavolcanic-
metasedimentary sequence that is intruded by Protero-
zoic and early Paleozoic gabbros and granites (Zimin
1985). The deposit occurs over and area of 1.5 by 4 km in
the core of syncline that strikes northeast (Gar syncline),
and is cut northwest striking faults (Figs. 1 and 2).

A total of 56 stratiform ore zones with the thickness
between 2 to 49 m and length between 80 and 500 m have
been defined by 500 m-deep drill holes.

3 Chemical composition of the ore

High grade magnetite ore account for 37 % of the ore
reserves and averages (in%): Fe - 55.68; FeO - 22.22; SiO,
- 10.65; TiO, - 0.34; K,0 - 0.10; Na,0 - 1.48; AL,O, - 2.77;
CaO - 5.63; MgO - 1.70; MnO - 0.31; S - 1.02; P - 0.18;
H,O0 - 0.12. About 54% of high-grade ores are low phos-
phate and contain PO, - 0,08% and S - 1.68%. Phospho-
rus correlates with apatite, brimstone with sulfides. Chemi-
cal composition of middle-grade ores that account for
63% of the reserves average (in %) : Fe — 32.64; FeO -
13.74; Si0, - 24.67; TiO, - 0.39; K,0 - 0.36; Na,O - 1.22;
AlL,O; -6.66; CaO - 10.98; MgO - 2.73; MnO - 0.35; S -
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Figure 1: Geological map of the Gar Fe deposit (Vasiliev et al.
2000). 1. Proterozoic chlorite-albite schist. 2. Ore bearing strata:
albite, amphibole-albite and amphibole schist. 3. Marbles. 4.
Magnetic iron ore. 5. Gabbro intrusion. 6. Granite stock. 7.
Garnet-pyroxene and pyroxene skarns 8. Skarn. 9. Fault zone.
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Figure 2: Geological cross section of the Gar Fe deposit. (Vasiliev et
al. 2000)

1.99; P - 0.22; H,0 -0.22. Main ore minerals are magne-
tite, mushketovite, maghematite, ferric oxide. Ores com-
monly contain pyrite, chalcopyrite, sphalerite, galena,
bornite, covelite, chalcocite, pyrrhotite, molybdenite, and
malachite. Trace element analyses of 39 samples indicate
Au of up to 1.6 g/t; Cu - up to 0.77%, Mo - up to 0.01% (in
quartz-spurs up to 0.72%), Co - 0.01%, Ni - 0.02%, Mg -
up to 1.16%, chromium pentoxide - up to 0.03%, vana-
dium pentoxide - 0.01%.

Technological tests made by the plant “Sibelectrostal”
indicate that the high quality concentrate contained Fe, -
69.6%. silica - 1.68%, phosphorus - 0.02%, brimstone -
0.07%. The rich ores with low content of phosphorous

with low brimstone does not require enrichments and
can be used for melting conversion pig irons or repro-
cessing by the strait deoxidation method to obtain high
quality steels by the electrometallurgical method.

4 Mining

A previous resource estimate indicates that open-cut min-
ing is possible to a depth of 435 meters and reserves of
388.8 mt at Fe - 41.7%, PO, - 0.21% and S - 1.13%. The
inclusion of possible ore indicates that the Gar deposit could
contain up to 600 mt (Zimin and Konoplev 1989). The
Selemdginsky iron-ore region, to which the Gar deposit re-
lated, contains four other deposits including the
Selemdzhinsky, Glybokinsky, Aldikonsky and Shimanovsky.
Vasiljev et al. (2000) estimated 2590 mt combined reserves.

A sympathetic federal and regional mining climate,
favorable tax situation, cheep labor costs, availability of
cheep power, and location near emerging markets in
North East Asia suggest the Gar deposit might be favor-
able to mine.
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Abstract. Post-Variscan Zn, Pb, Cu vein minera-lisation occurs within
the Lower Carboniferous siliciclastic rocks at the eastern border of
the Bohemian Massif. Saddle dolomites are associated with this vein
mineralisation and indicate a NW-SE oriented fluid flow through the
Palaeozoic rocks. The major control on this fluid flow pattern is ex-
erted by faults. Eutectic temperature and crush-leach analyses indi-
cate H,0-NaCl-CaCl, type of basinal brines. Homogenization tem-
peratures regionally decrease from 147° to 80°C and salinities from
26.5 to 17 wt.% eq.NaCl.Temperatures correlate well with an increase
of 880 values from 15.5 to 22.5%o SMOW and &'C values from -5.6
1o -3.1%o PDB.

Keywords. Bohemian Massif, dolomite, stable isotopes, fluid inclu-
sions, crush-leach analyses

1 Introduction

Post-Variscan vein mineralisation occurs in Devonian and
Carboniferous rocks at the eastern border of the Bohemian
Massif. In the larger region, post-Variscan hydrothermal ac-
tivity also includes large Mississippi Valley-type deposits in
Poland (Silesia-Cracow Zn-Pb district). This paper discusses
small Zn, Pb, Cu occurrences which are hosted by siliciclastic
Lower Carboniferous rocks of the Nizky Jesenik Upland
(Losert 1957). The aim of this study is determine the origin
and possible migration paths of the mineralising fluids.

2 Geological setting

The Nizky Jesenik Upland is situated at the eastern border
of the Bohemian Massif. This area represents the eastern
part of the European Rhenohercynicum zone. Lower Car-
boniferous greywackes, siltstones, shales and conglomer-
ates of the Moravice and Hradec-kyjovice formations
(Kumpera 1983) are typical host-rocks of the mineralisation.
The basement mainly consists of Devonian limestones and
the Proterozoic Brunovistulicum unit, containing mag-
matic and metamorphic rocks (Dudek 1980). This
autochtonous sequence has been overthrusted from the
east by the West Carpathian units of Alpine age.

3 Stable isotope study

The regional trend of the isotope compositions shows an
increase of the 8'0 values from E to W and NW, from
15.5 to 22.5%0 SMOW. The same trend is documented for
813C values which range from -5.6 to -3.1%o PDB (Fig. 2).
This trend corresponds with a decrease of the homog-
enization temperatures. Taking into account the homog-
enization temperatures (see below), calculated isotopic
are between +0.4 and +3.6%0 SMOW.

4  Fluid inclusion study
4.1 Microthermometry

Microthermometric measurements have been performed
on 361 inclusions in saddle dolomite from seven locali-
ties. In saddle dolomite, small (1-4m) two-phase (L+V)
primary fluid inclusions were analysed. Homogenization
temperatures (Th) range from 64° to 147°C and final melt-
ing temperature from -13.1° to -29.6°C (Tab. 1). Calcu-

- . T
Lower Carboniferous siliciclastics rocks

of the Nizky Jesenik Upla

N

Figure 1: Position of studied localities on the eastern margin of the
Bohemian Massif.
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Figure 2: Oxygen and carbon isotopic composition of saddle
dolomites. Lower Carboniferous, Nizky Jesenik Upland.

Table 1: Microthermometric data of saddle dolomites

Locality Th °C (mean value) Tm °C (mean value)
Hrabuvka 120.5 to 147.5 (133.3)  -23.0 to -27.1 (-24.0)
Nejdek 114.2 to 141.3 (129.5)  -23.2to -25.1 (-24.3)
Odry 83.3t0 138.0 (120.8)  -18.0 to -26.8 (-24.7)
Jakubcovice 104.4 to 124.4 (116.2)  -19.2 to -29.6 (-23.7)
Kajlovec 75.3 t0 120.9 (103.2) -16.9 to -26.9 (-23.0)
Stard Ves 63.5 to 113.8 (96.2) -13.1 to -22.8 (-17.2)
Bohucovice 73.0 to 98.0 (88.0) -20.1 to -25.5 (-24.0)

lated salinities after Oakes et al. (1990) range from 17.0
to 26.5 wt.% eq. NaCl. Eutectic temperatures within the
range from -43.7° to -52°C represent the H,0-NaCl-CaCl,
type of enclosed fluids. It was not possible to measure
the final melting temperature of hydrohalite due to the
small size of the inclusions. Th regionally decreases from
E to W and NW. This trend correlates well with the slow
decrease of the salinity of the fluid inclusions in the do-
lomites (Fig. 3).

4.2 Crush-leach analyses

Eight dolomite samples have been analysed for the Na,
CL K, Li, Brand F content in their fluid inclusions by crush-
leach analyses. Density calculations of fluid inclusions were
carried out using the programme BULK of Bakker (2003).
Molar ratios of Cl/Na range from 1.5 to 1.8, Cl/Br ratios
vary between 210 and 269. Total dissolved solids range
from 196 to 268 g/l. These values could represent saline
brines. The relative concentrations of potassium (K/Cl
molar ratio between 0.0148 and 0.0409) and lithium (Li/
Cl molar ratio between 0.0009 and 0.0028) further indi-
cate that the fluids interacted with siliciclastic rocks
(mainly illitisation; Fig. 4). Na/Br, CI/Br and Na/Cl ratios

-5

\_;Sjar-‘\ Ves
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Tm (°C)

Hrabuvka
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Figure 3: Th - Tm plot from mainly primary fluid inclusions in
saddle dolomites. Lower Carboniferous, Nizky Jesenik Upland.

suggest a major contribution of an evaporitic brine as a
source for the high salinity. A log Br vs. log CI plot for
these samples shows that the most dolomites plot near
the seawater evaporation trajectory (McCaffrey et al. 1987;
Fig. 5). However, in detail a linear trend can be observed.
This could reflect mixing between a bittern brine and a
lower salinity fluid.

5 Discussion and conclusion

Eutectic temperature determinations and crush-leach
analyses from fluid inclusions in saddle dolomites indi-
cate the presence of H,0-NaCl-CaCl, type of basinal
brines. These brines were migrated through siliciclastic
rocks of Early Carboniferous age. The main migration
pathways for hydrothermal fluids were NW-SE and prob-
ably NE-SW faults. The fluid transport towards the NE
correlates with a decrease of the homogenization tem-
perature in fluid inclusions and an increase of oxygen
isotopic values in dolomites as documented Rye and Wil-
liams (1981) from deposit McArthur River in Australia.
The subbdued slope of concordant dolomite line (Fig. 2)
vs. the theoretical dolomite-fluid fractionation curve (Rye
and Williams 1981) is apparently caused by the interac-
tion with the organic matter. Decreasing of temperature
correponds with concommitant decreasing fluid salini-
ties (Fig. 3) and larger interaction with surrounding rocks,
e.g. illitisation (Fig. 4). Also important is the decrease of
the Br and Cl content with salinity (Fig. 5). Dolomite from
Stard Ves, which is not situated near a fault shows a mix-
ing with a los salinity water. The trend of mixing with a
low salinity waters is absent in the other localities.
Microthermometric and crush-leach analyses of fluid in-
clusions are very similar with those of the Silesia-Cracow
MVT district. Low temperature and high saline fluids are
probably adherent to same fluid flow along NW-SE and
NE-SW faults. Mineralising fluids could have been driven
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Figure 4: Cl/Br versus K/Cl plot of saddle dolomites. Symbols as in
Fig. 2. SET = Seawater Evaporation Trajectory (data after
McCaffrey et al. 1987).

by a dilatational pump mechanism (Heijlen et al. 2003),
or gravity-driven flow model (Leach et al. 1996). The age
of this mineralisation is dated to the Early Cretaceous
(Heijlen et al. 2003) or Middle Tertiary (Symons et al. 1995;
Leach et al. 1996).
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Origin and significance of calcite-marcasite-pyrite
mineralisation in siliciclastic Lower Carboniferous rocks,
eastern margin of the Bohemian Massif, Czech Republic
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Abstract. Field and petrographic observations co-mbined with fluid
inclusion measurements, geochemical data, and stable and radio-
genic isotope results place important constraints on the genesis of
calcite-marcasite-pyrite veinlets located in the Lower Carbonifer-
ous siliciclastic rocks of the Nizky Jesenik Upland. These data sug-
gest that the veinlets formed from hydrothermal fluids derived from
marine water that migrated, along with petroleum, out of the
Carpathian Foredeep in Miocene time.
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1 Introduction

Calcite-marcasite-pyrite veinlets (CMPVs) are located in
the Lower Carboniferous siliciclastic rocks of the Nizky
Jesenik Upland at the eastern border of the Bohemian
Massif, and they were studied in the Jakubcovice and
Hrabuvka quarries (Dolnicek and Slobodnik 2002; Kucera
2002). A combination of field and petrographic observa-
tions, the latter using the transmitted and reflected light
microscopy, cathodoluminescence and fluorescence, were
used to resolve the paragenetic sequence. Major and trace
element compositions, isotope ratios of Sr, C, and O with
parameters of fluid inclusions were determined in cal-
cites, and the trace element and sulphur isotope compo-
sitions were measured for sulphides, both with the aim
to resolve the problem of these veinlets, that are rare and
different from other veins and mineralisations in this area.
It concerned mainly the problems of the timing and par-
ticular conditions of their formation.

2 Paragenetic relationships of calcite-marcasite-
pyrite veinlets

The CMPVs of thicknesses between 0.1 and 5 c¢m, from
the lower two levels of the Jakubcovice quarry, are
stockworks in greywackes, but they are rare in shales. The
veins relevant to this type are usually drusy, banded and
brecciated, with no features of any younger deformation.
These CMPVs cut all structural fabrics in the rock and
strike NNE-SSW and WNW-ESE, i.e. the directions which
characterize the majority of the post-Variscan hydrother-

mal veins in the eastern part of Culmian rock massifs, in
the outcropping part of the Western Carpathian foreland.

In the CMPVs, two generations of calcite precipitates
can be discerned according to overall appearance and analy-
ses. Calcite I consists of alternating bands of light brown
and whitish colours, and Calcite II is clear, filling the last
open cavities in veins. The first generation of calcites in
veinlets contain small amounts of pyrite and marcasite crys-
tals (determined in reflected light) which are arranged as
alternating lamellar to patchy intergrowths in framboides,
complex coatings or cauliflower-shaped aggregates, the
objects that are commonly smaller than 3 mm.

The veinlets texturally similar to those at the Jakubco-
vice quarry, also thinner than 5 cm, were found also at
Hrabuvka. In this second quarry, the Calcite I occurs in
bothryoidal or layered mass, which is rich in fine-grained
and intergrown pyrite-marcasite with occurrence of
framboidal pyrites.

Rare sphalerite dots are usually coupled with accumu-
lations of iron sulphides. The Calcite II granular to drusy
incrusting, with growth in relict cavities, is the youngest
mineral in unweathered CMPVs.

3 Chemistry of mineralisation

The chemical compositions of calcites from the Jakubcovice
quarry were analyzed using atomic absorption spectropho-
tometry, in combination with microprobe techniques. The
Jakubcovice Calcite I yields contents of 0.12 wt.% MnO, 0.24
wt.% FeO and 1.3 wt.% MgO. Calcite II yields contents of
0.04-0.13 wt.% MnO, ~0.0 wt.% FeO, 0.19-0.74 wt.% MgO
and 0.0-0.17 wt.% SO;. The latter calcites have, thus, con-
siderably fluctuating contents of manganese, and they are
apparently depleted in magnesium and iron. The concen-
trations of rare earth’s elements show similarly a trend to
decrease, even though the Calcite I of Hrabuvka has con-
siderably low contents of these elements (REE around 0.28
mg.kg™!). In this context, the pyrite-marcasite aggregates of
Hrabuvka are low in Co and Ni (0.18 mg.kg™! Co, and less
than 0.06 mg.kg™! Ni). However, arsenic was elevated (up to
0.8 wt.% As). Sphalerite showed 2.5 wt.% Fe, having the
concentrations of Cd below detection limits.
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4  Fluid inclusion analyses

The primary fluid inclusions in calcite types I and II,
in both quarries, are typically single-phased aqueous
liquid types, that are spherically or polygonally shaped,
and have typically 2-15m diameters. The milky bands
in Jakubcovice Calcite I contain brownish coloured
inclusions that are most likely identical with embed-
ded crude oil or its degraded compounds. However,
the other, i.e., brownish coloured bands contain de-
creased number of all fluid inclusions. The single-phase
liquid inclusions indicate trapping temperatures of
under or about 50°C, and ice melting temperatures
between 0 and -5.1°C indicate that the fluids can cor-
respond to salinity between 0 and 8 wt.% eq. NaCl
(Bodnar 1993). The eutectic temperatures measured
for these inclusions are between -14.1 and -19.2° C, giv-
ing the characteristics to the system of H,0-NaCl(+KCl)
(Spencer et al. 1990).

The Hrabuvka Calcite I contains two types of fluid in-
clusions. The first type of single-phase liquid inclusions
is indicative of trapping temperatures under or about 50°C,
with eutectic temperatures between -26 and -45°C, and
indicative of the H,0-NaCl(+MgCl,=CaCl,) system. The
salinity determined in embedded fluids varies from 0.7
to 6.7 wt.% eq. NaCl, it is, according to Tm, between -0.4
and -4.2°C (compare also Bodnar 1993).

Second type of inclusions in calcites contain dark in-
clusions filled by the hydrocarbons that floress blue in
UV light. Gas-chromatographic analyses of enclosed bi-
tumen documented the prevalence of alkanes nC,, - nCy,,
whereas aromatic hydrocarbons were found in very small
concentrations. Other characteristic feature of these in-
clusions is the relatively low content of isoprenoid hy-
drocarbons (Pr/nC,, =0.53,Ph/nC,s = 0.62) and their well-
balanced ratio (Pr/Ph = 1.11). It is typical for complex
migration fronts that have deep and long circulation, where
the source rocks of hydrocarbons deposited, at least in
part, in pelagic conditions.

5 0,C SrandS isotope values of vein minerals

The Jakubcovice Calcite I has §'°C values between -27.6
and -48.9%o and 8'30 values between -4.2 and -6.5%o PDB.
A sample of Calcite II provided similar but little less
anomalous 8*C and 880 values of -32.7%o and -5.0%o
PDB, respectively. The calculated 3'®0 composition of
water in equilibrium with calcite at 50° C is between 0.35
and 2.5 %0 SMOW (O’Neil et al. 1969), and the calculated
813C values for HCO; at 50°C are between -29.3 and
-50.2 %o PDB (Deines et al. 1974).

The Hrabuvka calcites I and II are almost undiffer-
entiated, and they provided 8'°C values between -15.3
and -38.1%o, with 830 values that typically range from

-2.5 to -8.2 %o PDB. Similarly, the calculated isotope
composition yield values of 8'80 ranging between
-1.1and 2.5%o0 SMOW, and 8'*C values between -17.1 and
-39.8%o0 PDB.

The Hrabuvka Calcite I has, for example, an 87Sr/86Sr
ratio of 0.7095 that is significantly lower than host
greywacke (¥Sr/®Sr = 0.7127). This significant difference
suggests that Sr was not significantly sourced from sur-
rounding greywacke, but corresponds to input of hydro-
thermal fluid from quite distant sources in compressed
Carpathian foredeep.

Marcasite from Jakubcovice have §**S values about
18.8 %o CDT. Such a high value may be caused by bacte-
rial reduction of Tertiary seawater sulphate (Ohmoto and
Goldhaber 1997). However, the Hrabuvka marcasites have
distinctly different values that range between -54.3 and
-15.8 %o CDT. This would not disprove the above men-
tioned process of bacterial reduction of the marine sul-
phate, especially if the long movement of migration front
(many tens of kilometres or more) or mixing with deep
and old local aquifers are considered as possible addi-
tional parameters of this Miocene low-temperature hy-
drothermal system (compare the values by Ohmoto and
Goldhaber 1997).

6 Discussion and conclusion

The structural, geochemical, isotopic, and fluid-inclusion
characteristics of the calcite-marcasite-pyrite veins
(CMPVs) suggest that they were formed from one low-
temperature hydrothermal system of very young age.
About 50° C hot and saline fluids most likely correspond
to marine water that was expelled from the Miocene
Carpathian Foredeep and migrated farther into the rock
massif of the foreland. Low 8'°C values of calcite with
hydrocarbons in fluid inclusions are co-indicative of syn-
chronous petroleum migration. The isotopic values of 3*4S
and presence of framboids of Fe-sulphides are tentatively
interpreted as a possibility of that the significant source
of sulphur was in the bacterial reduction of the seawater
sulphate. The late phases in banded calcites of the type I
are often characterized by presence of “collomorphic”
calcite precipitates, intergrown marcasites-pyrites, traces
of sphalerites. The anomalous values on C and S isotopes
of CMPVs make possible the further investigation of bac-
terial influences in the time span from the origin of these
fluids to precipitation of minerals in these relatively young
veinlets.
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Abstract. The emergence of SEDEX ores in the rock record at about
1.8 t0 2.2 Ga can be related to the hydrosphere and atmosphere pro-
gressively becoming oxidized and therefore sulfide-poor and sulfate-
rich, evolution of sulfate-reducing bacteria,and fundamental changes
in the Earth crust. The reason for the apparent change in tectonic
setting of SEDEX deposits from intracratonic rifts in the Proterozoic
to passive margins is unclear. Phanerozoic SEDEX deposits formed in
paleolatitudes that mirror modern evaporative belts, suggestive of a
brine reflux origin for passive margin SEDEX deposits.

Keywords. Sediment hosted lead-zinc deposits, SEDEX

1 Introduction

The reasons for the uneven distributions of certain classes
or ore deposits in the geological record are generally attri-
buted to secular variations in geological processes that con-
trolled the formation and destruction of these deposits (e.g.
Meyer 1981; Sangster 1990; Hutchinson 1992; Barley and Groves
1992; Titley 1993). We examine the secular distribution of
SEDEX lead-zinc deposits (Fig. 1) that is based on the metal
resource data (Leach et al. 2005) for 148 SEDEX (sedimen-
tary exhalative deposits) lead-zinc deposits. Despite the in-
herent “exhalative component” in the term “SEDEX”, direct
evidence of an exhalite component in the ore or alteration
assemblage is not recognized for many SEDEX deposits.
The age of mineralization is commonly considered to be
synsedimentary, however, some deposits formed in a sub-
seafloor diagenetic environment (i.e. Red Dog, Alaska) and
some formed during burial diagenesis (i.e. Century, Aus-
tralia). Nevertheless, the age of formation is assumed to be
the same or very close to the age of the host rocks.

SEDEX ores are mainly restricted to two groups: one
in the Proterozoic and another in the Phanerozoic (e.g.
Goodfellow 1994 and references therein, Large et al. 2005
and references therein, Leach et al. 2005 and references
therein). The Proterozoic group (at about 1.4 to 1.8 Ga)
includes the large deposits in the Mt. Isa-McArthur basin
of Australia (Large et al. 2005) the Sullivan deposit in
Canada and the deposits in the highly metamorphosed

rocks of the Aravalli-Delhi belt of northwestern India.
The Phanerozoic ores includes the large Red Dog, Alaska
deposits and the deposits in the Selwyn basin, Canada.
The older age group corresponds to SEDEX deposits in
failed continental rifts (rift-sag basins), whereas depos-
its of the younger age group formed along passive conti-
nental margins (e.g. Large et al. 2005 and references
therein, Huston et al. in prep.).

We discuss the possible reasons for the emergence of
SEDEX deposits and examine the tectonic factors that may
have influenced their distribution in the rock record. Re-
cent fluid inclusion studies of the Red Dog deposit to-
gether with analysis of the distribution of SEDEX depos-
its using GIS and plate reconstructions provide insights
into why some Phanerozoic basins are fertile for SEDEX
and others barren.
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Figure 1: Distribution the combined lead and zinc in SEDEX

deposits vs. their presumed age. Data from Leach et al. 2005. The
bars represent the mid-points of the ages of the deposits. Bars
with horizontal lines include deposits with extreme uncertainty
(~ % 300 my) for the ages of the ores.
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2 Emergence of SEDEX deposits evolution of the
hydrosphere and atmosphere

SEDEX lead-zinc deposits form mainly from oxidized (re-
duced-sulfur poor) fluids; therefore, their appearance is
likely a consequence of the evolution of the Earth, par-
ticularly changes in the composition of the hydrosphere
and atmosphere. SEDEX deposits and their closely affili-
ated ores, MVT deposits, are not known to have formed
prior to about 2.2 Ga (Leach et al 2005 and references
therein). The oldest significant SEDEX deposits (~1.8 Ga)
are those of Aravalli-Delhi belt of India (e.g. Goodfellow
1994 and references therein, Leach et al 2005 and refer-
ences therein). The early Proterozoic (2.5-1.8 Ga) is a major
period of change in Earth’s history. Prior to 2.4 Ga, the
atmosphere and (for the most part) the hydrosphere, were
reduced. Between 2.4 Ga and 1.8 Ga, the atmosphere be-
came oxygenated, with the hydrosphere also progressively
becoming oxidized, sulfide-poor and sulfate-rich. Impor-
tantly, chemical changes in the hydrosphere probably did
not occur uniformly, but instead were more rapid in re-
stricted basins (Fig. 2) than the open ocean (Rye and Hol-
land 1998; Farquhar et al. 2001; Huston and Logan 2004
and references therein). Prior to 2.2 Ga, the reduced oce-
anic chemistry prevented formation of SEDEX deposits.
With the minor exception of a sulfate-rich upper oceanic
layer prior to 3.2 Ga, the oceans were generally reduced
and virtually sulfate-free during the Archean and earliest
Proterozoic (Huston and Logan 2004). Changes in oce-
anic geochemistry probably led to the flowering of SEDEX
deposits, beginning at ~1.8 Ga in India, with continuing
between 1655 and 1575 Ma in Australia. Huston and Lo-
gan (2004) suggested that the oxygenation of the hydro-
sphere proceeded unevenly, beginning with small basins
and culminating at ~1.8 Ga with final oxygenation of deep
oceanic basins. The earliest, small SEDEX deposits may
have formed in small basins, with the general oxygen-
ation of the seawater allowing the formation of large de-
posits beginning at 1.8 Ga. A second aspect that may be
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Figure 2: Model for evolution of the hydrosphere between 2400
and 1800 Ma. During this period the hydrosphere became
progressively oxygenated, with this process occurring initially in
small basins prior to spreading to oceanic basins. In this model,
SEDEX deposits would have formed initially in small basins.

important is the evolution of sulfate-reducing bacteria
by this period. These bacteria may have been critical in
the production of H,S at the site of deposition, allowing
deposition of ore metals.

The specific tectonic factors controlling the emergence
of SEDEX deposits are elusive, because the two settings
in which they are known—rifts and passive margins—
appear to have existed back as far as 3 Ga (e.g. Kusky and
Hudleston 1999; Tinker et al. 2002). Nonetheless, there
are some potentially important tectonic changes that oc-
curred about 1.8 Ga. The emergence of SEDEX deposits
came at a time when global radiogenic heat production
was about 1.5 times as great as today (Pollack 1997) and
plates, accordingly, may have been smaller. Furthermore,
by 1800 Ma, it was likely that the first cycle of superconti-
nent breakup and reassembly was nearing completion
(Meert and Mukherjee 2004) and over 80% of the pre-
served continental crust had formed (Collerson and
Kamber 2000).

3 Passive continental margins and the
Mesoproterozoic to Neoproterozoic “gap”

A preliminary survey of passive margins through time
(Bradley and Rowley 2004) revealed two main intervals
when the earth had passive margins: ~2650 to ~1750 Ma,
and ~1050 Ma to present (Fig. 3). Curiously, passive mar-
gins of the older age group appear to be barren of SEDEX
deposits, whereas those of the younger group host im-
portant deposits. Rift basins are common through Earth
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Figure 3: Histogram showing lengths of ancient passive margins
plotted against geologic age. Not shown are extant passive
margins, which formed between 180 Ma and the present and
which today total 180,000 km in length. The deep-water facies
belts of these modern margins (where SEDEX deposits might be
found) have not yet been uplifted during collision. Also not
represented are a few margins in the late Archean (e.g. North
China craton) and Mesoproterozoic (e.g. Urals) that are poorly
dated.
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history (Sengor and Natalin 2001) and yet only during a
comparatively short interval in the late Paleoproterozoic
did they host significant SEDEX deposits.

The apparent change in tectonic setting of SEDEX de-
posits remains a mystery, as does the meaning of the
Mesoproterozoic to Neoproterozoic “gap” in the number
of SEDEX deposits (Fig. 1). Although the Mesoproterozoic
to Neoproterozoic does contain significant SEDEX ores
(e.g. 542-900 Ma includes Gorevsk deposit in Russia and
900 and 1600 Ma includes Balmat deposit in the USA),
this is a relatively quiet time for SEDEX formation and
other types of ores (e.g. MVT, VMS, SEDEX barite). This
gap could be partly due to deposit preservation and de-
struction. SEDEX ores that form in passive continental
margins may have a higher potential for destruction rela-
tive to ores in intracontinental rifts due to the eventual
plate convergence and uplift of orogenic fold belts along
continental boundaries. However, if this were the main
explanation for the Mesoproterozoic to Neoproterozoic
gap, we would expect to see a better correlation between
SEDEX deposits and passive margins in the rock record.

4 The fertility of Phanerozoic passive continental
margins

A “reflux brine” model (Fig. 4) was suggested for the gen-
esis of the giant Red Dog deposit (Leach et al. 2004). In
this model, brines are produced in a seawater evapora-
tive environment within shelf carbonates sequences. These
brines infiltrate into the underlying basement rocks, ex-
tract heat and metals, and discharge into the reduced sedi-
ments in a passive margin basin. An important feature of
this model is that generation of the brine occurs in high
evaporation climatic regions. The principal arid zones for
modern Earth are located about 30° N and S of the equa-
tor (Warren 1989).

Reflux brine model for SEDEX deposits
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Figure 4: Reflux brine model for the formation of SEDEX ores in
continental passive margin basin.
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Figure 5: Total metal content of SEDEX deposits (expressed as a
percentage of the total of all Phanerozoic deposits) summarized
by paleo-latitude at time of deposit formation. Area% defines the
surface area of the Earth and the theoretical random distribution
of SEDEX deposits.

To test if the brine reflux model can be applied to other
Phanerozoic SEDEX deposits, the distribution of the paleo-
latitudes of the deposits at the time of mineralization can
be determined. This is accomplished by an analysis of
the distribution of SEDEX deposits in a GIS (Geographi-
cal Information System) plate-tectonics database. The
approach uses GIS to query results from plate-tectonic
reconstructions (Scotese 1999) and quantify both spatial
and temporal patterns. Figure 5 summaries the percent-
age of metal content of all Phanerozoic SEDEX deposits
vs. paloelatitudes for ore deposition. The Earth surface
area, defined as percentage of the total surface area of the
Earth defines the expected distribution of SEDEX depos-
its (assuming distribution is random).

Considering the uncertainties in plate reconstructions,
age of ore deposition and the paleolatitudes of global arid
belts, the metal distributions remarkably mirror present
day latitudes of high evaporative zones. This observation
may provide one aspect of why some passive margins are
fertile whereas others are barren of SEDEX. Passive mar-
gins basins that do not evolve in high evaporative areas
of the Earth have significantly less potential to have been
exposed to ore-forming brines.
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Abstract. Native copper in basalt copper deposits in NE Yunnan, SW
China, formed in fissures of basalt or in carbonaceous sedimentary
interbeds of basalt together with organic matter such as bitumen.
The mineral fills in fissures of bitumen and replaces plant fragments.
Bitumen is of organic origin, with its 8'3C,,ppg values ranging from
—27.3 to -33.1%o0.The *°Ar-*°Ar ages of the gangue minerals zeolite
and actinolite in copper ores are 226 to 238.6 Ma and 134 to 149.1
Ma respectively, indicating the occurrence of two copper mineral-
ization stages. All these suggest that the copper mineralization is
of epigenetic hydrothermal origin.

Keywords. Basalt copper deposit, epigenetic hydrothermal mineral-
ization, organic matter, Emeishan basalt, NE Yunnan, SW China

1 Introduction

The Emeishan basalt is widely distributed in SW China.
There are many traces of copper mineralization, copper
mineralization occurrences and small-scale copper depos-
its in the basalt. Mining of this type of copper deposit goes
back to ancient times and numerous old adits are left. Min-
ing is still conducted by local people now. From 1958 to
2002 some geological and mineral departments have per-
formed prospecting and evaluation for this type of cop-
per in several periods and it was considered that copper
mineralization was of volcanic-hydrothermal origin dur-
ing the late stage of basaltic eruption and had no eco-
nomic value because of disperse mineralization. No fruitful
results were obtained during the mineral prospecting.

In 2002 Zhu et al. (2002a, b, 2003) reported that a cop-
per deposit closely related to bitumen has been found in
basalt on the Yunnan-Guizhou border region. This find-
ing again attracted geologists’ attention to the Emeishan
basalt copper deposits. Study, prospecting and explora-
tion of this type of basalt copper deposit have been car-
ried out once again since then.

In this paper, we will introduce the epigenetic hydro-
thermal features of this type of basalt copper deposit in
NE Yunnan.

2 Geological setting of the basalt copper deposits
The Emeishan basalt is widely distributed in the border

region of Yunnan, Guizhou and Sichuan provinces, SW
China, covering an area of more than 300,000 km?. It

formed in a rift environment on the western margin of
the Yangtze craton in the early Late Permian. The rock
belongs to continental flood basalt and may be related to
the Emei mantle plume (Chung and Jahn 1995).

The Emeishan basalt stratigraphically belongs to the
Upper Permian Basalt Formation and disconformably
overlies carbonate rocks of the Lower Permian Qixia and
Maokou formations. The Basalt Formation is divided in
ascending order into four members: the First Member,
mainly volcanic breccia; the Second Member, mainly por-
phyritic massive basalt; the Third Member, also mainly
porphyritic massive basalt; and the Fourth Member,
mostly massive basalt with some amygdaloidal basalt and
local tuff and carbonaceous sedimentary interbeds
(Yunnan Bureau of Geology and Mineral Resources 1989).

The Basalt Formation is disconformably overlain by coal
measures of the Upper Permian Xuanwei Formation, which
are in turn conformably overlain by Triassic and Jurassic
red clastic rocks. Locally Cretaceous sandy conglomerate
unconformably overlies old strata of different ages.

Regional faults are well developed in the basalt and
mostly strike NE and ENE. The axis of folds is also mainly
oriented in a NE direction. These faults and folds occurred
in the Late Jurassic.

No significant magmatic activity occurred after erup-
tion of the Emeishan basalt in the area.

3 General characteristics of the basalt copper
deposits in NE Yunnan

The basalt copper mineralization in NE Yunnan is
stratabound (Fig. 1). The lower part of the Fourth Mem-
ber of the Basalt Formation is the main mineralization
horizon, 50 to 100 m thick and composed of 3 to 5 basalt
flows. Each flow consists of massive basalt in the lower part
and amygdaloidal basaltic breccia or amygdaloidal basalt
in the lower part, often intercalated with carbonaceous con-
glomeratic mudstone and tuff between the flows.

The carbonaceous conglomeratic mudstone commonly
contains plant fragments. There are generally 1 to 3 lay-
ers of copper mineralization and sometimes as many as
5 layers. The copper orebodies and mineralization bod-
ies, tens of centimetres to 2 m thick, mainly occur in schis-
tose amygdaloidal basalt, amygdaloidal basaltic breccias
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Figure 1: Distributions of the Emeishan flood basalt and basalt
copper occurrences in NE Yunnan, SW China.

and carbonaceous sedimentary rocks along the contact
zone of different basalt flows. The footwall and hanging
wall of the orebodies are generally massive basalt. The
dominant metallic minerals in the basalt are native cop-
per and those in carbonaceous sedimentary interbeds are
native copper and minor chalcocite. The dominant gangue
minerals include bitumen, carbon, laumontite and quartz
with subordinate calcite, pumpellyite, epidote, chlorite and
prehnite (Li et al. 2004a; Zhu et al. 2002a, 2003).

4  Evidence of epigenetichydrothermal mineralization
of the basalt copper deposits in NE Yunnan

4.1 Geological evidence

Bitumen fills along fissures of basalt (Fig. 2), while native
copper fills along fissures in bitumen (Fig. 3). Native cop-
per and chalcocite have replaced the plant fragments in the
conglomeratic carbonaceous mudstone (Fig. 4) and some
quartz chalcocite veins penetrate the carbonaceous mud-
stone and gravels therein. All these features suggest that
palaeo-petroleum, the precursor of the bitumen, was trapped
in the fissures of the basalt after cooling of the basalt, and
that native copper mineralization occurred later than the
transformation of petroleum into bitumen (Li et al. 2004a).

4.2 Geochemical evidence
Figure 4: Chalcocite (bright) replaces plant fragments and the

texture of the plant is preserved. Polished section; plane pola-
rized light; 1.2 X 0.8 mm. Sample taken from the Naoyingyan

Figure 2: Bitumen (black) fills the fissures of basalt (grey). Field
photo of the Sujiaqing copper deposit in NE Yunnan.

Figure 3: Native copper (white) fills the fissure of bitumen (grey).
Polished section; plane polarized light; 0.6x0.4 mm. Sample taken
from the Dadi copper deposit, NE Yunnan.

Figure 4: Chalcocite (bright) replaces plant fragments and the
texture of the plant is preserved. Polished section; plane polarized
light; 1.2x0.8 mm. Sample taken from the Naoyingyan copper
deposit, NE Yunnan.
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Figure 5: Carbon isotopic compositions of bitumen and carbon in
basalt copper ores, NE Yunnan, SW China.

copper deposit, NE Yunnan. The 8'*Cy, pp values of the bitu-
men in copper ore hosted in basalt range from -27.3%o to -
33.1%o, showing the organic carbon isotope feature and
suggesting that the bitumen, unlike basaltic magma derived
from the mantle, is of organic origin rather than inorganic
origin. However, there is no relation between bitumen and
its nearby carbon material in the carbonaceous mudstones,
for the 8"°Cy,_ppy, values of the carbon material in copper ore
hosted in carbonaceous sedimentary rocks range from -20.2
to —23.2%o, which is obviously different from those of the bi-
tumen (Fig. 5). All these suggest that the palaeo-petroleum
- the precursor of the bitumen - is allochthonous and epige-
netic and that copper mineralization that occurred later than
itis naturally also epigenetic (Li et al. 2004b; Mao et al. 2003).

4.3 Isotope chronological evidence

The “*Ar-*Ar ages of laumontite, actinolite and heulandite
in the basalt copper ores in NE Yunnan range from 226 to
228 Ma, from 235.7 to 238.6 Ma and from 134 to 149.1 Ma
respectively (Zhu et al., 2004). The U-Th-Pb isochron age
of the bitumen copper ore is 136 Ma (Zhu et al. 2004). These
ages are 30 to 120 Ma younger than the ages of the Emeishan
basalt (260 Ma or so), suggesting that the basalt copper min-
eralization in the area is epigenetic. No age is presently avail-
able for the copper mineralization.

5 Discussion and conclusions

The Emeishan basalt, containing up to 200 ppm Cu and
covering an area of >300,000 km?, can provide adequate

source materials for the epigenetic hydrothermal copper
mineralization. The distinct epigenetic hydrothermal and
stratabound features and extensive distribution of the
basalt copper mineralization in NE Yunnan imply that
large-scale epigenetic hydrothermal activities and cop-
per mineralization occurred in the basalt area. This type
of basalt copper mineralization is similar to the Keweenaw
basalt copper deposit (Hamilton 1967; Bornhorst et al.
1988; Davis and Paces 1990; Hoa and Mauk 1990, 1996;
Mauk et al. 1992; Buruss and Mauk 1996): both occur in
continental flood basalt in the continental rift environ-
ment of a craton and might be related to the mantle plume;
the dominant Cu mineral is native copper; the ore bodies
are hosted in the amygdaloidal basaltic breccias and
amygdaloidal basalt and their sedimentary interbeds in
the upper part of the basalt flows. The dominant gangue
minerals are characterized by a low-temperature assem-
blage of laumontite, epidote, and quartz. The hydrother-
mal mineralization is epigenetic; and the ages of miner-
alization are 20 to 30 Ma younger than those of basaltic
eruption (Zhu et al. 2003; Li et al. 2004a). Therefore, com-
pared to the Keweenaw native copper deposits, the native
copper mineralization in the Emeishan basalt has a great
ore potential for prospecting.
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Abstract. The Fenghuoshan copper ore deposit is hosted by the lower
to middle part of a continental red rock series of the Upper Creta-
ceous Fenghuoshan Group in the Hoh Xil Basin in the northern
Qinghai-Tibet Plateau. Host rocks consist mainly of dust coloured
celadon medium to fine grained lithic quartzose sandstone. Cop-
per-stained layers have lower clay contents and high contents of
siliceous or calcareous cement, which formed as a hypabyssal lake
deposit or delta-front deposit. The ore deposit is composed of 42
copper ore bodies and five silver ore bodies. Ore bodies are shaped
as beds or lenses and wallrock alteration isn't obvious. The ore min-
erals are composed of chalcocite, digenite and a few of bornite, chal-
copyrite, pyrite, galena, sphalerite and argentite. The 84S of ore min-
erals range from -16.77 to 10.92%o relative to CDT. Sulfur in the ore
was probably derived from a mixture of sedimentogenic sulfate and
biogenic H,S in different proportions, but the sulfur of ore remains
close to biogenic sulfur in composition. The main controls of the
ore deposit include the comparatively steady continental sedimen-
tary basin, the land source denudation area with high copper con-
tent and iron-copper ores, periodic changes of climate and sedi-
mentary environment, the reducing conditions resulting from abun-
dant carbon in moderate-sized sandstone bodies.The genetic type
of the Fenghuoshan copper ore deposit belongs to the sandstone
type copper deposit in Mesozoic fault basin on the stable block.

Keywords. Cupreous sandstone deposit, geologic characteristics,
Fenghuoshan, Hoh Xil, Qinghai Province

1 Introduction

The Fenghuoshan copper ore deposit is one and only sand-
stone type copper deposit so far in Qinghai Province in
China, it is located in the middle of Fenghuoshan Basin
in the northern Qinghai-Tibet Plateau and the Qinghai-
Tebit Highway and the Qinghai-Tebit Railway is being con-
structed run through the middle part of the ore district.
The Fenghuoshan copper ore deposit was discovered when
the anomalies of geochemical exploration was checked in
1990, its copper reserves has increased by means of survey,
appraising and drilling works in recent years.

2 Geological setting

The Fenghuoshan copper ore deposit is located in the
Upper Cretaceous Fenghuoshan continental fault basin
on the Jinshajiang stylolitic belt. The basement of basin,
with a total thickness up to 23km, is composed of Trias-

sic system, Permian-Triassic Hantaishan Group and Car-
boniferous-Permian Xijir Ulan Group, the contact rela-
tions among which are all angular unconformity (Zhang
and Zheng 1994; Qinghai Bureau of Geology 1991). The
Cretaceous cover rock of basin is Fenghuoshan Group
with a thickness up to 5747m, which is composed of ru-
fous sandstone, mudstone, conglomerate and a few of
celadon cupreous sandstone, grey-black bioclastic lime-
stone and grey thin layer gypsum. The emergence of strata
in the Fenghuoshan copper ore district consist mainly of
the sandstones with limestone interbeds (K,fn?) and the
sandstones (Kzfnb) of the lower to middle part of the
Fenghuoshan Group (Fig.1). The former contacted directly
with the ancient continent is the primary ore-bearing rock
series, which consists of interbedded reddish medium to
fine grained lithic quartzose sandstone, siltstone, silty
mudstone and a few of celadon medium to fine grained
lithic quartzose sandstone. The calculated contraction of
the Fenghuoshan Group in S-N direction in the Erdaogou
is about 40% (Coward et al. 1990).

The deep fault related to the Jinshajiang stylolitic belt
and its sub-faults and the Fenghuoshan Syncline along
290° direction are main structures in the ore district.

The Fenghuoshan Syncline consists of sands-tones with
limestone interbeds and the cupreous sandstone emerges
in its limbs.

The Zangmaxikong monzonite-porphyry stock (0.7km?)
intruded the sandstones with interbedded limestone in the
northern ore district. The monzonite-porphyry with por-
phyritic texture consists mainly of feldspar (70%), aegirine-
augite (15%-10%), biotite (5%-10%) and quartz, its chemi-
cal compositions shows the following features: Rittmann
idexes (sigma) = 5.52~5.76, Al,0;/(CaO+Na,0+K,0) =
0.6477/0.7055 (molecular ratios), total REE content =329.1,
being relatively rich in LREE (LR/HR= 28.38), obvious Eu
negative anomaly (83Eu=0.479), so the monzonite-porphyry
belongs to the sub-aluminous alkaline rock with high K
content, and it has undergone a crystallization differen-
tiation in certain degree. K-Ar ages of the monzonite-
porphyry in the Zangmaxikong stock are 33Ma~38Ma
(Zhang et al. 1994), which is a intrusive body in the Eogene
Period. The three fault zones whose attitude are
160°£60°~70° have obvious mineralization of galena,
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Figure 1: Geological Map of Fenghuoshan Copper Ore Deposit in Qinghai Province, China (Edited on the data of Qinghai Institute of

Geological Survey 2003).

argentite, malachite and azurite in the Zangmaxikong stock,
the Ag content of the fresh monzonite-porphyry is 73.6 g/T,
therefore the silver mineralization in the Zangmaxikong
block is closely related to the intrusive activity of the
Zangmaxikong stock.

3 Geologic characteristics of the ore deposit

The copper ore bodies are hosted in sandstones with
interbedded limestone (K,fn®) and sandstones (Kzfnb) in
the lower to middle part of the Upper Cretaceous
Fenghuoshan Group. Host rocks consist mainly of dust-
coloured ~ celadon medium to fine grained lithic quart-
zose sandstone and a few of celadon fine-grained arkosic
quartzose sandstone, and celadon siltstone. Copper-
stained layers have lower clay contents and high contents
of siliceous or calcareous cement, which formed as a hy-
pabyssal lake deposit or delta-front deposit. The main
copper ore badies are hosted in the sandstone bodies of
the underwater distributary channels.

The Fenghuoshan copper ore deposit consists of 42
copper ore bodies and five silver ore bodies, which are
located in the Erdaogou, the Tuotuodunzhai and the
Zangmaxikong ore blocks. The Erdaogou ore block con-

sists of 23 copper ore bodies, in which the lengths of ore
bodies are 200m to 1580m, the thickness of ore bodies
are 1.01m to 9.81m, the attitudes of the main ore bodies
are 200°- 230°, 40°-70°, Cu tenors of ore are 0.24%-2.10%
(wt). The Tuotuodunzhai ore block consists of 14 copper
ore bodies, in which the lengths of ore bodies are 600m-
1240m, the thickness of ore bodies are 1.05m-5.07m, the
attitudes of the ore bodies are 170°-200°, 50°-77°, Cu ten-
ors of ore are 0.41%-3.17% (wt). The Zangmaxikong ore
block consists of two copper ore bodies and five copper-
sliver ore bodies, in which the lengths of ore bodies are
200m-1190m, the thickness of ore bodies are 1.40m-6.09m,
the attitudes of the ore bodies are 155°-180°, 57°-65°, Cu
tenors of ore are 0.32%-2.29% (wt), the average Ag ten-
ors of ore is 260.38 g/t.

Ore bodies are shaped as beds or lenses with branch-
ing, convergences, local thickening and pinch outs. Wall-
rock alteration is not obvious. The outcrops of bodies are
oxidized and contain malachite and azurite. Sulfide ore
bodies locally appear in the Ri’achi, the Tuotuodunzhai
and the Zangmaxikong ore blocks along the dip direc-
tion of the ore bodies, in which the ore minerals consist
of chalcocite, digenite and a few of bornite, chalcopyrite,
pyrite, galena, sphalerite and argentite, the vein minerals
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consist of quartz, plagioclase, alkali-feldspar, clay miner-
als, calcite and sericite.

The structures of ores are mainly disseminated, sparse
disseminated structure and a few of dense disseminated
and banded structure. The textures of ores are mainly
allotriomorphic granular texture, then hypidiomorphic
granular, poikilitic, eutectic, rimmed and microstockwork
texture. The industrial types of ores are divided into the
copper ores and the copper-silver ores, the copper-silver
ores mainly distribute in the Zangmaxikong ore block
and the copper ores distribute in the other ore bodies.

The Fenghuoshan copper ore deposit has medium-
sized copper deposit prospective, its copper resources fore-
casted is 140,000 tons ~ to 400,000 tons.

4  Genesis of ore deposit
4.1 Source of ore-forming material

The sulfur isotopic compositions of ores may provide the
clues of source-sulfur. The 3*S of ores range from —18%o-
13%o, and range mainly from —1%o-4%o, in the stratabound
copper ore deposits. The 8**S of ore minerals in the
Fenghuoshan copper ore deposit range from -16.77%o to
10.92%o relative to CDT,and the average of 8*4S is -3.07%o.
The 8%S of ores are in obvious variety in the ore deposit,
and the anomalous change of 3°S even appears in the
same ore block, these are the isotopic features of the sedi-
mentary sulfur is reduced by bacteria (Zheng et al. 2000).
Sulfur in ores underwent a series of geochemical cycles
during mineralization, in which the most important course
leading sulfur isotopic fractionation is the reduction of
bacteria. It may be imagined that the bacteria lived in a
micro-surroundings, and only reduce sulfate in the
neighbouring region. As the duration of reducing sedi-
mentary environment is brief, the reduction of bacteria
is unhomogeneous in the copper-stained layers so that it
leads the sulfur isotopic unhomogeneous of ores in the
ore district. The explanation is reasonable that sulfur in
the ore was probably derived from a mixture of
sedimentogenic sulfate and biogenic H,S in different pro-
portions. Because the average 8°*S (-3.07%o) of ores is
negative and the abundant carbonized fragments of plants
exist in ores, the sulfur of ore remains close to biogenic
sulfur in composition. The sulfur in the Fenghuoshan
copper ore deposit is sedimentary sulfur, and bacteria were
active during mineralization.

The Fenghuoshan copper ore deposit is hosted in the
Upper Cretaceous fault basin on the Carboniferous to Tri-
assic stable block. Several features indicate that the land-
source denudation region of the Fenghuoshan basin, spe-
cially the strata and the igneous rocks with high copper
content and iron-copper ores, not only provide a great
deal of detrital sediment into the basin, but also provide
the copper of forming ore deposit at the same time.

The silver ore bodies in the ore district occur near the
silver-rich Zangmaxikong stock, the three fault zones have
lead-silver mineralization in the Zangmaxikong stock, so
the silver-source of ores was derived from the magmatic
hydrothermal fluid related to the intrusive Zangmaxikong
stock.

4.2 Genetic type of ore deposit

The above characteristics of the Fenghuoshan copper ore
deposit are basically similar as the sandstone type cop-
per deposit in the central Yunnan, western Sichuan and
western Hunan in China, So the genetic type of the
Fenghuoshan copper ore deposit mainly belongs to the
sandstone type copper deposit in Mesozoic fault basin
on the stable block, and the local copper-silver ore bod-
ies were superimposed by the silver-bearing magmatic
hydrothermal fluid. The formation of the deposit under-
went roughly in four stages: (1) weathering and denuda-
tion of cupreous rocks on old land and forming cupreous
crust of weathering, (2) fast transport of cupreous weath-
ering products and formation of cupreous sedimentary
layers, (3) dissolution, migration and enrichment of
cupreous sediment and forming copper ore bodies in di-
agenetic process, (4) silver superimposed mineralization
of magmatic hydrothermal fluid.

5 Ore controls for mineralization
The main controls of the ore deposit are as follows:

1. A comparatively steady continental sedimentary ba-
sin.

The Indosinian movement causes the Hoh Xil re-
gion to rise and become a continent, accompanying
strong tectonic deformation and magmatic intrusion.
The region underwent a long-term interruption of
sedimentation from the Jurassic Period to the Early
Cretaceous Epoch, the weathering and denudation of
the basement rocks formed a giant cupreous crust of
weathering. In the Later Cretaceous Epoch, the strong
differential elevation and subsidence along the previ-
ous and newborn faults in the region formed the
Fenghuoshan basin. The basin went through a com-
plicated evolutionary process that the basin was from
expansion to reduction and the center of subsidence
moved towards the north, the continental red clastic
rocks with the thickness up to 5747m deposited in the
basin.

2. The land-source denudation region with high copper
content and iron-copper ores.

The clastic compositions of the clastic rocks are
complicated in the Fenghuoshan Group. For example,
the gravels in conglomerate consist of sandstone, tuff,
basic volcanic rock and limestone. The debris in sand-
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stone includes basic volcanic rock, siltstone, silty mud-
stone, carbonaceous argillite, silicalite and other rock
types. The clastic compositions of the clastic rocks are
the same as the compositions of the underlying Car-
boniferous to Later Triassic basement rocks; therefore
the land source denudation region is the basement
uplift region about the Fenghuoshan basin. The cop-
per abundance in the basement rocks are 33x10°¢-
116x10°%; the copper content is up to 92x107 in the grav-
els of basic igneous rock; a lot of the Indosinian iron-
copper ores develop in the Kaixinling in the south of the
ore district, the land-source denudation region with high
copper content and previously formed iron-copper ores
is the source-copper of the Fenghuoshan ore deposit.
3. Periodic changes of climate and sedimentary environ-
ment
The Fenghuoshan copper ore deposit is hosted in
the light-coloured interbeds in the red rock series. The
thick red rock layers represent the rapid transporta-
tion and accumulation in the oxidative water medium
in the hot arid climate. Thin pale layers reflect the re-
gion appeared several times brief warm moist climate
alternating with the hot arid climate, in which the plant
flourished on the uplift region, a lot of plant debris
entered the lake with the river, the bacteria decom-
posed the organic matter and produced H,S in the
bottom of basin, the Cu?*, Fe** from land-source re-
gion combined with H,S, formed sulfide. The alterna-
tive changes of the red rock layers and the light-
coloured rock interbeds just represent the periodic
changes of climate and sedimentary environment in
the Upper Cretaceous Fenghuoshan basin.

4. Reducing conditions resulting from abundant carbon
in moderate-sized sandstone bodies
The sandstone bodies are efficient carriers of sul-
fide. The moderated-sized sandstone bodies are the
precondition of the formation of the Fenghuoshan
sandstone copper ore deposit. The copper-stained lay-
ers contains abundant carbonized plant shards from
thick tree trucks to small leaves, the copper minerals
always distribute in the carbonized plant shards, there-
fore the intensity of copper mineralization is obviously
controlled by the content of carbonized plant shards.
The copper ore bodies only appear in the celadon sand-
stone layers in which Fe exists in silicate and sulfide,
the celadon sandstone layers with abundant organic
matter form in the reducing conditions, so the deposit
and enrichment of copper only occurs in the reducing
conditions.

6 Conclusions

The Fenghuoshan copper ore deposit is hosted by the light-
colour interbeds in the lower to middle part of a
continential red rock series of the Upper Cretaceous
Fenghuoshan Group in the Hoh Xil Basin, its genetic type
mainly belongs to the sandstone type copper deposit in
Mesozoic fault basin on the stable block.

The main controls of the ore deposit include the com-
paratively steady continental sedimentary basin, the land-
source denudation area with high copper content and iron-
copper ores, periodic changes of climate and sedimen-
tary environment, the reducing conditions resulting from
abundant carbon in moderate-sized sandstone bodies.
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Abstract. The Changba and Dengjiashan deposits are characterized
by stratiform and lenticular orebodies with bedded and laminated
structures. The major minerals are sphalerite, pyrite, galena, quartz,
calcite, ankerite and barite. They are rich in 34S and Eu, depleted in
Ce, and show a Pb isotope signature between the Upper Crust and
Mantle reservoirs.The world-class Changba deposit is hosted in Mid-
Devonian Eifelian clastic rocks and limestone, underlain by a lens
of sulfide-cemented breccia. The Dengjiashan deposit, however, is
hosted in younger Givetian chert, with more breccia and vein type
ores. It is concluded that the deposits formed as exhalative accu-
mulations in Mid-Devonian sedimentary basins. The Changba de-
posit formed on a continental slope, whereas the Dengjiashan de-
posit formed in an organic bank environment.
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1 Introduction

The Middle Devonian Qinling orogenic belt (Fig. 1) con-
tains two types of Zn-Pb deposits: 1) stratiform massive
sulfide lenses hosted in fine-grained clastic rocks mainly
located in the northern part of the belt, such as the
Changba deposit (Ma et al. 2004); 2) stratabound mas-
sive sulfide lenses hosted in chert in the southern part of
the belt such as the Dengjiashan deposit.

The geological, mineralogical, geochemical and isoto-
pic data presented here are used to understand the ori-
gin of the Changba and the Dengjiashan Pb-Zn deposits.

2 Regional geological settings

The Qinling Range comprises two belts divided by the
transcrustal Shangnan Suture: the north and south Qinling
fold belts (NQFB and SQFB, respectively). The NQFB was
the southern active continental margin of the North China
Craton, whereas the SQFB was the northern passive mar-
gin of the Yangtze Craton (Zhang 1988). The NQFB com-
prises a Proterozoic metamorphic complex of metagray-
wackes, marbles and metatholeiites, and an ophiolite suite.
A Proterozoic metamorphic complex of paragneiss,
marble, tholeiite, and alkaline basalt, Cambrian carbon-
aceous rocks and Silurian and Devonian sequences form
most of the SQFB (Liu 1990).

The Devonian sedimentary rocks that host the Changba
and the Dengjiashan deposits, were deposited in subor-
dinate faulted basins identified by beaches, tidal flats, in-
ner shelves, carbonate platforms, outer shelves and semi-
deep to deep-water transitional zones of shelves to conti-
nental slopes environments (Liu 1990). The outer shelves
facies is divided into subbasins where sedimentary facies
range from clastic carbonate to fine clastic-argillaceous-
carbonate, corresponding to shallow and deep water en-
vironments, respectively. Large Pb-Zn deposits occur
mainly on both sides of restricted carbonate banks on
the outer shelves. In vertical section, the ore-hosting strata
commonly change rapidly from clastic-carbonate rocks
to turbidite, and then to fine clastic-carbonate rocks.

3 The Changba Pb-Zn deposit

The Changba orebodies are in an overturned, south dip-
ping sequence with stratigraphic polarity towards the
north. A post-ore, reverse fault displaced and separated
sulfide ore-bodies into the Changba and the Lijiagou seg-
ments. The Changba deposit contains 80.4 Mt of ore with
average grades of 1.32% Pb and 7.04 % Zn in its Changba
segment and 62.1 Mt of ore with average grade of 1.31%
Pb and 7.34% Zn in the Lijiagou segment. The Pb+Zn
reserve is 11.2 Mt with a (Zn +Pb)/Zn ratio of 1.2.

The Middle Devonian Anjiacha Formation hosts almost
all of the Pb-Zn ore-bodies. It is composed of fine-grained
clastic rocks intercalated with limestone and dolomite. Al-
though fossils are rare, stratigraphic correlations with strata
to the east suggest an Eifelian age (Du 1986). The Changba-
IT orebody, which accounts for more than 70% of the metal
reserves, is lens-shaped and occurs concordantly in biotite
quartz schist, trending in a general EW direction, with a
60° to 90° S dip, a length of 380 m and a thickness up to 49
m. The sulfide beds are interlayered with schist and marble.
The Changba-II bedded sulfides exhibit a mineral zona-
tion from the bottom upward: bedded sphalerite ore inter-
calated with quartz albitite, interbedded pyrite and mas-
sive sphalerite ore, and bedded sphalerite ore intercalated
with bedded barite at the top.
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Figure 1: Regional geological map showing mineral deposits in the Qinling orogenic belt, China. The size of the mineral deposit symbols

indicates relative size of the deposits (after Qi and Li 1993).

A 30 m thick lens of brecciated and altered rocks oc-
curs to the south, in the stratigraphic footwall of the over-
turned Changba-II sulfide orebody. The breccia consists
of grey-white angular fragments (up to 20 cm by 4 cm in
size) of quartz albitite (30 - 90% Ab) cemented by quartz
and coarse-grained pyrite, sphalerite, galena and pyrrho-
tite. Remnants of grey biotite-quartz schists in the core of
some albitite fragments indicate that albitite formed by the
alteration of the host biotite-quartz schist. This breccia lens
bears similarities with the fragmental units in the foot-
wall of the Sullivan deposit (Anderson and Hoy 2000).

Sulfur isotope compositions range from +9.9 to +25.4
%o for sphalerite (n = 40, average = + 20.7 %o), from +8.1
to +29.3 %o for pyrite (n = 60, average = +21.4 %o) and
from +8.9 to +24.2 %o for galena (n =30, average = + 18.2
%o). The S isotope composition of barite ranges from +20.8
to +31.5 %o, with an average 8*S of +24.5 %o (n = 6).

Pb isotope ratios from 11 galenas range from 17.847
to 18.459 for 2°°Pb/***Pb, 15.420 to 15.874 for **’Pb/***Pb
and 38.014 to 38.785 for 2°°Pb/2*4Pb. The Pb isotope com-
positions form an array spreading from values typical of
the Mantle reservoir to values more radiogenic than the
Upper Crustal reservoir (Doe and Zartman 1979). The
enrichment in 2%Pb suggests that the lead in has a sig-
nificant Lower Crustal Pb component.

The REE of the ores and wall rocks show fractionated
REE patterns with (La/Lu)y > 1. Most of them exhibit
fractionated LREE patterns, and flat HREE patterns. An-

other important similarity among the samples is the slight
depletion (0.72 - 0.98) in Ce. The content of REE from
high to low is: biotite quartz schist > massive sulfide ores
> marble and dolostone. The REEs contents of breccia
lens, quartz albitite, bedded ore are close to the value of
biotite quartz schists.

4 The Dengjiashan Pb-Zn deposit

The orebodies in the Dengjiashan deposit are hosted by
metamorphosed Devonian sedimentary units that crop
out in the cores of the Dengjiashan and Mogou isoclinal
anticlines. Drilling indicates mineral resources of more
than 25 Mt with an average of 4.77 % Zn, 1.27 % Pb, 14
ppm Ag, 0.1 ppm Au, 160 ppm Cd and 650 ppm Hg.

The host Middle Devonian Xihanshui Formation com-
prises an upper argillaceous and a lower carbonate mem-
ber. The lower carbonate member comprises more than
190 m of grey to dark grey bioclastic micrite with thin
layers of calcarenite. The upper argillaceous member com-
prises interbedded phyllites and micritic limestone with
abundant brachiopod bioclasts. The sulfide ores are hosted
in chert in gradational contact with the footwall lower
carbonate member and in sharp contact with the
hangingwall upper argillaceous member. The limestone
and phyllites of the Xihanshui Formation host sixteen
orebodies, of which the two largest are the #1 (Dengjiashan
anticline) and #9 (Mogou anticline). Orebody #1 is up to
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20 m thick, strikes east-west for approximately 4 km, and
continues 300 m downdip to the south., whereas orebody
#9 is 2 km long and at least 350 m downdip, with an aver-
age thickness of 6.3 m and a thickness up to 21 m.

The ores are composed of intergrowths of sphalerite,
galena, and pyrite, with minor chalcopyrite, tetrahedrite,
cinnabar and pyrargyrite. The gangue is dominated by
quartz, calcite, barite, and ankerite, with minor amount
of sericite, chlorite, celsian, cymrite and albite. Primary
sedimentary and diagenetic textures and structures such
as bedding and lamina are preserved, but the lenticular
sulfide orebodies are characterized by recrystallized, vein
and breccia structures related to the tectonic and meta-
morphic events after the emplacement of the ores.

The REE patterns of the sulfide ore, chert and limestone
exhibit positive Eu anomaly with Eu* (2 X Eu/ (Sm + Gd))
ranging from 1.6 to 16.5. They are similar to those of the
East Pacific Rise submarine hydrothermal fluids and of pure
hydrothermal precipitates of the Red Sea (Henderson
1984), suggesting that the cherts and sulfide ores were
deposited from exhalative hydrothermal fluids. Another
characteristic of chert, limestone and sulfide ore samples
is a negative Ce anomaly, which is characteristic of oxi-
dized Devonian seawater (Wright et al. 1987).

Ninety sphalerite, pyrite, galena and barite samples
from orebodies #1 and #9 yield 3*S values ranging from
+10.5 to +22.3 %o for sphalerite, +4.2 to +21.1 %o for ga-
lena, -7.2 to +23.3 %o for pyrite and +14.9 to +31.0 %o for
barite. It is noteworthy that galena, sphalerite and pyrite
have similar maximum &**S values at 21-23 %o. These high
&S values in Dengjiashan sulfides are typical of sedi-
mentary exhalative deposits (Large 1983).

Ore galena has 2°Pb/?*Pb ranging from 17.827 to
18.176, 27Pb/?*Pb ranging from 15.454 to 15.705, and
208ph/204Ph ranging from 37.661 to 38.312. These values
plot between the Orogene and Upper Crust reservoir curves
of Doe and Zartman (1979) in the 27Pb/2%4Pb - 20°Pb/204pPh
diagram. An enrichment in 2Pb indicates a contribution
of thorogenic Pb from a Lower Crust reservoir.

5 Comparison between the Changba and the
Dengjiashan deposits

The Changba deposit is hosted by the Middle Devonian
Eifelian Anjiacha Formation, which formed in a conti-
nental slope environment, whereas the Dengjiashan de-
posit is in the Middle Devonian Givetian Xihanshui For-
mation, which formed in a carbonate platform or organic
bank environment. The lithofacies imply that the
Dengjiashan deposit was closer to the margin of the
Xicheng sub basin relative to the Changba deposit. The
sedimentary environments range from open platform fa-
cies, through organic bank facies, stagnant depression
facies to marine facies, affected by an extensional tectonic
regime. Ore deposition occurred during the transition

from shallow water platform to deeper water basin con-
ditions. No important magmatic activity is known dur-
ing mineralization, because all plutonic rocks intruded
during the Mesozoic and Lower Paleozoic (Ma et al. 2004).
The concordant, lenticular orebodies in the Dengjiashan
deposit are hosted in chert between marble and phyllite,
whereas the concordant stratiform orebodies in the
Changba deposit are hosted in schist and limestone. Sul-
fide lenses in the Changba deposit have more pyrite with
a gangue of quartz-calcite-albite-barite, but the
Dengjiashan deposit is characterized by quartz-calcite-
ferrodolomite-barite. Primary sedimentary bedding and
lamination structures are found in both deposits. The
breccia lens underlying the Changba-II orebody could
represent a sedimentary breccia expulsed along
synsedimentary faults that also channelized hydrother-
mal fluids to the seafloor, as proposed for the Sullivan
deposit (Anderson and Héy 2000).

Both deposits have wide ranges of 8**S values which
are interpreted to be a result of mixing between Devo-
nian seawater BSR (min values) in a sulfate restricted sub-
basin (max barite) with heavy hydrothermal TSR sulfide
(max sulfide values) injected into the subbasin to form
the sulfide lenses. REE patterns in Dengjiashan, are com-
parable to modern exhalative fluids, and display negative
Ce and positive Eu anomalies that are absent in the
Changba deposit. The persistence of a negative Ce anomaly
would indicate oxidizing seawater at Dengjiashan com-
pared to Changba, whereas the positive Eu could repre-
sent feldspar leaching in the basement or sedimentary
cover sequence. The lead isotope composition of the two
deposits are quite similar, forming an array between the
Upper Crust and the Mantle reservoirs, indicating that
lead in both deposits was derived from the mixture of
underlying sedimentary rocks and basement of the
Qinling orogenic belt.

6 Conclusions

The formation of the lead-zinc deposits in the Middle
Devonian was controlled by the tectonic setting and sedi-
mentary environment. During the Eifelian in Changba,
the south shore of the Qinling Sea was under extension,
which formed faulted basins on the north margin of the
Yangtze craton and caused convection of oxidized sea-
water in pores or fractures of the pre-Devonian sedimen-
tary rocks. This heated seawater leached metals from the
rocks along its flow path. At the same time, seawater sul-
fate was reduced by bacteria under closed conditions to
form sulfides. Residual sulfate at the bottom of the faulted
basin became enriched in *S. Hydrothermal fluid carry-
ing TSR sulfur was injected into the sub basin, where a
drop in temperature and mixing with the H,S-riched bot-
tom seawater resulted in the precipitation of the massive
sulfide lenses. Where the feeder zone was near the center
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of the sub-basin, the breccia zone underlies the bedded
orebodies. Later, during Givetian time, subsidence of the
carbonate platform and the Dengjiashan deposit formed
from a distal hydrothermal fluid discharge site that accu-
mulated into a local depression on the seafloor.
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