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Preface

When asked in 1996 what he thought was the
major problem in geology still unresolved, Profes-
sor Rudolph Trumpy replied 'find the connection
between mountain building processes and ore
deposit formation'. His remark inspired the Eur-
opean Science Foundation to set up a five-year
scientific programme in 1998 to investigate geody-
namics and ore deposit evolution, GEODE, on a
European scale. The GEODE programme was
organised into five main projects, based on metal-
logenic provinces in Europe, supplemented by
studies of metallogeny in the technically active
regions of South America and the SW Pacific. A
global comparison of major volcanic-hosted mas-
sive sulphide (VMS) deposits was also initiated.
Metallogenesis has been related to geodynamic
processes operating on a wide range of scales in
space and time, involving large-scale processes
conducive to the generation of magmatic and
mineral fluids within the lithosphere-astheno-
sphere system, processes transporting and trans-
forming those fluids through interactions with
their surroundings in an ever changing thermal
and pressure regime, and processes concentrating
and depositing metals within the ore deposit
regime progressively over time. To gain an under-
standing of these processes it is essential to
examine them where they have been recently, or
are currently, active and where information about
the structure and characteristic properties of the
lithosphere, and how they are evolving, can be
gained from geophysical, geochemical, geochro-
nological and other observations. As a conse-
quence of previous European Science Foundation
programmes, such as the European Geotraverse
and EUROPROBE, the properties, structure and
evolutionary history of the lithosphere of Europe
is better known than almost anywhere else in the
world. Metallogenic provinces in Europe range in
time from the Archaean-Early Proterozoic to the
Palaeozoic, to the Cenozoic and, in particular, in
the active region of the Alpine-Balkan-Car-
pathian-Dinaride (ABCD) belt, to the Neogene.
The latter, in comparison with the regions of
South America and the SW Pacific, affords the
opportunity to investigate metallogeny in a variety
of modern tectonic contexts.

The contents of this book reflect these ideas.
They are based on a symposium organised by
GEODE and SGA (Society for Geology Applied
to Mineral Deposits) held during the European
Union of Geosciences Assembly in March 2001
entitled 'the timing and location of major ore

deposits in an evolving orogen'. Although the
majority of papers relate to Europe, their findings
have a global significance for metallogenesis.
Figure 1 provides a key to their locations. An
introductory paper by Blundell to set the scene is
followed by an account by Allen & Weihed of
global comparisons of VMS districts from the first
findings of a new international project. They
conclude that the main VMS ore deposits take less
than a few million years to form and generally
occur near the top of a succession of felsic
volcanic rocks within an extensional environment.
A series of papers then examine various aspects of
modern orogenic systems, starting with two (Bar-
ley et al. and Macpherson & Hall) on the SE
Asia/SW Pacific region that demonstrate the speed
of tectonic processes and the short duration of
magmatic and mineralizing events. The latter are
shown to relate to transient effects in a subduction
complex, often through plate reorganization, rather
than to steady state subduction. Changes in the
balance between recycled fluxes of slab-derived
fluid and sediment melt exert an important control
on the chemical composition of arc lavas and,
consequently, on their content of economically
important metals. Arc-related magmatism in unu-
sual tectonic settings produced the most abundant
and largest deposits in SE Asia, the vast majority
of which have formed since 5 Ma. It appears that
whilst the timing of magmatic and metallogenic
events can be explained in relation to tectonic
changes, it is much more difficult to explain the
tectonic controls on the locations of ore deposits.
Papers by Lips and Neubauer identify the con-
nections between collisional tectonics and ore
deposit evolution in SE Europe and the ABCD
belt, particularly relating to slab rollback in earlier
stages and slab tear and detachment subsequently.
Lips points out that roll-back of subducted litho-
sphere, restoration of orogenic wedge geometry
and slab detachment are all scenarios that favour
extension and the transfer of heat to relatively
shallow lithospheric levels. Within the context of
near-continuous subduction in the ABCD region
over the past 100 Ma, Neubauer recognizes two
periods of short-lived, late-stage collisional events
that led to calc-alkaline magmatism and miner-
alization, in the Late Cretaceous and Oligocene-
Neogene. In both periods, the type of mineraliza-
tion and its timing changes progressively along
the strike of the magmatic/metallogenic belt,
which Neubauer links with the process of litho-
spheric slab tear observed independently in the

vi i



viii PREFACE

Fig. 1. Key maps showing general locations relating to the papers, (a) World map: 1, Blundell; 2, Allen & Weihed;
3, Barley et al; 4, Macpherson & Hall; 15, Chauvet et al.; 16, Yakubchuk; 17, Fridovsky & Prokopiev. (b) Map of
Europe: 5, Lips; 6, Neubauer; 7, Amann et al.; 8, von Quadt et al.; 9, Marchev & Singer; 10, Krohe & Mposkos; 11,
Tornos et al.; 12, Boni et al. 13, Cuney et al; 14, Jurkovic & Palinkas; 18, Stein & Bingen; 19, Rajavuori &
Kriegsman.
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area from seismic tomography and other evidence.
Papers by Amann et al. and von Quadt et al.
explain the timing and genesis of specific ore
deposits in the Eastern Alps and the Bulgarian
Srednogorie zone of the Carpathians, respectively.
Amann et al. examine late-tectonic gold miner-
alization of Oligocene-Miocene age related to a
complex transtensional shear regime of conjugate
strike-slip faults. Von Quadt et al. use high
precision U-Pb dating of individual zircons from
dykes bracketing the time of formation of the
Elatsite porphyry Cu-Au deposit to demonstrate
that the high-temperature ore forming process was
constrained to a very short period within the Late
Cretaceous collisional event, between 92.1 ± 0.3
and 91.84 ± 0.31 Ma ago. A paper by Marchev &
Singer looking at the timing and nature of
magmatism and hydrothermal activity in the east-
ern Rhodope region is complemented by an analy-
sis of the structural evolution of the Rhodope
mountains by Krohe & Mposkos. Marchev &
Singer show how short the duration of volcanism
and hydrothermal activity can be in a single ore
district. They find that volcanism in the Madjarovo
volcanic complex and ore district in Bulgaria
began at 32.7 Ma and finished by 32.2 Ma, at
which time the hydrothermal activity and fault-
controlled base/precious metal mineralization oc-
curred. This happened during a period, shown by
Krohe & Mposokos, when the Rhodope region
suffered pervasive deformation and granitoid in-
trusion, being uplifted, extended and exhumed
through a series of inter-linked detachment faults.

Turning to older orogenic systems, one of the
world's major metallogenic provinces is the Iber-
ian Pyrite Belt of Southwest Iberia, set within the
larger province of the western Variscides. Tornos
et al. show how mineralization evolved as a
consequence of oblique collisional plate tectonic
processes. They find that most of the mineraliza-
tion is related to localized extension in shear
zones, pull-apart basins and escape structures
within a regional transpressional regime in which
deep, crustal-scale structures developed. Based on
a detailed study of Sardinia, Boni et al. demon-
strate the importance of large-scale, and persistent,
fluid flow systems in the continental crust as a
mechanism for ore deposit formation. They en-
visage a 'crustal-scale hydrothermal palaeofield'
as applicable to much of the post-orogenic (Var-
iscan) mineralization across western and southern
Europe. Cuney et al. investigate the causes and
effects of orogenic gold mineralization in the
Massif Central, France. They distinguish two
short-lived metallogenic episodes, related to em-
placement of leucogranites. The first, c. 325 Ma,
related to syn-collisional extension and the second,
c. 310 Ma, related to general extension and rapid

exhumation of the Variscan belt, possibly due to
lithosphere delamination. Jurkovic & Palinkas
tackle the task of discriminating between Varis-
cide or Alpide (Triassic) origins of ore deposits in
the Dinarides, in Palaeozoic and Permo-Triassic
allochthonous units thrust over Mesozoic-Palaeo-
gene rocks during Alpine deformation. With
radiometric dating not possible, they successfully
developed a package of discriminatory criteria,
involving (34S isotope values, SrSO4 content and
fluid inclusion properties. Chauvet et al. explain
the structural controls on copper mineralization in
the High Atlas of Morocco, a southerly extension
of the Variscides to north Africa. They relate the
mineralization to a ductile tectonic event asso-
ciated with granite emplacement some 20 Ma ear-
lier. To the east, and on a grand scale, the
formation of very large ore deposits in relation to
the evolution of orogenic collages across eastern
Asia through the Mesozoic and Cenozoic is
explained by Yakubchuk. He is able to demon-
strate that the timing of mineralization is related
to plate reorganization and oroclinal bending of
magmatic arcs. Interestingly, the location of major
gold deposits is correlated with marine shelf and
platform sequences containing black shales. Com-
plementing this work is a paper by Fridovsky &
Prokopiev describing gold mineralization on the
eastern margin of the north Asia craton, an area
rich in black shales.

Stein & Bingen demonstrate the immense value
of Re-Os dating techniques for obtaining direct
information about the ages of mineral occurrences
in southern Norway, which enable them to pin-
point the timing of deformation and metamorphic
change associated with the mineral occurrences to
a duration of just 30 Ma, between 1047 and
1017 Ma, The strength of their approach, as they
say, is that 'small ore occurrences in molybde-
num-endowed regions of the Earth's crust are
capable of unleashing important age information
that bears on the metamorphic history and tectonic
assembly of major orogens'. Finally, Rajavuori &
Kriegsman point out the role of fluorine as a
pathfinder in metamorphic hydrothermal volcano-
genie massive sulphides. Their study of F in Zn-
Cu-Pb deposits in Finland and Australia examines
the role of F in the fluid transport system of
magmatic-hydrothermal ore formation.

The overall conclusion to be drawn from this
collection of papers is that ore formation in
magmatic-hydrothermal systems occurs over a
short period of time, probably less than a million
years, usually at or close to the end of a magmatic
event. The timing relates to a transient effect of
plate reorganization, which creates heat and a
particular style of magmatism conducive to the
generation of mineralizing fluids. Specific scenar-
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ios have been proposed. The location of ore
deposits is difficult to pinpoint but is often
controlled by localized extensional structures
developed within a regional transpressional re-
gime. But what controls the amount of mineraliza-
tion produced and what determines where it is
concentrated into very large ore deposits remain
obscure.

All the papers in this book have benefited greatly from
the critical assessments and helpful comments given by
referees, who have given freely of their time and
expertise. We would like to thank the referees, D.
Alderton, M. Anderton, S. Cuthbert, T. Berza, A.-V

Bojar, H. de Boorder, K. Clark, R. Clayton, N. Cook. L.
Diamond, M. Economou-Eliopoulos, M. Faure. H. Fritz,
Ch. Gauert, J. Glodny, R. Hall, R. Handler. W. Halter, Y.
Kostitsyn, D. Kozelj, W. Kurz, R. Large. J. Lexa, E.
Marcoux, K. McClay, S. McCutcheon, A. Mogessier. R.
Moritz, L. Nakov, W. Nokleberg. S. Petersen, T. Pettke.
J. Raith, J. Relvas, J. Ridley, J. Schneider, S. Sengor. C.
Spottl, M. Tichimorova, F. Tornos, P. Tropper, N. White.
E. Willingshofer and M. Wortel.

D. Blundell,
F. Neubauer

& A. von Quadt



The timing and location of major ore deposits in an evolving
orogen: the geodynamic context

DEREK J. BLUNDELL
Department of Geology, Royal Holloway, University of London, Egham, Surrey TW20 OEX,

UK (e-mail: d.blundell@gl.rhul.ac.uk)

Abstract: Although it is possible to identify the potential controls on mineralization, the
problem remains to identify the critical factors. Very large mineral deposits are rare occurrences
in the geological record and are likely to have resulted from the combination of an unusual set
of circumstances. When attempting to understand the mineralization processes that occurred to
form a major ore deposit in the geological past, especially the reasons why the deposit formed
at a particular time and location within an evolving orogenic system, it is instructive to look at
mineralization in modern, active subduction complexes. There it is possible to measure and
quantify the rates at which both tectonic and mineralizing processes occur. In a complex
subduction system, regions of extension develop. For example, subduction hinge retreat is a
process that creates extension and generates heat from the upwelling of hot asthenosphere
ahead of the retreating slab, producing partial melting, magmatism and associated mineraliza-
tion. Seismic tomography not only images mantle as it is now, but subduction slab anomalies
can be interpreted in terms of the past history of subduction. This can be used to test tectonic
plate reconstructions. Tectonic and magmatic events occur rapidly and are of short duration so
that many are ephemeral and will not be preserved. Furthermore, they can be diachronous as is
the case with the lithospheric slab tear clockwise around the Carpathian Arc during the
Neogene.

If the tectonic setting is paramount in determining the onset of the mineralization process
and generation of mineralizing fluids, the fluid transport system that localizes the mineralization
in space and time and concentrates the metal charge is the key to finding when and where the
ore deposits occur. Fault and fracture networks in the crust provide various mechanisms for the
localized expulsion of fluid in pulses of short duration. Excess surface water flow following
large earthquakes in the Basin and Range region of USA offers a modern analogue to quantify
fluid flow related to extensional faulting. Evidence from the Woodlark basin, east of Papua
New Guinea, suggests that similar conditions pertain in the oceanic environment. Whilst there
are limits to the use of regions of active tectonism as modern analogues to explain the
mineralization of ancient orogenic systems, they do provide the best opportunity to understand
the mechanisms of mineral processes and the controls on the location and timing of major ore
deposits.

The formation of a large, world class ore deposit the common factors provides a set of input
is a relatively rare event in geological history and parameters for 'hard' modelling to quantify and
requires the concurrence of a particular set of predict the likely occurrences of ore deposits
circumstances in space and time. These are likely prescribed by a specific set of circumstances.
to operate on a range of scales from the major However, in order to do this successfully, an
tectonic context on a lithosphere scale, through essential pre-requisite is to understand the geody-
the crustal-scale structural context down to the namic processes involved so as to constrain the
deposit and microscopic scales that determine the mechanisms incorporated into the modelling. An-
mode of mineralization. There are various ap- other approach has been used recently by Goldfarb
proaches that can be made to determine the key et al. (2001) to produce a global synthesis of
factors conducive to the formation of large ore orogenic gold deposits. In this, they began by
deposits. Ideally, a systems approach advocated by examining the characteristic features of the ore
Ord et al. (1999) recognizes common crustal-scale deposits and their tectonic settings, before making
fluid flow systems in ore deposit formation that a detailed synthesis of their occurrence through
are amenable to modelling, regardless of the geological time from the Archaean to the Present,
diversity of tectonic settings. 'Soft' modelling of within a succession of orogenic systems. This

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 1
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 1-12.
0305-8719/02/$15.00 C The Geological Society of London 2002.
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emphasises the long term variation through time
of the amount of mineralization that has occurred.
However, to examine the timing and location of
major ore deposits within an evolving orogen, the
best starting point is an appraisal of modern
orogenic systems, in which the dynamically
changing tectonic activity and lithospheric struc-
ture responsible for metallogeny can be related
through the use of geophysical and geochemical
observations. These systems can be used as
modern analogues to substantiate those geody-
namic processes and structures that, together,
control the timing and location of large ore
deposits within an evolving orogen.

Regardless of deposit type or form of miner-
alization, there are certain common factors in ore
genesis (equivalent in hydrocarbon parlance to
source, migration pathway and trap).

(1) A source region within the Earth to provide
the metal charge. This can range from a region of
partial melting within the upper mantle (or possi-
bly deeper if generated by a mantle plume) to a
region within the crust that is scavenged by hot
brine within some form of hydrothermal system.
The size of the source region is likely to be large
in comparison with that of the ore deposit, so that
a high degree of concentration of metals within
the fluid between source and ore deposit is
essential.

(2) A fluid system that provides the mechanisms
of transport and concentration between source
region and ore deposit. This is controlled by the
evolving thermo-tectonic setting of the orogen and
the rheological properties of its location within
the lithosphere.

(3) A localized structural/stratigraphic setting
and chemical regime that is conducive to the
precipitation of a large quantity of metals in ore
minerals within a deposit. Furthermore, conditions
for the preservation and possible exhumation of
the deposit are required subsequently for it to be
at or near surface at the present day and thus
exploitable as a resource.

Taking these factors into account, modern oro-
genic systems offer insights into processes that are
ephemeral and allow rates and duration of process
to be quantified. These can be used to interpret
the key factors in past orogenies that have run to
completion, where evidence of processes active
during their evolution are no longer preserved.

A modern orogenic system: the SE Asia-
SW Pacific region

The SE Asia-SW Pacific region forms an active
subduction complex that provides excellent exam-
ples of most of the geodynamic processes in-

volved in an evolving orogen. Across the very
large area depicted in Figure 1, three major plates
are interacting; the dominantly continental Eur-
asian plate in the NW, the India-Australia plate in
the south containing both old oceanic lithosphere
and the Australian continent, and the oceanic
Pacific plate in the east. In between are smaller
plates containing continental fragments and young
oceanic lithosphere that form a collage of rapidly
changing and deforming tectonic units. Present
day horizontal motions of structural elements have
been quantified from analysis of GPS data to
deduce relative velocity vectors. Rates of uplift or
subsidence are measured by various means. Earth-
quake hypocentre and focal mechanism determi-
nations define in three dimensions the
configuration of subduction slabs in the upper
mantle and quantify the state of stress. Their
configurations are confirmed by seismic tomo-
graphic images of seismic velocity anomalies in
the upper mantle, along with those of various
other features (Bijwaard et al. 1998; Spakman &
Bijwaard 1998). Gravity, seismic and heat flow
measurements also provide information about
lithospheric structure and physical properties at
depth. All these provide a snapshot of this huge
subduction complex at the present time.

In addition, palaeomagnetic data combined with
high resolution dating provide evidence of plate
movements in the past, both from ocean floor
basalt anomalies and from rotations and relative
translations of continental fragments. From these
and other data, the rates of relative motions
between the plates have been measured and their
evolution over the past 50 Ma has been tracked in
a succession of plate reconstructions at 1 Ma
intervals (Hall 1996, 2002). This evolutionary
model plus measurements of currently active
processes provide the framework for attempting to
understand the conditions required to generate
large ore deposits. In this paper, just a few
examples are presented to illustrate the value of
this approach.

(1) Within a plate system of long-term conver-
gence a large amount of extension has occurred,
especially across the large region of Sundaland
and the Banda Sea behind the Banda Arc. Many
of the subduction zones defined by earthquake
activity are steeply dipping and, together with
seismic tomographic imagery, offer ample evi-
dence of subduction hinge retreat, or 'rollback'.
One effect of rollback is to introduce additional
heat in front of the retreating slab, giving rise to
partial melting in the mantle (see Macpherson &
Hall 2002). Rollback also results in the develop-
ment of back-arc and intra-arc extensional basins
which, as Hutchinson (1973) first pointed out, are
amongst the range of tectonic settings conducive
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Fig. 1. Main plate tectonic features of the SE Asia-SW Pacific region, based on Hall (2002), reproduced with his
permission, showing locations of Manus basin (M), Woodlark basin (W) and Banda Arc cross-section (B) of Figure 2.

to the formation of VHMS deposits. These are
characterized by bimodal volcanics with rhyolitic
and basaltic compositions.

In areas where the subduction hinge has ad-
vanced, volcanism often ceases as the mantle
wedge is not continually being replenished by
fresh mantle material and fewer conduits for fluid
flow to the surface are available. Magmatism
instead leads to the formation of intrusions within
the crust. According to Sillitoe (1999), this is a
more likely setting for porphyry copper deposits,
characterized by cylindrical stocks related to
intrusions, associated with andesite-dominated
magmatism where arcs are not in extension.
Examining the tectonic settings of mineral depos-
its in Indonesia, Carlile & Mitchell (1994) noted
that all known mineral deposits lie within mag-
matic arcs and formed during or shortly after the
magmatic activity. But of 15 Cenozoic magmatic
arcs recognized, only six were known to contain
significant mineralization. The mineralization is
dominated by porphyry Cu-Au and epithermal
Au deposits, all founded on continental crust, the
former occurring on both island arc and continen-
tal settings and the latter best developed in
continental arcs. In contrast with the settings of
the porphyry deposits, epithermal mineralization

is commonly linked to extensional movements on
low angle detachment faults at depth. Within the
same arc, epithermal deposits may be younger
than the porphyry deposits and have formed
through a different mechanism. Most of the major
deposits are of Pliocene age, associated with mid-
Miocene to late Pliocene magmatism. Carlile &
Mitchell (1994) suggest that uplift and erosion
have removed all the older mineral deposits but
have been insufficient to reveal those of Quatern-
ary age. Macpherson & Hall (2002) suggest
instead that the timing of magmatism and style of
mineralization relates to a change in plate dy-
namics from a period of hinge advance of the
Banda arc between 25 and 15 Ma to one of hinge
retreat since 10 Ma. Barley et al. (2002) relate
these plate reorganizations to periods of gold
mineralization. They note that both the largest and
the largest number of ore deposits, associated with
arc magmatism in unusual tectonic settings,
formed in the past 5 million years during a major
period of changing motions between the India-
Australia and Pacific plates.

(2) The northward movement of the India-
Australia plate at 60 mm a-1 relative to the Banda
Sea plate has resulted in the collision of the NW
Australian shelf with the Banda Arc in the region
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of Timor. The collisional history appears to have
begun 8 Ma ago when an outlier of thin continen-
tal crust reached the north-dipping subduction
zone and transferred from the lower (India-Aus-
tralia) plate to the upper (Banda Sea) plate when
subduction jumped to the south of it. Oceanic
lithosphere was subducted until 2.4 Ma ago when
the NW Australian shelf arrived. A section of
continental crust was subducted, to around 100 km
depth, until relatively recently when subduction
jumped to the north of the volcanic arc and
changed polarity. Thus Timor and the adjacent
section of the volcanic arc are currently moving
north as part of the India-Australia plate
(McCaffrey 1996). To the north, the Banda Sea is
a back-arc basin currently being overthrust at the
south-dipping Wetar Fault. The present cross-sec-
tional configuration is sketched as a cartoon in
Figure 2 (Richardson & Blundell 1996), showing
the thickened continental mass below Timor,
wedged between the Australian shelf continental
mass to the south and the Banda Sea plate to the
north, laterally shortened by over 50% and cur-
rently being uplifted at up to 2 mm a - 1 .

The Banda Arc-Australia collision has been
used by Brown & Spadea (1999) as a modern
analogue for the evolution of the Uralides during
the late Devonian, Figure 3, involving the colli-
sion of the Magnitogorsk Arc with the East
European continental mass. It also offers the basis
of an explanation for the location and timing of
VHMS deposits in the southern Urals. However,
the Uralide orogeny continued beyond arc-con-
tinent collision to complete continent-continent
collision, granite magmatism and post-orogenic
extensional collapse in the early Carboniferous.
VHMS deposits in the southern Urals are found in
well-preserved mounds (Zaykov 2000), whose
modern counterparts are linked with black smo-
kers, such as the 'black smoker' recovered from
2 km depth on the seafloor of the SE Manus basin.
This is 2.7 m long, 80 cm in diameter at the base,

Fig. 2. Cartoon cross-section of the Banda Arc-NW
Australian shelf collision zone interpreted from BIRPS
deep seismic sections (Richardson & Blundell 1996);
stippled area Australian lower crust.

teeming with bacteria and archaea, and provides
clear evidence of current mineralization in the
area (Binns et al. 2002).

(3) A mantle plume has been recognized
beneath the Manus basin in the Bismark Sea
(location, Fig. 1) on the basis of the petrology,
geochemistry and He isotope ratios of active
volcanics (Macpherson et al. 1998). It is con-
firmed by the presence of a cylindrical-shaped
seismic tomographic low velocity anomaly in the
upper mantle (Spakman & Bijwaard 1998) with a
diameter of 700 km. Investigating the widespread
occurrence of Mg- and Si-rich boninite magma-
tism in the Izu-Bonin-Mariana forearc of the
Philippine Sea plate during the middle Eocene,
Macpherson & Hall (2001) have proposed that this
is due to the presence of a mantle plume. They
point out that the generation of boninite magma
requires excess heat in order to melt residual
peridotite within the mantle portion of an oceanic
lithospheric plate overriding a subducted plate.
Additionally, a hydrous fluid flux from the sub-
ducted lithosphere has to be incorporated into the
melt. Using a plate reconstruction from 50 Ma
(Hall 1996), they demonstrate that the boninite
volcanics would have been located within a circle
of 1,500 km diameter. Continuing with subsequent
reconstructions they have been able to track the
path of this plume to its present-day location in
the Manus basin, where VHMS style mineraliza-
tion has been found (Binns & Scott 1993). Thus
the presence of a mantle plume beneath a subduc-
tion complex may be relatively long lived and can
interact with a range of subduction processes as a
result of the ever changing configurations of
microplates within the complex. The additional
thermal energy provided by the plume can thus
promote substantial magmatic activity-the volume
of boninite volcanics is comparable with other
plume-related volcanism such as the Tertiary
igneous province of NW Britain or the Columbia
River basalts. The characteristic style of the
middle Eocene boninite volcanism provides a
Cenozoic analogue that can be recognized within
the geological record, such as the oldest volcanic
unit found in the Magnitogorsk forearc in the
southern Urals (Brown & Spadea 1999) or the late
Archaean Abitibi Belt in Canada (Wyman 1999).

(4) A key observation of the SE Asia-SW
Pacific subduction complex is the speed at which
the various tectonic processes take place and the
short duration of tectonic and magmatic events.
For this reason, the single most important require-
ment for a better understanding of mineralization
is to have high precision, high accuracy dating of
suites of ore minerals. Dynamic changes in plate
motions, which are dependent upon time-variable
parameters, are the events most likely to control
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Fig. 3. Schematic model of arc-continent collision, redrawn from Brown & Spadea (1999), reproduced with
permission from the Geological Society of America, based on modern analogues from the western Pacific, to explain
the evolution of the southern Uralides: (a) Intra-oceanic subduction of young, hot oceanic lithosphere, with volcanic
arcs of tholeiite and boninite composition during the early to mid-Devonian: SL is sea level. (b) As continental crust
arrives at the subduction zone during the late Devonian, collision-related processes predominate, with calc-alkaline
suites indicating a mature island arc setting. (c) In the Early Carboniferous, when collision is nearly complete, the
accretionary complex (AC) and forearc (F) areas attain their final architecture; S is the suture.

the timing and location of mineralization. Sillitoe
(1997) observed that various unusual arc settings
can be conducive to mineralization, such as
subduction polarity reversals, changes of plate

boundaries from convergent to transform, or the
cessation of subduction resulting from arc-con-
tinent collision. He found that some of the largest
gold deposits in the circum-Pacific region oc-

5
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curred in short-lived, areally restricted events that
resulted from partial melting of stalled subduction
slabs conducive to the oxidation of mantle sul-
phides and release of gold. The changes in
palaeogeography evident in Hall's plate recon-
structions over the past 50 Ma underline the
ephemeral nature of many of the subduction
elements present today. For example, the Woo-
dlark basin only began to develop as an oceanic
ridge started to rift, driven by slab pull, just over
7 Ma ago. It is currently being subducted as fast
as it is growing so that no trace of it will remain
after another 2-3 Ma. A region of oceanic litho-
sphere flooring the Molucca Sea north of Halma-
hera was subducted between 11 Ma and 2.5 Ma,
both to the east and to the west (Hall 1999), and is
imaged by seismic tomography as an inverted V
in cross-section (see Macpherson & Hall 2002,
fig. 3). The forearc wedges of the upper plates to
the east and west of it have now collided, with the
western one overriding the other. Two arcs are
now in contact with an accretionary complex
sandwiched between. Meanwhile the inverted V of
oceanic lithosphere is sinking through the upper
mantle. Geologists in a few million years time will
have great difficulty in distinguishing this arc-
collisional history and in recognizing the sunken
plate.

Most volcanic episodes are over within 3-
5 Ma, though they may recur subsequently in the
same location, but under different stress condi-
tions. The rates of uplift of many of the islands,
such as Timor, at up to 2 mm a-1 ensure rapid
erosion and exhumation. Thus the epithermal
copper and gold deposits on East Mindanau
associated with the Philippine Fault (probably
formed at depths around 5 km less than 5 Ma ago)
and the VHMS deposits on Wetar (currently at
surface but formed in deep water 4.7 Ma ago)
could be gone in another 2-3 Ma, possibly to
reappear later in the sedimentary record as placer
deposits. In New Guinea, gold deposits are asso-
ciated with thrusts and lateral ramps (Pubellier &
Ego 2002). Syn-tectonic porphyry Cu was injected
between 7 and 2 Ma into thrust planes and then
cut by later thrusts. The tectonic setting changed
again after 2 Ma becoming wrenching at the front
of the belt, the lateral ramps subsequently being
re-activated as normal faults. Mineralization may
come with one phase and be destroyed by the next
one. These rapidly evolving systems show how
essential it is to have accurate dating of events
and underline the over-simplifications that we
make when we try to understand ancient orogens.

Thus, although the SE Asia-SW Pacific sub-
duction complex may provide examples of tec-
tonic settings within an actively evolving orogen,
much of what is observed at present is unlikely to

be preserved after the orogeny has run its course
through to continental collision and eventual
collapse. Van Staal et al. (1998) illustrated this by
modelling the SE Asia-SW Pacific complex
forward into the future some 45 Ma, until the end
of collision. Figure 4 replicates this model, which
they used as an analogue for the Appalachian-
Caledonian orogen, pointing out that it would be
impossible to reconstruct the evolution of the
orogeny because so much of the evidence had
been lost. Thus there are bound to be severe
limitations on interpretations of the tectonic set-
tings of mineral deposits in ancient orogenic belts
unless, like the Uralides, they are exceptionally
well preserved.

A modern orogenic system: the
Carpathian Arc

Forming part of the Alpine-Carpathian system,
the Carpathian Arc has been evolving for the past
80-100 Ma, but is now in the late stage of
continental collision when plate convergence has
almost come to an end. This is one of the
circumstances when slab detachment occurs, by
lateral tear, particularly when continental litho-
sphere is incorporated into the subducting slab.
Seismic tomographic images on radial cross-sec-
tions across the Carpathian Arc (Wortel & Spak-
man 2000) reveal the presence of a gap between
the lithosphere and the down-going slab, apart
from the Vrancea region in the SE where the slab
is unbroken. The down-going slab turns to hor-
izontal at depth, an indication of an earlier hinge
retreat and rollback. The effect of a partly torn
slab is to increase the weight of the slab where it
is attached resulting in subsidence at surface, and
to unload the lithosphere where it has torn,
resulting in surface uplift (Fig. 5). The history of
slab tear clockwise around the Carpathian Arc
since the Oligocene can be tracked by the migra-
tion of the null point between subsidence and
uplift around the arc. Earthquake activity is strong
in the Vrancea region where the slab is still
attached. Working with numerical models, Wortel
& Spakman (2000) have shown that detachment is
dependent on the strength of the down-going slab:
it can occur if the slab strength becomes less than
the tensional stress from slab pull. The strength
can be reduced for example through a change
from oceanic to continental lithosphere in the
subducting slab, sufficient to initiate slab tear.
Leech (2001) has pointed out that eclogitization is
likely to be a major factor in weakening the
lithosphere in these circumstances and that an
influx of fluids into the subduction zone is
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Fig. 4. Forward model of plate motions of the SE Asia-SW Pacific region 45 Ma into the future when continental
collision occurs and relative plate motions cease (Van Staal et al. 1998).

required in the metamorphic processes that are
involved. The actual depth of detachment is
dependent upon the thermal structure and rheol-
ogy of the subducting slab-the warmer and weak-
er it is, the shallower is the depth of detachment.
Considering the thermal consequences, a shallow
detachment can locally thin the lithosphere and
bring hot asthenosphere closer to surface, with a
consequent thermal pulse and the likelihood of
partial melting. A slow convergence velocity
results in a shallow detachment at a later time in
the orogenic process, but a relatively small tem-
perature jump. A minimum depth of detachment
is at 35 km when very warm lithosphere is
subducted, but the depth is greater for cooler
lithosphere, around 70-80 km. Modelling indi-
cates that partial melting is restricted to the plate
contact region where the tear has formed. The
overlying lithosphere, which is uplifting and ex-
tending laterally, is thus affected by a sudden flow
of heat from the hot lithosphere. This can cause
anatexis and granite magmatism, with related ore
deposits. A further significance of this thermo-
tectonic modelling is that it can be related to P-
T-t information from metamorphic minerals and
the isotopic and geochemical signatures of the
partial melts. Thus there is now a method of

analysis capable of predicting the tectonic settings
of mineralization formed in the later stages of
orogenesis. De Boorder et al. (1998) have shown
that there is a close spatial link between Late
Cenozoic deposits of Hg, Sb and Au, which have
a mantle origin, and areas of lithospheric slab
detachment beneath the Carpathian Arc picked
out by seismic tomographic low velocity (i.e. hot)
regions. They report a 2.2 Ma age difference
between the volcanic host and the mineralization,
which may indicate the time lag between slab
detachment and mineralization. Neubauer (2002)
finds that, within the long-term subduction com-
plex of the Alpine-Balkan-Carpathian-Dinaride
region that evolved over the past 120 Ma, two
short-lived, late-stage collisional events occurred,
one in the Late Cretaceous, the other of Oligo-
cene-Neogene age. Plate reorganization led to
magmatism and extensive mineralization in three
distinct belts. Within these belts, the type of
mineralization varies significantly along strike. In
the Oligocene-Neogene Serbomacedonian-Rho-
dope belt, related to the Carpathian arc, the timing
of magmatism and mineralization migrates along
strike in keeping with the Carpathian arc, and so
can be linked with the process of lithospheric slab
tear.
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Fig. 5. Mechanism of slab tear proposed byWortel & Spakman (2000), reproduced with permission from Science
290, 1910 (2000) fig.4. Copyright 2000 American Association for the Advancement of Science. The progress of the
tear can be followed by the migration of the null point between subsidence and uplift around the arc. Slab tear
enhances roll-back. Inflow of hot asthenoshere into tear gap creates specific conditions for short-lived magmatism and
mineralization.

Modern fault systems and fluid flow

Whilst the tectonic settings just discussed deter-
mine the location of the source region and the
timing of the generation of magmatic and/or
hydrothermal mineralizing fluids, the transporta-
tion system to bring these fluids to the ore deposit
location is of fundamental importance to ore
genesis. The close association of ore deposits with
faults and fracture systems implies that these are
the prime components of the transport system, at
least within the brittle upper crust. Evidence from
seismic s-wave velocity anisotropy by Crampin
(1994) has established the ubiquitous presence of
vertical cracks in the crystalline crust. Deeper in
the continental crust and upper mantle, anasto-
mosing ductile shear zones hold the key in regions
of extension, whilst crustal-scale shears, ramps
and thrust anticlines dominate regions of compres-

sion. Figure 6 illustrates these differences, as
imaged on deep seismic reflection profiles, which
are a consequence of the differing rheological
responses of rocks under tensile and compres-
sional stress (Cloetingh & Banda 1992). In con-
tinental regions under extension, the seismogenic
zone in which earthquakes occur is normally
above a mid-crustal level of around 15-20 km but
in regions of active thrusting during continental
collision, such as the Himalayas, earthquakes oc-
cur at depths nearly down to the Mono.

A considerable body of research has established
various possible mechanisms for fluid transport in
the crust. Sibson (1996) showed that mesh struc-
tures involving faults interlinked with extensional
vein-fracture systems can act as major conduits
for large volume fluid flow. Fluid pressure pro-
vides the drive and the mechanism for opening
elements in the mesh, allowing transient increase
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Fig. 6. Cartoons based on deep seismic reflection
profiles across continental lithosphere showing typical
structural configurations in relation to strength profiles:
(a) under compression where crustal-scale thrust ramps
and anticlines dominate, (b) under tension where brittle
conditions and faulting occur in the upper crust and
ductile conditions with anastomosing shears pervade the
lower crust. The Moho M can act as a detachment,
below which, occasionally, dipping reflections are
observed in the upper mantle.

in hydraulic conductivity, resulting in fluid flow
and earthquake swarm activity. Sibson (1981,
1987) had earlier proposed an earthquake 'pump-
ing' mechanism to explain the association of
epithermal mineralization with extensional offsets
between fault segments. Dilation in the relay zone
between fault segments as the fault ruptures
causes a reduction in fluid pressure so that fluid is
sucked into the void space. This discharges subse-
quently as strain is reduced during the aftershock
sequence. Sibson et al (1988) proposed a similar
mechanism to explain the association of mesother-
mal gold deposits with high-angle reverse faults at
mid-crustal levels. In this case the brittle upper
crust (see Fig. 6) acts as a seal to fluids trapped
below the seismogenic zone until fluid pressure
increases to a point when the fault fails and
rupture occurs. The fault acts as a valve that opens
from time to time, allowing pulses of high
pressure fluid to be released upwards. However,
this mechanism may have more to do with fault
inversion events than crustal-scale thrusting.
Sanderson & Zhang (1999) presented numerical
models with coupled mechanical and hydraulic
behaviour to demonstrate how fluid flow through a

network of interconnected cracks becomes highly
organized and effective when fluid pressure
reaches a critical point. Based on a random
polygonal network of cracks, their model shows
that hydraulic conductivity increases when rising
fluid pressure reaches a critical value, less than
but close to the lithostatic pressure. At this point,
deformation of the network results in the forma-
tion of straighter, longer cracks, allowing slip,
localized stress concentrations and localized open-
ing of the more organized fractures. The sudden
increase, locally, in hydraulic conductivity by
several orders of magnitude allows the sudden
upward expulsion of fluid from the system. In-
creasing fluid pressure can arise from loading due
to tectonic stress or from heating-the latter a
'pressure cooker' effect. This mechanism is parti-
cularly applicable where flow localization is im-
portant, as in vein-hosted mineralization. Cox
(1999) regards the crack networks as composed of
through-going, or 'backbone' fractures linked to
branching crack systems. Upstream, at depth, the
branching elements act as tributaries that feed
fluid into the system whereas downstream, at
higher levels, the branching elements act as
distributary structures and are the likely sites for
mineral deposits. He emphasizes the transient
nature of fluid flow, as well as its localization, as a
result of the competition between processes creat-
ing crack growth and processes that close or seal
the cracks. Continuing deformation regenerates
crack growth to exceed crack closure and maintain
a succession of fluid flow pulses.

Of particular significance are the findings of
Muir-Wood & King (1993) from a study of the
amounts of water expelled at surface due to earth-
quake-related fault movements. They showed that
whilst normal faults in a continental setting
expelled substantial quantities of water, strike-slip
faults expelled less than a tenth of the water from
normal faults and flow was variable, and reverse
faults expelled virtually no water. They quantified
their findings with detailed measurements of ex-
cess surface water flow from two earthquakes
related to normal faults in the Basin and Range
region of USA, at Hebgen Lake in 1959 and
Borah Peak in 1983. In both cases, monitoring
networks covering the complete catchment areas
were operating at the time so that flow rates could
be measured on a daily basis. Within a few days
of each earthquake the flow rate peaked and an
excess flow was recorded for nearly a year. In that
time the total quantity of water expelled from a
20 km length of fault break due to a magnitude 7
earthquake was 0.5km3. To explain this flow,
Muir-Wood & King (1993) proposed a model of
coseismic strain illustrated in Figure 7. During the
interseismic period, which would normally last
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Fig. 7. Coseismic strain model redrawn from Muir-Wood & King (1993), reproduced with permission from the
American Geophysical Union, of fluid flow related to earthquake-induced rupture of a normal fault, (a) Cracks open
during the interseismic period under horizontal tensile stress. The cracks fill with fluid, (b) Cracks close at the time
of an earthquake due to coseismic compressional rebound as the stress drops and strain is released. Fluid is expelled
from the cracks and upwards via the fault.

100-150 years for earthquakes of this magnitude,
horizontal tensile stress opens a network of verti-
cal cracks, allowing water into the space. When
the earthquake occurs and the fault breaks, the
stress drops and the dilatational strain is released.
The cracks close and the water is expelled. Since
the fracture density is greatest close to the fault
and the fault gouge provides a relatively high
permeability pathway towards the surface, this is
the prime route for the expulsion of water.
Although the mechanism is similar to the 'seismic
pumping' schemes of Sibson (1987) and Sibson et
al. (1988), it links fault-related expulsion of fluids
specifically with normal faulting and extensional
tectonics, together with strike-slip fault systems
where transtension occurs. It predicts the inverse
effect for compressional faulting, in which cracks
close during the interseismic periods, expelling
water, but open when the earthquake causes fault
rupture when water is drawn in. Of further
significance for mineralization is the relatively
long residence time of fluid in basement cracks
with high aspect ratios under horizontal extension
during interseismic periods. With a large surface
area relative to volume, each crack is conducive to
fluid-wall rock interaction and the possible
scavenging of metals. The transport of mineraliz-
ing fluids from the crystalline basement to higher
levels in the crust where they may concentrate in
an ore body by this mechanism is by a large
number of intermittent pulses of flow sustained
over a significant period of time. For many large
hydrothermal ore deposits, the total quantity of
fluid required is between 103 and 104 km3. At
0.5 km3 per seismic event at 150 year intervals, a
time span of between 200 000 and 2 million years
is required.

A similar situation appears to hold in an
oceanic setting. Floyd et al. (2001) report evi-
dence of fault weakness and fluid flow from a
low-angle normal fault in the Woodlark basin east
of Papua New Guinea that is seismically active.

The fault is at the northern edge of the Moresby
Seamount at the western tip of an active spreading
ridge. The fault has been clearly imaged on a
seismic reflection profile as a planar surface
dipping north at 26°, visible to 9 km depth below
the ocean floor. It developed 3.5 Ma ago and now
has a displacement of 10km. It is related to a
number of magnitude 6 earthquakes with normal
fault focal mechanisms. From a careful analysis of
the reflection characteristics on the seismic sec-
tion, Floyd et al. deduced that the fault gouge is
33 m in thickness with high (>30%) porosity,
maintained by a high (near-lithostatic) fluid pres-
sure. They suggest that high extensional stress and
magmatic heat ahead of the ridge tip have created
conditions for strain localization and hydrothermal
fluid flow.

Conclusions

Currently active erogenic systems can provide
modern analogues for mineralization in ancient
orogens. Geodynamic processes can be observed
and measured and their rates and duration quanti-
fied, both at the Earth's surface and throughout the
lithosphere and upper mantle. In consequence, it
is possible with modern systems to identify a
variety of tectonic settings conducive to the initia-
tion of mineralization at various stages within the
evolution of an orogeny. Because geodynamic
processes, such as subduction rollback and slab
tear, can be modelled quantitatively, not only can
the mechanism be understood but the consequen-
tial effects, such as localized heat production,
partial melting, metamorphism and mineralization
can be predicted. Furthermore, these models can
be tested with observations on mineral deposits of
Neogene age. Modern orogenic systems, such as
the SE Asia-SW Pacific region, demonstrate the
complexity, speed and short duration of many of
the tectonic and magmatic processes involved and
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the ephemeral nature of many of their present
features. Rapid uplift and erosion, as well as
subduction can destroy many of the present fea-
tures within a few million years. Much of the
evidence of geodynamic processes taking place
within an evolving orogen are not preserved by
the time it has reached its end when relative plate
movement and deformation have ceased. Thus,
there are limitations to the use of modern systems
to interpret what happened in ancient orogens that
ran to a conclusion long ago.

As important to the formation of a large ore
deposit as its tectonic setting is the mechanism for
transporting mineralizing fluids to the site of ore
deposition. The close association observed be-
tween the location of ore deposits and faults and
fracture networks has led to the appreciation that
these are the main elements of the transport
system. Various mechanisms for generating up-
ward fluid flow through networks of intercon-
nected fracture systems and faults have been
proposed, supported by numerical models, but
observations of fluid flow generated by modern
earthquake-related fault movements provide quan-
titative information. In particular, it has been
observed that normal faults deliver much greater
flows than strike-slip faults and that reverse faults
produce practically no flow. This has clear impli-
cations for modelling mineralizing systems in the
upper crust and provides quantitative information
to constrain them.
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Abstract: Although volcanic-associated massive sulphide (VMS) deposits have been studied
extensively, the geodynamic processes that control their genesis, location and timing remain
poorly understood. Comparisons among major VMS districts, based on the same criteria, have
been commenced in order to ascertain which are the key geological events that result in high-
value deposits. The initial phase of this global project elicited information in a common format
and brought together research teams to assess the critical factors and identify questions
requiring further research. Some general conclusions have emerged.

(1) All major VMS districts relate to major crustal extension resulting in graben subsidence,
local or widespread deep marine conditions, and injection of mantle-derived mafic magma into
the crust, commonly near convergent plate margins in a general back-arc setting.

(2) Most of the world-class VMS districts have significant volumes of felsic volcanic rocks
and are attributed to extension associated with evolved island arcs, island arcs with continental
basement, continental margins, or thickened oceanic crust.

(3) They occur in a part of the extensional province where peak extension was dramatic but
short-lived (failed rifts). In almost all VMS districts, the time span for development of the
major ore deposits is less than a few million years, regardless of the time span of the enclosing
volcanic succession.

(4) All of the major VMS districts show a coincidence of felsic and mafic volcanic rocks in
the stratigraphic intervals that host the major ore deposits. However, it is not possible to
generalize that specific magma compositions or affinities are preferentially related to major
VMS deposits world-wide.

(5) The main VMS ores are concentrated near the top of the major syn-rift felsic volcanic
unit. They are commonly followed by a significant change in the pattern, composition and
intensity of volcanism and sedimentation.

(6) Most major VMS deposits are associated with proximal (near-vent) rhyolitic facies
associations. In each district, deposits are often preferentially associated with a late stage in the
evolution of a particular style of rhyolite volcano.

(7) The chemistry of the footwall rocks appears to be the biggest control on the mineralogy
of the ore deposits, although there may be some contribution from magmatic fluids.

(8) Exhalites mark the ore horizon in some districts, but there is uncertainty about how to
distinguish exhalites related to VMS from other exhalites and altered, bedded, fine grained tuffaceous
rocks.

(9) Most VMS districts have suffered fold-thrust belt type deformation, because they formed
in short-lived extensional basins near plate margins, which become inverted and deformed
during inevitable basin closure.

(10) The specific timing and volcanic setting of many VMS deposits, suggest that either the
felsic magmatic-hydrothermal cycle creates and focuses an important part of the ore solution,
or that specific types of volcanism control when and where a metal-bearing geothermal solution
can be focused and expelled to the sea floor, or both.

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 1 3
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 13-37.
0305-8719/02/$15.00 C The Geological Society of London 2002.
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This and other questions remain to be addressed in the next phase of the project. This will
include in-depth accounts of VMS deposits and their regional setting and will focus on an
integrated multi-disciplinary approach to determine how mineralisation, volcanic evolution and
extensional tectonic evolution are interrelated in a number of world-class VMS districts.

Volcanic-associated massive sulphide (VMS) de-
posits are one of the world's major sources of
zinc, copper, lead, silver and gold (Fig. 1). These
deposits form an important part of the metal-
mining industry in Australia, Canada and Europe
(Sweden, Spain, Portugal and Russia). Although
studied extensively at the deposit and district
scale, many questions remain about the fundamen-
tal geodynamic processes that control the genesis,
deposit characteristics and the timing and location
of major VMS deposits. The fundamental question
of what controls the distribution and timing of
world-class VMS ore deposits and districts cannot
be answered by considering just one deposit, or
even one mining district, but requires global com-
parisons among districts to determine which key
geological events were common to districts with
high-value deposits and/or numerous economic
deposits. These comparisons need to be carried
out using similar criteria and expertise in each
district. The project reported here seeks to carry

out these global comparisons. No such study has
been attempted previously.

In most VMS districts there is one main strati-
graphic position (or time line) on which the major
VMS deposits are developed (Fig. 2). At the local
scale, this time line commonly corresponds to a
particular stage in the evolution of individual
submarine volcanoes (e.g. Horikoshi 1969) and at
the sub-regional scale it may represent a particular
magmatic event in the evolution of the volcanic
succession. At the mining district scale, this time
line in turn represents a particular stage in the
tectonic evolution of the whole region (e.g. Allen
1992). Defining the key magmatic/volcanic events
and tectonic stage(s) that relate directly to major
massive sulphide development, and exploring the
connection between them from the local to regio-
nal scales, is critically important from both an ore
genesis and mineral exploration perspective. By
studying this problem in a series of global volca-
nic belts that host major VMS deposits, it should

Fig. 1. Location of major VMS districts, including (in black) districts involved in the Global VMS research project.
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Fig. 2. Schematic tectonic-volcanic model encompassing the possible relationships between crustal-scale tectonism,
volcanism and formation of VMS deposits. The model provides a theme that links the component studies of the
Global VMS research project.

be possible to identify and compare these key
events, and thus significantly improve our under-
standing of massive sulphide formation, and
mineral exploration targeting. A further reason for
choosing this approach is that the mining industry
now operates with a global perspective and mining
companies are interested in global scientific ap-
praisals of important ore deposits. Consequently
an aim of this project is to determine if it is
possible to produce better genetic models for
VMS deposits that can be applied globally.

This paper describes the start of the 'Global
VMS research project' and provides preliminary
results presented at the 'Volcanic Environments
and Massive Sulphide Deposits' conference and
associated workshop, Hobart, Tasmania in Novem-
ber 2000. In this contribution, emphasis is placed

on comparing the tectonic and volcanic setting of
VMS districts and deposits. Figure 2 provides the
general context for the settings and evolution of
many VMS districts, and serves as the theme that
links our VMS studies.

A database of major VMS districts

For the reasons described above, the European
Science Foundation GEODE (Geodynamics and
Ore Deposit Evolution) programme and CODES
(Centre for Ore Deposit Studies, University of
Tasmania) set up a project in 1999, with a global
perspective, to compare and contrast major VMS
ore deposits and their settings. This brought
together research teams conversant with the VMS
provinces of Abitibi and the Bathurst Camp in
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Canada, the Mount Read Volcanics in Tasmania,
the Iberian Pyrite Belt (IPB) of Portugal and
Spain, the Bergslagen and Skellefte districts in
Sweden, and the southern Urals in Russia. Active
plate tectonics, hydrothermal processes and miner-
alization in the Manus and Lau basins in the SW
Pacific were included to provide modern analo-
gues.

A database was developed by means of a ques-
tionnaire, drawn up by Professor Large (CODES).
The questionnaire comprised a set of questions
concerned with the tectonic and structural setting,
timing and location of mineralization, volcanic
architecture, styles of ore deposits, ore deposit
characteristics, favourable horizons, exhalites, al-
teration facies, and mechanisms of ore genesis
involving the metal and fluid sources, plumbing
and fluid circulation, fluid-rock interactions and
the thermo-mechanical driving forces. Each team
responded with the relevant information, based on
the current state of knowledge, to create a data-
base with which to compare features in a consis-
tent fashion. The database is accompanied by a
bibliography of the key publications relating to
each of the VMS districts. The data have been
compiled on CD-ROM and are freely available
from CODES. They provide systematic informa-
tion on what is known about the VMS deposits
and also indicate where there are gaps in know-
ledge. The teams met at a workshop held in
Hobart, Tasmania in November 2000, to appraise
the data. A summary of the results of the work-
shop is provided in this paper.

Brief descriptions of some major VMS
districts

Eleven regions with major VMS deposits are
briefly described below. They are arranged accord-
ing to their stratigraphy and interpreted tectonic
setting, from island arc terranes and rifted con-
tinental margin arcs (Green Tuff Belt, Skellefte,
Urals), to rifted continental margins without thick
andesitic arc successions (Lachlan Fold Belt,
Bathurst, Mount Read Volcanics), to continental
margin regions with anomalously intense felsic
volcanism (Bergslagen) and relatively minor vol-
canism (Iberian Pyrite Belt), to an Archaean
province (Abitibi) and two young back-arc basins
that contain VMS mineralization (Lau and Manus
Basins). The young age (Miocene) and extensive
research of the Green Tuff belt have enabled the
construction of a more detailed and reliable record
of this belt's evolution than most, if not all, other
VMS districts. Consequently, the Green Tuff belt
is described in more detail than the other regions.

Green Tuff Belt, Japan

The Japan volcanic arc is built on 30 km thick,
Palaeozoic-Oligocene continental crust and was
part of a continental margin arc along the eastern
margin of the Eurasian continent from at least the
Cretaceous to the Early Miocene (about 70-
24 Ma) (Taira et al. 1989). Japan separated from
the Eurasian continent during back-arc extension
in the Late Oligocene-Middle Miocene (28-
14 Ma) (Otofuji et al. 1985; Tamaki et al. 1992).
The back-arc basin is mainly floored by extended
continental crust. New oceanic crust formed by
spreading is known in only a part of the basin.
The Green Tuff belt (Fig. 3) represents the marine
volcanic and sedimentary succession that formed
along the eastern, arc-side of the back-arc basin in
response to rifting (Ohguchi et al. 1989). The belt
is 1500 km long and contains a complex, 1-5 km
thick, Lower Miocene to Lower Pliocene (24-
4 Ma) volcanic stratigraphy. The belt contains
many massive sulphide (kuroko) districts. How-
ever, the most famous and important is the
Hokuroku district in northern Honshu (Fig. 3),
which contains eight main clusters of massive
sulphide lenses and several other scattered smaller
deposits (Ishihara et al. 1974; Ohmoto & Skinner
1983).

Along the far western side of Japan, including
Oga Peninsula (Fig. 3), the type area of the Green
Tuff, alkaline to calc-alkaline andesite and lesser
basalt and rhyolite were erupted in a subaerial to
littoral environment during the Late Oligocene
to Early Miocene (35-24 Ma) (Ohguchi 1983;
Ohguchi et al. 1989, 1995). This volcanism
migrated eastwards towards the trench from 30-
20 Ma (Ohguchi et al. 1989) and appears to have
been a precursor to major back-arc rifting, which
commenced at 28-21 Ma (Otofuji et al. 1985;
Tamaki et al. 1992). Rifting peaked at 16-15 Ma,
when there was a strong rotation of the Japanese
arc (Otofuji et al. 1985), a peak in the marine
transgression, and rapid fault-controlled subsi-
dence of up to 3 km in 1 million years, which
formed deep marine grabens along the western
side of Japan (within the Green Tuff belt) (Yamaji
& Sato 1989; Sato & Amano 1991). Intense
basalt-dominant bimodal (basalt-rhyolite) submar-
ine volcanism closely followed this rapid subsi-
dence along the present Japan Sea Coast of
northern Honshu, and intense rhyolite-dominant
bimodal submarine volcanism and the kuroko
mineralization followed the subsidence in the
present Backbone Ranges belt to the east. The
basalts are tholeiitic to transitional in composition,
whereas the rhyolites are calc-alkaline (Konda
1974; Dudas et al. 1983). The crustal stress
regime at this time, determined from the orienta-
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Fig. 3. Summary geological map of the Hokuroku VMS district. Modified from Tanimura et al. (1983).

tion of dykes, faults and veins, comprised east-
west to SE-NW extension (Yamagishi & Wata-
nabe 1986; Sato 1994).

The intense early Mid Miocene (16-15 Ma)
subsidence was followed (Mid-Late Miocene,
14-10 Ma) by a transitional stress field and slow
(thermal) subsidence (Sato & Amano 1991; Sato
1994). Bimodal volcanism continued from about
16-12 Ma, then changed to more typical arc-
composition calc-alkaline andesite-dacite-rhyo-
lite volcanism (Konda 1974; Okamura 1987). In
the Japan Sea coast area, the slow subsidence
continued into the Early Pliocene (14-3 Ma) and
a thick, deep marine mudstone-turbidite succes-
sion with subordinate volcanic rocks accumulated.
However to the east, the present Backbone

Ranges, including the major Kuroko districts,
began to uplift during the Late Miocene-Early
Pliocene (10-3 Ma) and numerous felsic caldera
volcanoes formed in terrestrial to shallow marine
environments. This uplift and volcanism may have
been caused by igneous underplating (Sato 1994).
A compressional stress regime and reactivation of
the Miocene normal faults as thrusts commenced
in the Late Pliocene, and resulted in widespread
terrestrial conditions and the onset of the present
arc regime (Yamagishi & Watanabe 1986; Sato
1994).

The kuroko deposits occur in a narrow time-
stratigraphic interval (Mid Miocene 15-12 Ma)
within the deep marine, bimodal (rhyolite-basalt)
volcanic successions. The Miocene strata are
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mainly gently dipping, but complex volcanic
facies architecture and abundant normal faults
make it difficult to correlate stratigraphy from one
submarine volcano or fault block to the next.
Where the volcanic rocks are interbedded with
mudstones, fossil control (mainly foraminifera,
nannofossils) enables resolution of 2-3 Ma time-
stratigraphic intervals. In the Hokuroku district,
the volcanic succession comprises a lower, 300-
1000 m thick, massive rhyolite-basalt complex
and an overlying 300-1000 m thick, more strati-
fied succession dominated by alternating tuffac-
eous mudstone and thick subaqueous mass flow
units of felsic pyroclastic debris. The lower volca-
nic complex comprises several overlapping volca-
nic centres dominated by felsic lava domes,
intrusive domes and related autoclastic and pyr-
oclastic rocks (Horikoshi 1969; Ishihara et al.
1974). The kuroko deposits are Zn-Pb-Cu-Ag-
Au type VMS deposits that formed on and below
the seafloor, mainly in the upper, proximal (near
vent) part of these volcanoes (Horikoshi 1969).

The name 'Green Tuff is derived from the
various shades of green of the volcanics due to
marine diagenetic and hydrothermal alteration,
and the tuffaceous (pyroclastic) origin ascribed to
many of the rocks. The regional diagenetic altera-
tion is characterized by a vertical zonation of clays
(especially montmorillonite and saponite) and
zeolites (lijima 1974), formed under high geother-
mal gradients of over l00oC km - 1 (Utada
1991). The kuroko deposits are enclosed by local
hydrothermal alteration that overprints and inter-
fingers with the diagenetic alteration, and is zoned
from the ore deposit to the margin as follows:
quartz-K-feldspar, kaolinite, sericite-chlorite,
montmorillonite-illite, montmorillonite and ana-
Icite-calcite (lijima 1974; Utada 1991).

Skellefte district, northern Sweden

The Skellefte district (Fig. 4) is a 120 X 30 km
Early Proterozoic (1.90-1.88 Ga) magmatic re-
gion that contains over 80 massive sulphide
deposits (Rickard 1986; Weihed et al. 1992). The
district lies between a region of continental,
mainly felsic, volcanic rocks of similar to slightly
younger age to the north, and a large region of
deep marine sedimentary and subordinate mafic
volcanic rocks, intruded by numerous granitoids,
to the south and east. The marine sedimentary
succession south of the Skellefte district appears
to span an age range from older than to younger
than the Skellefte district volcanic rocks (Lund-
qvistet al. 1998).

The Skellefte district contains a >7 km thick
stratigraphy of calc-alkaline basalt-andesite-da-
cite-rhyolite, tholeiitic basalt-andesite-dacite.

high Mg (komatiitic) basalt and subordinate sedi-
mentary rocks, and is intruded by syn- and post-
volcanic granitoids (Fig. 4; Vivallo & Claesson
1987; Allen et al. 19966). The rocks are generally
strongly deformed, steeply dipping and are meta-
morphosed from greenschist to amphibolite facies.
Primitive isotopic signatures suggest that magmas
were mainly mantle-derived (Billstrom & Weihed
1996). The stratigraphy is very complex, laterally
variable, diachronous, and marker horizons are
rare. The only consistent regional stratigraphic
pattern is a first order cycle comprising a lower
>3 km thick marine volcanic complex (c. 1882-
1890 Ma), overlain diachronously by a >4 km
thick, mixed sedimentary and volcanic sequence.
The lower volcanic complex consists of interfin-
gering and overlapping rhyolite, dacite-andesite
and basalt-andesite-dacite volcanoes (Allen et al.
1996b). However, about 50% of the volcanic rocks
are rhyolites. Subaqueous lava, intrusion, autoclas-
tic and pyroclastic facies are all common. Deep
subaqueous (below wave base) depositional envir-
onments are dominant throughout the lower volca-
nic complex, which indicates that strong extension
and subsidence preceded and/or accompanied the
volcanism (Allen et al. 1996b). The overlying
mixed sedimentary and volcanic sequence records
uplift, erosion and renewed rifting, and includes
medial-distal facies of the voluminous continental
felsic magmatism (1877 Ma) that occurred directly
north of the Skellefte district. The stratigraphic
architecture, range of volcanic compositions and
abundance of rhyolites suggest that the Skellefte
district is a remnant of a strongly extensional
intra-arc region that developed on continental or
mature arc crust.

Most VMS deposits in the Skellefte district
occur in near-vent facies associations at the top of
local volcanic cycles (volcanoes), especially rhyo-
litic dome-tuff cone volcanoes (Allen et al.
1996b). Regionally, these VMS deposits occur on
at least two stratigraphic levels, but the highest
concentration occurs near the upper contact of the
main volcanic complex. The VMS deposits span a
wide range in composition, geometry and altera-
tion patterns: the main compositional types are
Au-As-Cu-Zn, pyritic Zn-Pb-Cu-Au-Ag and
pyritic Zn-Cu-Au-Ag deposits. Several deposits
are Au-rich. The deposits are associated with
strong quartz-sericite, chlorite (or phlogopite-
cordierite), andalusite-muscovite and carbonate
alteration.

Urals

The Urals erogenic belt extends for 2500 km and
is up to 200 km wide. The main VMS deposits are
confined to the southern half of the belt (Fig. 5).
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Fig. 4. Summary geological map of the Skellefte VMS district. Modified from Allen et al. (1996b).

They fall into two main age groups, Ordovician-
Silurian and Devonian. The former group occurs
west of the Main Urals Fault, which marks the
suture representing the closure of the Palaeozoic
Urals palaeo-ocean, and the latter group occurs to
the east of the suture (Koroteev et al. 1997;
Puchkov 1997). Altogether the various types of
VMS deposits have a pre-mining tonnage of over
lOOOMt (Prokin & Buslaev 1999; Herrington
1999; Herrington et al. 2000).

The southern Urals can be further divided from
west to east into the Sakmara Zone (SZ), the Main
Uralian Fault Zone (MUFZ) and the Mednogorsk

Island Arc System (MIAS), all sub-parallel to the
Main Uralian Fault (Fig. 5; Puchkov 1997;
Koroteev et al. 1997; Herrington 1999; Herrington
et al. 2000). The Urals palaeo-ocean was initiated
at c. 460 Ma. The first known island arc terrane
comprises Silurian volcanics in the SZ and these
rocks host the oldest VMS deposits. The initiation
of the Magnitogorsk island arc, located east of the
MUFZ, started around 390 Ma with Caledonian
collision between Baltica and Siberia. The arc
sequence collided with the East European Con-
tinent diachronously, at around 360 Ma in the
southern Urals, and in the Carboniferous in the



20 R. L. A L L E N ET AL.

Fig. 5. Summary geological map of the southern Urals VMS district. Modified from Prokin et al. (1998).

central Urals. Subsequently, there was an easterly
shift and an apparent switch in polarity of subduc-
tion prior to final continent-continent collision.
At the western margin of the MUFZ, 400 Ma old

boninites record the onset of eastward intraoceanic
subduction, followed by an eastward temporal and
spatial progression of several arc-volcanic com-
plexes. Approach of the East European continental
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margin to the subduction zone, resulted in arc-
continent collision (Puchkov 1997; Brown &
Spadea 1999).

Arc-related VMS deposits are confined to the
Baimak-Buribai Complex (BBC) and the Kara-
malytash Complex (KC) (Koroteev, et al 1997;
Prokin & Buslaev 1999; Herrington 1999;
Herrington et al. 2000). The VMS deposits span a
range in types and compositions but are domi-
nated by Cu-Zn, Cu and Pyrite types. The
allochthonous oceanic fragments of the Sakmara
Zone contain the Cu-Zn VMS deposits of the
Mednogorsk district, associated with areas of
andesite-felsic rocks. The MUFZ contains several
small uneconomic serpentinite- and basalt-hosted
massive sulphides of debatable origins. The VMS
deposits of the MIAS are associated with inter-
mediate-felsic successions in the western MIAS
and with felsic-mafic successions in the eastern
MIAS.

Coherent lava flows are interpreted to be much
more abundant than volcaniclastic rocks in the
vicinity of the VMS deposits and many deposits
are associated with rhyolitic-dacitic domes. The
roofs of plagiogranite intrusions have been drilled
below some of the VMS deposits. The deposits
have extensive footwall alteration and most show
clear evidence of having formed on the seafloor.
The largest deposits are thought to be concen-
trated on two or three stratigraphic levels within
each terrane (Herrington 1999; Herrington et al.
2000).

Lachlan Fold Belt, SE Australia

The Lachlan Fold Belt contains a >10km thick
Cambrian to Carboniferous stratigraphy that re-
cords a complex history of basin development,
waves of diachronous deformation, magmatism,
accretion and continental growth at the eastern
margin of Gondwana (Cas 1983; Gray et al.
1997). Although there is no preserved distinct
andesitic volcanic arc, the pattern of sedimenta-
tion, magmatism and deformation is attributed to
plate convergence and subduction.

During the mid-late Silurian, a series of graben
basins and widespread shallow and deep marine
environments developed over an area of at least
600 by 400 km in response to transtension along
the continental margin (Powell 1983). An enor-
mous volume of S- and I-type granitoid magma
was also intruded to high crustal levels in this area
from Late Silurian-Early Devonian. The basins
and granitoids are interpreted to have formed in a
segment of continental crust between converging
oceanic crust to the east and a marginal basin to
the west (Gray et al. 1997). The mid-late Silurian
basins thus have an essentially ensialic intra-arc

rift setting (Cas & Jones 1979). The basins have
broadly similar stratigraphies, suggesting a com-
mon evolutionary cycle (Allen 1992): (1) crustal-
derived felsic magmatism formed volcanic piles
up to 3 km thick in terrestrial to shallow marine
environments with fringing carbonate reefs and
platforms, then (2) graben subsidence to deep
marine conditions during the late stage of felsic
volcanism, (3) accumulation of deep marine sedi-
ments and local eruption of rhyolite and mantle-
derived basalt ± andesite-dacite within the gra-
bens and finally (4) closure and uplift (structural
inversion) of the basins between the end of the
Silurian and Mid-Devonian. The Silurian basin
successions were strongly deformed and metamor-
phosed to greenschist facies at this time.

VMS deposits formed in the grabens directly
after initial deep subsidence. They formed in the
vent areas of rhyolite dome volcanoes near the top
of the felsic successions, at the time and place
where mantle derived basalt ± andesite-dacite
first erupted (Allen 1992; Stolz et al. 1997). The
deep marine volcanic rocks are mainly lavas and
their autoclastic facies, shallow sills, and mass
flow units of pyroclastic debris that were shed into
the basins from the basin margins. The VMS
deposits are associated with strong quartz-sericite
and chlorite alteration.

Bathurst

The Bathurst mining camp in eastern Canada
comprises a 100 X 75 km area of complexly de-
formed Ordovician (480-457 Ma) volcanic and
sedimentary units intruded by syn-volcanic plu-
tons (Fig. 6). The region is interpreted as an
ensialic back-arc basin that was strongly deformed
and metamorphosed to upper greenschist facies
during closure of the basin in the Late Ordovician
to Late Silurian (van Staal 1987).

The district hosts about 35 VMS deposits of
Pb-Zn-Cu-Ag type with a total tonnage of over
250 Mt (McCutcheon 1992). The deposits are
associated with a bimodal, rhyolite-rhyodacite
dominated, marine volcano-sedimentary sequence.
The felsic rocks are attributed to partial melting of
the continental basement, whereas the mafic rocks
are tholeiitic to alkaline basalts (Lentz 1999). In
the Brunswick belt, the most productive part of
the district, the VMS deposits formed directly
after a major episode of felsic pyroclastic volcan-
ism (Nepisiguit Falls Formation of the Tetagouche
Group) and before the deposition of overlying
rhyolitic lavas, hyaloclastites, tuffs and tuffaceous
sedimentary rocks. The large volume of juvenile
pyroclastic rocks in the footwall to the ore
deposits suggests that the ores may have formed
in calderas following climactic eruption and cal-
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Fig. 6. Summary geological map of the Bathurst VMS district. Modified from Lentz (1999).

dera subsidence. However, details of the volcanic
architecture are not known.

The VMS deposits are mainly of stratiform-
type, are hosted by fine-grained volcaniclastic and
sedimentary rocks, and are in part associated with
iron formation exhalites that generally extend
<1 km along strike, but locally up to 5 km (Saif
1983; Peter & Goodfellow 1996). The deposits are
interpreted to have formed in deep to very deep
water. Some other deposits are stratabound and
occur in first or second-cycle felsic fragmental
rocks.

Mount Read Volcanics, Tasmania

This region comprises a 200 X 20 km area of
Cambrian, moderately to strongly deformed
mainly felsic volcanic rocks and volcano-sedimen-
tary successions, lying on and between a series of
Precambrian basement blocks near a margin of the
Gondwanan continent (Fig. 7; Corbett 1992). The
district contains a series of rich VMS deposits that
span a wide range in deposit styles (Green et al.
1981; Large et al. 1988; Gemmell & Large 1992;
Large 1992; Halley & Roberts 1997; Solomon &



GLOBAL COMPARISONS OF VMS DISTRICTS 23

Fig. 7. Summary geological map of the Mount Read Volcanic VMS district. Modified from Corbett (1992).

Khin Zaw 1997; Corbett 2001). Metamorphic
grade is mainly lower greenschist facies.

In the central, best-known part of the district,
the lowest exposed stratigraphic unit is a >1 km
thick, marine tholeiitic basalt-andesite volcanic

complex. This is overlain by the 3 km thick
Central Volcanic Complex (CVC), which is a
mass of interfingering calc-alkaline dacite-rhyo-
lite lavas, pyroclastic facies, shallow intrusions
and local medium- to high-K calc-alkaline ande-
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site, all emplaced in a shallow to deep marine
environment (Corbett 1992). The CVC is on-
lapped to the west and north by a >3 km thick,
deep marine, mixed volcanic-sedimentary succes-
sion (Mt Charter Group) with calc-alkaline ande-
sites, dacites and rhyolites, and medium-K to
shoshonitic basalt-andesite. The CVC is overlain
to the east by a 1 km thick, shallow marine to
subaerial, rhyolitic succession with lesser basalt
(Tyndall Group). Cambrian granites, contempora-
neous with the volcanic rocks, occur in a belt
along the eastern side of the Mount Read Volca-
nics (Large et al. 1996). Regional stratigraphic
relationships are complex, laterally variable, and
correlations are difficult to demonstrate (McPhie
6 Allen 1992; Corbett 1992). The Mount Read
Volcanics are attributed to a period of extension
on the Gondwanan continental margin, but the
details are still debated. Crawford et al. (1992)
argued that extension was related to crustal col-
lapse after an intra-oceanic arc and fore-arc com-
plex collided with, and was overthrust onto, the
Gondwanan passive margin.

VMS deposits are interpreted to lie in two main
stratigraphic settings: (1) at the top of the CVC in
vent areas of major rhyolite-dacite volcanoes
(Rosebery, Hercules, Mt Lyell deposits) and (2) in
proximal (near-vent) facies associations at the top
of andesite-dacite volcanoes in the mixed volca-
nic-sedimentary succession (Hellyer, Que River
deposits). Strong quartz-sericite, chlorite, silicifi-
cation and carbonate alteration are the main
alteration types associated with the VMS deposits.

Bergslagen, central Sweden

Bergslagen (Fig. 4) is the intensely mineralized
part of a 280 X 300 km, Early Proterozoic (1.90-
1.87Ga) felsic magmatic region of mainly med-
ium to high metamorphic grade. The volcanic
succession is 1.5 km thick and overlies turbiditic
metasedimentary rocks in the east, and is over
7 km thick with no exposed base in the west
(Lundstrom 1987; Allen et al. 19960). Basement is
interpreted to be Precambrian continental crust.

The volcanic succession is overwhelmingly
(90%) calc-alkaline rhyolite with minor calc-alka-
line dacite and andesite, and chemically unrelated,
probably tholeiitic basalts. Strong K-feldspar and
albite alteration occur on a regional scale, whereas
Mg-alteration (talc, chlorite, phlogopite, cordier-
ite, skarn) is more local and spatially closely
associated with mineralization (Lagerblad & Gor-
batschev 1985). The stratigraphy commonly fol-
lows the pattern. (1) Lower 1-5 km thick, poorly
stratified felsic complex, dominated by the prox-
imal-medial facies of interfingermg and over-
lapping large caldera volcanoes, and minor

interbedded limestone. (2) Middle 0.5-2.5 km
thick, well stratified interval dominated by med-
ial-distal juvenile volcaniclastic facies and lime-
stone sheets. (3) Upper >3 km thick post-volcanic
argillite-turbidite sequence (Baker et al. 1988;
Allen et al. 1996a). Depositional environments
fluctuated mainly between shallow and moderately
deep subaqueous throughout accumulation of the
lower and middle stratigraphic intervals, then
became consistently deep subaqueous in the upper
interval.

The supracrustal succession has been intruded
by an enormous volume of syn- and post-volcanic
granitoids and has been strongly deformed, such
that it now occurs as scattered, tightly folded
outliers, enveloped by granitoids. The stratigraphy
reflects an evolution from intense magmatism,
thermal doming and crustal extension, followed by
waning extension, waning volcanism and thermal
subsidence, then reversal from extension to com-
pressional deformation and metamorphism. The
region is interpreted as an intra-continental, or
continental margin back-arc, extensional region
(Baker et al. 1988; Allen et al. 1996a).

Bergslagen has a diverse range of ore deposits,
including banded iron formation, magnetite -
skarn, manganiferous skarn- and limestone-hosted
iron ore, apatite-magnetite iron ore, stratiform
and stratabound Zn-Pb-Ag- (Cu-Au) sulphide
ores, and W skarn (Hedstrom et al. 1989; Sundblad
1994; Allen et al. 19960). The massive and
semi-massive base-metal sulphide ores occur in
interbedded limestone and volcaniclastic rocks,
especially near the top of the volcanic succession.
These ores occur close to proximal felsic volcanic
facies and anomalous concentrations of basalt
intrusions and lavas.

Iberian Pyrite Belt

The Iberian Pyrite Belt (IPB) is a 250 X 60 km
belt of Upper Devonian-Lower Carboniferous
sedimentary and volcanic rocks (Fig. 8), which
hosts about 90 massive sulphide deposits, includ-
ing eight extremely large deposits with more than
100 Mt of massive sulphide (Schermerhorn 1975;
Carvalho et al. 1997; Leistel et al. 1998). It is part
of the South Portuguese Zone (SPZ), the southern-
most fold and thrust terrane of the Variscan
orogen in Europe (Silva et al. 1990; Quesada
1998).

Most authors attribute the IPB to crustal exten-
sion and related magmatism, that were triggered
by oblique collision of the continental SPZ with
the active margin of the Iberian block to the north
(Quesada 1991, 1998; Leistel et al. 1998; Tornos
et al. 2002). Pull-apart graben basins with bimodal
volcanic successions and VMS deposits formed in
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Fig. 8. Summary geological map of the Iberian Pyrite Belt VMS. Modified from Carvalho et al. (1997).

the IPB during this oblique collision. Continued
collision ultimately resulted in obduction of the
Iberian margin onto the SPZ, inversion of the
extensional basins, and southward propagation of
the SPZ fold and thrust belt.

The IPB has a relatively simple regional strati-
graphy that can be divided into three distinct
intervals. From base to top these are: (1) >1000
m of Upper Devonian terrigenous siliciclastic
rocks and minor limestone, deposited on a shallow
marine continental platform. (2) A 20-1000m
thick, mixed volcanic-sedimentary interval, com-
prising grey-black deep-water mudstones with
intercalated rhyolitic-dacitic, basaltic, and lesser
andesitic rocks. Basalts are tholeiitic whereas the
other volcanic rocks are mainly calc-alkaline and
interpreted to be partial melts of continental crust
(Thieblemont et al. 1998). Shallow sills and
associated autoclastic facies appear to be the most
abundant volcanic facies, followed in abundance
by lava domes/lobes and associated autoclastic
facies and pyroclastic facies (Boulter 1993;
Soriano & Marti 1999; Tornos et al 2002). The
facies pattern indicates a regionally extensive sill-
lava lobe complex without distinct, large construc-
tional volcanoes. VMS deposits and Jasper and
Mn-Fe formations occur in the upper part of the
volcano-sedimentary interval. In the southern part

of the IPB, a prominent 5-40m layer of red,
oxidized, shallow-water volcaniclastic sediments
occurs near the top of the volcano-sedimentary
interval, and grades up into (3) >3 km of first
purple, then grey and black shales and turbidites
(Schermerhorn 1975; Allen 2000).

Plutonic rocks of similar composition to the
volcanic rocks are found in the northern part of
the IPB, in a zone that probably represents the
roots of the thrust complex.

The IPB has regional-scale, weak to moderate
hydrothermal alteration (attributed to seafloor me-
tamorphism) and local strong quartz-sericite and
chlorite alteration zones related to VMS miner-
alization. The VMS deposits typically occur in
grey-black mudstones, above, or intercalated with
the felsic volcanic rocks. In the southern part of
the belt, the VMS deposits are seafloor-type
deposits and fossil control indicates that they
formed at the same time (Upper Strunian) over an
extensive area. In the northern part of the belt, the
deposits are interpreted to have formed by repla-
cement of mainly felsic volcanic rocks.

Abitibi

The Archaean Abitibi greenstone belt (Fig. 9) is
approximately 500 X 200 km in size and origin-



26 R. L. A L L E N ET AL.

Fig. 9. Summary geological map of the Abitibi VMS district. Modified from Hannington et al. (1999).

ally contained over 675 Mt of volcanic-associated
massive sulphide. Most VMS deposits are asso-
ciated with bimodal volcanic successions domi-
nated by tholeiitic and komatiitic basalts, and
tholeiitic-calc alkaline, high silica rhyolites
(Barrie et al. 1993; Prior et al. 1999a; Barrett &
MacLean 1999). The VMS deposits mainly occur
in successions that contain over 150 m of felsic
volcanic rocks.

The mineralized successions can be divided into
three types: (1) bimodal, tholeiitic basalt-andesite
and high silica rhyolite successions that are host
to more than 50% of the VMS deposits by
tonnage, but comprise only 10% of the areal
distribution of volcanic rocks, (2) bimodal, transi-
tional tholeiitic to calc-alkaline andesite and rhyo-
lite successions that are host to about 30% of the
VMS deposits by tonnage but again comprise only
10% of the areal distribution of volcanic rocks
and (3) a minor calc-alkaline andesite-rhyolite
assemblage that is host to only one deposit
(Selbaie). Barren volcanic assemblages include

calc-alkaline basaltic andesite to rhyodacite and
mafic to felsic alkalic volcanic rocks.

The different assemblages are interpreted to
have formed in different tectonic settings. The first
group is interpreted to have formed in thickened
oceanic rift suites, similar to the Galapagos
spreading centre or the Iceland rift zones. The
rhyolites are thought to have formed by partial
melting of mafic crust, reflecting high heat flow or
mantle plumes (Barrie et al. 1993; Prior et al.
19996). The second group is similar to rifted
island arcs (e.g. Hokuroku) and the third group
may be comparable to continental arc suites.

The mafic volcanic rocks are mainly lava flows
and the felsic rocks include subaqueous mass flow
units of pyroclastic debris, and lava flows and
domes, including their autoclastic facies (de Ro-
sen-Spence et al. 1980; Dimroth 1982). The VMS
deposits are interpreted to have formed in prox-
imal volcanic settings in mainly deep water
environments. They are commonly associated with
rhyolite domes, even though domes form a minor
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part of the successions. The deposits include both
seafloor and sub-seafloor types (Kerr & Gibson
1993; Galley et al 1996) and generally have
strong chlorite and sericite footwall alteration
zones (Riverin & Hodgson 1980; Barrett et al.
1991). Many of the deposits have at least a spatial
association with mafic and/or felsic subvolcanic
intrusions. The Rouyn-Noranda VMS camp, one
of the best studied areas, is interpreted as a large
shield volcano with a large central cauldron
(Gibson & Watkinson 1990). Most VMS deposits
occur above syn-volcanic faults within the caul-
dron.

Lau and Manus Basins

The Lau and Manus Basins are modern intra-
oceanic back-arc basins in which sea floor sul-
phide deposits have recently been discovered
(Hawkins 1995; Binns & Scott 1993; Fouquet et
al. 1993). These basins are included in the Global
VMS research project to facilitate comparisons
between ancient and modern VMS mineralization.
The Lau and Manus Basins are especially relevant
to understanding the settings of major ancient
VMS districts because these basins contain com-
plex bimodal volcanic areas dominated by ande-
site, dacite and rhyolite (Vallier et al. 1991; Binns
etal 1996).

The VMS deposits are polymetallic mounds and
chimney complexes that occur in proximal volca-
nic positions at the axis and flanks of spreading

ridges (Binns & Scott 1993; Herzig et al. 1993;
Gemmell et al 1999). Several of the deposits are
associated with andesitic and dacitic volcanic
centres at these spreading ridges. Water depths at
the sites of the VMS deposits range from 1650-
2500 m, and active research is in progress to
sample the volcanic host rocks, the sulphide
bodies and the hydrothermal fluids that are form-
ing them.

Tectonic setting

From these summary descriptions of VMS dis-
tricts and the consensus view at the Hobart work-
shop, we conclude that all major VMS districts
relate to major crustal extension resulting in
graben subsidence, marine transgression, develop-
ment of local or widespread deep marine environ-
ments, and injection of mantle-derived mafic
magma into the crust (Fig. 2 and Table 1). The
tectonic setting is largely confined to extensional
basins near convergent plate margins, commonly
in a general back-arc setting. This contrasts with
many of the modern systems studied, which occur
at mid-ocean spreading ridges. Back-arc to intra-
arc rifts and pull-apart basin settings such as the
Miocene Japan arc-back arc system and the
modern Okinawa trough and Lau and Manus
Basins probably provide the nearest young analo-
gues of the settings of major Proterozoic and
Phanerozoic world-class VMS districts. However,
several VMS districts (e.g. Bergslagen, IPB,

Table 1. Comparison of tectonic setting and stratigraphy of six Proterozoic and Palaeozoic VMS Belts (modified after
Allen 2000)

GTB Skell MRV LFB Berg IPB

Deep graben subsidence — > marine incursion
Thick, complex volcanic stratigraphy
'Arc-like' volcanic compositions and architecture
Continental basement
Mature arc basement
Volcanic arc nearby (<200 km)
Plate margin nearby (<500 km)
Regional stratigraphic marker horizons
Extensive platform/shelf facies
Coincidence of mantle-derived mafic and crustal-derived

felsic magmas
Bimodal volcanism regionally dominant
Ores mostly related to bimodal interval
Small (S) or large volume (L) felsic volcanic centres
VMS mainly associated with proximal felsic volcanic

facies associations
Most VMS related to specific volcano-type
Timing late in a magmatic-hydrothermal cycle
Pyroclastic felsic volcanism dominant
Lava and/or shallow intrusions dominant
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GTB, Green Tuff Belt; Skell, Skellefte district; MRV, Mt Read Volcanics; LFB, Lachlan Fold Belt; Berg, Bergslagen; IPB, Iberian
Pyrite Belt.
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Mount Read Volcanics) do not seem to have close
young analogues in terms of both tectonic setting
and regional stratigraphy. The Archaean districts
have similarities with some young rifted oceanic
and arc terrains, but again it has not been possible
to find specific very close young analogues.

In detail it seems that a variety of settings exist
from extensional regions at continental margins to
those associated with oceanic arcs. However, most
of the world-class VMS districts have significant
volumes of felsic volcanic rocks and are attributed
to extensional regions associated with moderately
evolved island arcs (Urals?), island arcs with
continental basement, especially those that formed
by the rifting of continental margins and develop-
ment of limited marginal basins (Japan, Silurian
stage of Lachlan Fold Belt, Bathurst?, Skellefte?)
or continental margin arcs (Bergslagen?), rather
than extensional regions in primitive oceanic
crust. The Iberian Pyrite Belt and the Mount Read
Volcanics may be examples of more complex
continental margin extensional settings, in which
extension and VMS mineralization occurred on a
continental passive margin during, or following,
collision with an arc terrane. This scenario may
also be relevant to parts of the southern Urals
where the giant VMS deposits occur in the latest
volcanic phase, shortly after the East European
continent had collided with the Urals volcanic
arcs.

One key feature is that in almost all VMS
districts, the actual time span for the development
of all the major deposits is only a few million
years or less, regardless of the time span of the
enclosing volcanic succession. This short time
interval of major VMS formation may result from
the deposits being related to specific episodes of
anomalous extension, subsidence and magmatism
(Fig. 2). The overwhelming impression obtained
from this appraisal is that the precise setting of
the deposit (e.g. mid-ocean ridge, island-arc, con-
tinental-margin etc.) is not critical but the concur-
rence of a set of specific tectonic and magmatic
processes related to crustal extension near a plate
margin may hold the key (cf. Lentz 1998).

A criticism of recent work in ancient VMS
terranes is that the determination of tectonic
setting has relied too much on geochemical
tectonic discrimination diagrams and too little on
careful, detailed documentation of the regional
stratigraphy, facies architecture, igneous petrology
(including geochemistry) and structural evolution.

Critical areas that need addressing to improve
understanding of the tectonic setting of VMS
deposits include:

1 high resolution dating of the key tectonic,
magmatic and metamorphic events;

2 detailed documentation of the stratigraphic-
volcanic evolution of the host settings, espe-
cially periods of extension;

3 palinspastic reconstruction of the facies ar-
chitecture of ancient VMS belts;

4 integrated detailed studies of stratigraphy,
igneous petrology and igneous geochemistry
so that the evolution of magmatic suites,
changes from one magmatic suite to another,
and changes in geochemical affinity can be
tied to stratigraphy and tectonic evolution.

Volcanic facies

All of the major VMS districts show a coincidence
of felsic and mafic volcanic rocks in the strati-
graphic intervals that host the major ore deposits,
regardless of whether the whole province is
dominated by mafic, intermediate or felsic rocks.
Furthermore, the VMS districts are characterized
by an anomalous combination of abundant felsic
rocks and widespread relatively deep marine en-
vironments compared with broadly similar tec-
tonic settings that do not host a major VMS
district (e.g. compared with most mature oceanic
volcanic arcs and continental margin arcs). In this
respect the major VMS districts are not typical
volcanic arcs, but reflect an important dramatic
extensional tectonic-magmatic event superim-
posed on an arc or other type of plate margin.
Examples at two extremes of the spectrum of
settings are Bergslagen, which is a major thick
rhyolitic magmatic province that anomalously
maintained subaqueous depositional environments
throughout most of its development, and the
Archaean Abitibi belt, which is a dominantly
oceanic terrane, but the deposits themselves are
associated with local thick rhyolite sequences.

The mafic rocks most closely associated with
the VMS deposits are mantle-derived basalts and
basaltic andesites. They are generally tholeiitic or
transitional in affinity, although in the Silurian
Cowombat rift of southeastern Australia they are
part of a mantle-derived calc-alkaline basalt-
andesite-dacite suite (Stolz et al. 1997). The
felsic volcanic rocks associated with the major
VMS deposits are calc-alkaline or tholeiitic da-
cite-rhyolite and are mainly interpreted to have
been derived by crustal melting (Fig. 2). Inter-
mediate andesite-dacite suites are abundant in
some of the VMS regions, but they are not
preferentially associated with the major VMS
deposits. Consequently, it is not possible to gen-
eralize that specific magma compositions or affi-
nities are preferentially related to major VMS
deposits world-wide, although this may be the
case in individual VMS districts. However, the
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coincidence in time and space of felsic volcanism
and mantle-derived mafic magma (in an exten-
sional marine basin) appears critical.

Understanding the facies architecture of the
host rocks is a key to understanding the setting in
which the VMS deposits formed. In most districts
(with the possible exception of parts of the IPB),
the major VMS deposits occur within or adjacent
to proximal (near-vent) rhyolitic facies associa-
tions. Submarine rhyolite dome complexes with
associated pyroclastic facies are probably the most
common host volcano type (Hokuroku, Skellefte,
Abitibi, Silurian successions in the Lachlan Fold
Belt). However, calderas dominated by rhyolitic
pyroclastic facies or lava flows are also an im-
portant host (Rosebery-Hercules in the Mount
Read Volcanics, Bathurst?, Noranda). Individual
dome volcanoes that host VMS deposits may
generally be components of larger multi-vent
volcanoes or volcanic systems. However, these
larger volcanic systems are at present generally
poorly defined and understood. An exception is
the Rouyn-Noranda VMS camp where mapping
shows that rhyolite dome complexes are compo-
nents of a large shield volcano and cauldron
(Gibson & Watkinson 1990).

Volcaniclastic rocks are abundant in the host
sequences to VMS deposits and are generally
diagenetically and hydrothermally altered, and in
the case of ancient terranes, also deformed and
metamorphosed. Consequently, primary rock tex-
tures are partly obscured and it is no simple matter
to map and interpret the origin of the rocks. Until
recently, most clastic felsic volcanic rocks were
assumed to be pyroclastic rocks. However, recent
studies show that in many VMS districts, the
abundance of pyroclastic rocks has been greatly
overestimated and that many of the apparent
clastic rocks are hyaloclastites, autobreccias, deb-
ris flow deposits, and even altered coherent lavas,
all generated by non-explosive fragmentation
mechanisms (de Rosen-Spence et al. 1980;
Yamagishi 1987; Allen 1988). Furthermore, there
is no guarantee that thick beds of pyroclastic
debris in marine basins were erupted locally with-
in the deep water part of the basin. In many cases
these beds are subaqueous mass flow deposits of
pyroclastic debris transported into deep water
environments from subaerial and shallow-water
vents (e.g. significant parts of the Mount Read
Volcanics and Green Tuff successions). However,
locally erupted felsic submarine pyroclastic rocks
are still regarded as abundant (Bathurst) or locally
abundant (Mount Read Volcanics, Green Tuff) in
some VMS districts. The details of these submar-
ine pyroclastic eruptions, such as the location of
vents, water depths of the vent areas, eruption
styles and mechanisms, and relationship to evolu-

tion of the magmatic and hydrothermal system,
have rarely been carefully documented. Large
pyroclastic caldera volcanoes were proposed in the
1970-80's as the host to many VMS districts (e.g.
Ohmoto 1978). However, several of those inter-
pretations were partly based on the superficial
circular shape of some mining districts (Bathurst,
Hokuroku), now known to be an artefact of
younger deformation and the position of cover
sequences, and partly to the erroneous interpreta-
tion that most felsic volcaniclastic rocks are
pyroclastic deposits.

Volcaniclastic rocks are also significant in that a
simple plot of large tonnage ore bodies against
volumes of volcaniclastic rocks shows a correla-
tion, which suggests a causal relationship (H.
Gibson, 2000 Hobart workshop presentation). Vol-
caniclastic sequences appear to promote formation
of massive sulphides by infiltration and replace-
ment below the sea floor; a situation that may trap
more of the total metal budget. In volcanic
sequences dominated by lava flows and intrusions,
most VMS ores form at the sea floor and more of
the metal budget might potentially become dis-
persed from hydrothermal vents into the basin
waters.

In addition to being located in proximal volca-
nic facies, most major VMS deposits show evi-
dence of having formed at a particular stage in the
evolution of the enclosing volcanic succession. In
many VMS districts the main VMS deposits are
concentrated at the top, or in the upper part of the
major syn-rift felsic volcanic unit (IPB, Green
Tuff belt, Skellefte, Mount Read Volcanics, Silur-
ian SE Australia, Bergslagen, Bathurst). Horikoshi
(1969) also showed that at the more local scale,
each of the Kuroko deposits of the Kosaka area in
the Hokuroku district, formed at the end of a
specific rhyolite volcano cycle, comprising (1)
extrusion of large domes and flows, accompanied
by pyroclastic eruptions of gas-rich magma, (2)
continued extrusion and intrusion of degassed
magma to form smaller domes and cryptodomes,
(3) small phreatic ('steam') eruptions from the
lava domes, followed by (4) effusion of ore
solutions to the sea floor to form massive sul-
phides. This volcanic cycle is analogous to the
classic subaerial dome eruption cycle (see Cole
1970). Other VMS deposits have also been shown
to be preferentially associated with the late stage
of evolution of specific rhyolite volcanoes (e.g.
Allen et al. 1996b). Furthermore, the VMS depos-
its and their host rhyolite volcanoes are commonly
followed by a significant change in the pattern,
composition and intensity of volcanism and sedi-
mentation, especially a pause in felsic volcanism,
deposition of mudstone, and fissure eruption of
mantle-derived basalts (Mount Read Volcanics,
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Silurian SE Australia, Skellefte, Green Tuff belt,
Abitibi, Bathurst, Bergslagen). These basalts com-
monly form the mafic component of the coinci-
dent felsic and mafic volcanism related to VMS
deposits.

The formation of many major VMS deposits at
specific stratigraphic positions, and at specific
stages in the evolution of individual rhyolite
volcanoes indicate that either the felsic mag-
matic-hydrothermal cycle (and it's interplay with
mafic magmatism) creates and focuses an impor-
tant part of the ore solution, or that specific types
of volcanism focus when and where a metal-
bearing geothermal solution can be concentrated
and expelled to the sea floor, or both. A major
challenge now is to determine which of these
possibilities is correct and why, and to determine
in what way these links are recorded in the
regional tectonic-volcanic evolution of the basin,
and evolution of the hydrothermal system. These
are major aims of the Global VMS research
project.

Critical areas that need addressing include:

1 the need for more facies mapping in VMS
districts to build up models of volcanic facies
architecture, volcanic evolution and pa-
laeoenvironment;

2 what is the connection between the position
of VMS deposits in the evolutionary cycle of
their host volcanoes and the position of the
deposits in the regional tectonic and basin
evolution and what are the common features
from district to district;

3 can the stratigraphic position (ore horizon) of
VMS deposits be recognized in the regional
stratigraphy away from known ore deposits,
and if so, how;

4 the role of basalts in the evolution of the
felsic volcanoes that host VMS deposits and
in the formation of the VMS deposits them-
selves;

Structure

The VMS belts and ore deposits under considera-
tion span an enormous range in style and degree
of deformation and metamorphism. Most of the
successions, except the modern Pacific basins, the
young Green Tuff belt and parts of the Archaean
Abitibi, are strongly deformed. Fold-thrust belt
type deformation patterns are particularly com-
mon. A likely explanation for this deformation is
that VMS districts are mainly related to exten-
sional basins near plate margins, and these basin
successions generally become inverted and
strongly deformed during the inevitable closure of

the basins. Basin closure probably in most cases
results from arc-arc, arc-continent, or continent-
continent collision at the plate margin.

Despite the extent of deformation in most VMS
districts and the important role of structural stud-
ies in unravelling the stratigraphic successions, the
amount of detailed, high-quality structural work
that has been carried out varies greatly. Problems
include the difficulty in carrying out structural
analysis in complex volcanic successions without
prominent marker units and the paucity of struc-
tural geologists with experience of volcanic strati-
graphy. However, some districts have been the
focus of excellent structural studies that have
demonstrated their use in understanding the geolo-
gical evolution of the district and in ore discovery
(Bathurst, Mount Read Volcanics). In the late
1980s and early 1990s the Mount Read Volcanics
were the focus of a government regional mapping
campaign, and this work has greatly increased the
knowledge of the district and laid the foundation
for subsequent research studies and mineral ex-
ploration. In contrast, the intensely deformed
Bergslagen district is just now receiving its first
modern regional structural interpretation. In the
strongly deformed and glacial sediment covered
Skellefte district, electrical geophysical explora-
tion methods have until recently had enormous
success in locating ores. This success has contrib-
uted to the generally poor knowledge of regional
stratigraphy and structure. The recent success of
gravity surveys in locating large ore bodies in the
IPB has to some extent also retarded studies of
stratigraphy and structure in the IPB, despite the
fact that the IPB has enormous potential for the
discovery of blind ore bodies in fold-thrust
structures.

It can be concluded that good quality regional
mapping of stratigraphy and structure is required
in order to make meaningful interpretations of
regional basin evolution and the setting of VMS
ores, and for a foundation for local detailed
research projects.

Critical areas that need addressing include:

1 integrated mapping and research studies of
volcanic stratigraphy and structure at the
regional and ore deposit scale.

Ore deposit characteristics

Despite the criticism that in-depth ore deposit
studies are just collecting data, it is acknowledged
that very few modern detailed accounts of VMS
deposits and districts have been published.
Furthermore, such studies provide the integrated
data sets on which realistic detailed interpretation
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can be based. Recent studies have been made on
the Noranda, Kidd Creek and Bathurst districts.
The Urals has a great deal of primary data in
Russian that is in need of compilation. Regional
facies mapping has commenced in the Skellefte
and Bergslagen districts, but comprehensive mod-
ern descriptions of the ore deposits are lacking.
Detailed ore deposit descriptions and facies map-
ping are advanced in parts of the Mount Read
Volcanics, but are not yet sufficient to make
correlations between ore deposit characteristics,
volcanic setting, depositional environment and
basin evolution. Recent work in several VMS
districts suggests that there are relationships be-
tween the facies architecture of the host volcanic
succession (lava pile, lithic volcaniclastic rocks,
pumiceous volcaniclastic rocks) and the style (sea
floor exhalative, subsea-floor replacement), shape
(mound, sheet, multiple lenses or tongues) and
size of VMS deposits. However, these relation-
ships have not been explored in detail.

Many VMS districts have numerous small-
medium sized deposits and just one or two giants
(e.g. Abitibi-85 deposits around 1 to 2 million
tonnes, Kidd Creek and Home around 100 Mt;
Skellefte-over 80 deposits, the 52 largest have a
median size of 1 million tonnes, and only Kristi-
neberg and Rakkejaur are over 20 Mt). However,
the largest deposits are often not the richest (e.g.
Skellefte, Mount Read Volcanics). Studies should
focus on large, well-exposed deposits and the
smaller rich deposits so that the characteristics of
the most economically viable deposits are fully
documented. Compilations of the settings and
characteristics of small deposits and low value
deposits are a second priority but are also impor-
tant for the purposes of comparison.

Critical areas that need addressing include:

1 more high quality, integrated, multi-disciplin-
ary studies of major VMS deposits;

2 a better descriptive classification of the styles
(types) of massive sulphide deposits;

3 improved criteria for the genetic classification
of deposit types-current nomenclature is too
rigid and is based on limited data;

4 investigation of the relationships between
host stratigraphy (facies architecture) and the
style (geometry, seafloor versus subsea-floor
position, size, metal zonation) of VMS de-
posits;

5 more information on the mineralogy and ore
mineral textures of deposits (e.g. a database
on mineral textures) complemented by mod-
ern chemical and isotopic studies;

6 fluid-inclusion data and other information on
the salinity of ore fluids, fluid compositions,

fluid sources, pathways and effects such as
alteration and ore mineral deposition;

7 modelling of fluid-rock reactions in VMS
hydrothermal systems.

Exhalites

Some VMS districts have prominent sulphide or
oxide facies exhalites that mark the ore-horizon
away from the deposit (e.g. Bathurst, Noranda),
whilst others do not (Mount Read Volcanics,
Skellefte). There remains uncertainty about which
are true hydrothermal exhalites, which may relate
to higher than average heat-flow, which are
reworked clastic weathering products and which
are regional weathering phenomena of volcanic
rocks. Some VMS deposits, such as sub-sea floor
replacement deposits, may possibly have no sea-
floor expression. However, this seems difficult to
envisage, as the hydrothermal fluid has to escape
from the mineralizing system somewhere.

An excellent database has been constructed for
the Bathurst exhalites and documents extensive
iron-formations of both volcanic-association (Al-
goma-type) and possibly starved sediment sources
(Superior-type). However, some other districts that
have prominent chemical sediment units and
exhalites, such as Bergslagen, have no modern,
systematic, comprehensive data on these rocks.

Critical areas that need addressing include:

1 how to recognize exhalites in the field and
are exhalites, or the chemical and mineralogi-
cal changes resulting from their interaction
with the sea floor substrate, common in VMS
districts but largely unrecognized;

2 a compilation of exhalite mineralogy and
geochemistry in several VMS districts;

3 how to distinguish exhalites related to VMS
mineralizing systems from other exhalites
(e.g. iron formations) not related to VMS
systems;

4 the possibility that some iron formations in
VMS camps may not be exhalites-e.g. Berg-
slagen;

5 the reasons why some exhalites extend be-
yond the sulphide deposit whereas others do
not.

Mineralogy, metal zonation and alteration

The chemistry of the footwall volcanic rocks
appears to be the biggest control on the miner-
alogy of the ore deposits. This may simply reflect
the mineralogy of the volcanic rocks that are
leached during hydrothermal alteration, e.g. break-
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Table 2. Relationships between the composition of massive sulphide mineralization, host rock type and tectonic
setting, suggested from exploration of the modern sea floor

Setting

Host rocks

Examples

Very high

Continental back arc

Rhyolite/dacite

Okinawa Trough

Pb, As, Sb, Au

High

Oceanic back arc

Dacite/andesite

Lau and Manus
basins

Low

Sedimented mid-ocean
ridge
Turbidite sequences,
MORB
Mid-ocean ridges

Absent

Sediment free mid-
ocean ridge
MORB

Mid-ocean ridges

down of mafic minerals-copper and zinc, break-
down of felsic minerals-lead, barium etc. How-
ever, some workers attribute part of the metal
composition of the ore deposits to primary mag-
matic contributions to the hydrothermal solution
(Urabe 1987).). Exploration of the modern sea
floor suggests the relationships shown in Table 2
between the composition of VMS ores, host rock
type and tectonic setting:

Exploration of the modern sea floor suggests
the relationships shown in Table 2 between the
composition of VMS ores, host rock type and
tectonic setting.

Metal zonation appears to be largely related to
the temperature of the hydrothermal system within
the actively forming VMS deposit, and the pattern
of temperature decrease between the high tem-
perature core of the deposit and the low tempera-
ture margins (e.g. high temperature-copper, low
temperature-zinc, lead, barium). Metal zonation
may be complicated by changes in the hydrother-
mal fluid flow pattern and temperature gradients
with time.

Several factors (e.g. rock composition, tempera-
ture, fluid composition, salinity) affect hydrother-
mal alteration mineralogy; but fluid pH appears to
have the largest effect. At very low pH (below
3.5), kaolinite and pyrophyllite become the stable
phases instead of muscovite. Footwall rocks pro-
vide the buffer to fluid chemistry. Low pH fluids
might indicate a closer association with a mag-
matic source, i.e. fluids more out of equilibrium
with wall-rocks. The mineralogy of ores, gangue
minerals and footwall alteration could be used
better to help interpret the evolution of VMS
deposits. Lithogeochemistry can be used to map
out chemical zonations and mass changes in the
host succession caused by hydrothermal alteration,
and to locate the main hydrothermal conduits (up-
flow zones) and recharge zones (Barrett et al.
1991; Barrett & MacLean 1999). New ideas of the
complex electro-chemical interaction between oxi-
dized seawater, precipitated sulphide assemblages
and the volcano-sedimentary host rocks could help

to explain some of the variations in deposits seen
in ancient systems.

Critical areas that need addressing include:

1 systematic data on the mineral chemistry of
ore and alteration minerals at a selection of
different VMS deposit types;

2 correlate chemistry of alteration minerals
with whole rock geochemistry and volcanic-
sedimentary facies;

3 synthesis of the geometry, mineralogical zo-
nation and chemical zonation of hydrother-
mal alteration (footwall and hanging-wall) at
a range of different types of VMS deposits.

The way forward

The discussion above provides a summary and
some highlights of the GEODE VMS database
and the Hobart workshop. This also chronicles the
background and birth of a global VMS research
project. The ultimate scope and success of the
project depends on the enthusiasm and imagina-
tion of the research teams and the level of funding
that can be achieved. We are now organizing the
main research stage of the project to answer some
of the important scientific questions raised above,
and to address the following general objectives.

(1) Create an international network of experi-
enced researchers with a range of different skills
and develop a collaborative international research
programme in which research teams work on
common goals and with significant exchange of
researchers, skills, ideas and data (Fig. 10). The
project plan includes teams with scientists from
seven European nations (Sweden, Germany, Spain,
Portugal, United Kingdom, France, Switzerland)
and a Russian, Canadian, Australian, Japanese and
possibly an Andean-Swiss team.

(2) Using an integrated multi-disciplinary ap-
proach, determine how mineralization, volcanic
evolution, and extensional tectonic evolution are
interrelated in a number of world-class VMS
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Tectonic Evolution
mapping
structure
geophysics
petrology/geochemistry
basin evalution. analysis
reconstructions

Key Magmatie Events
volcanic stratigraphy
mineralogy/petrology
geochemistry
isotopes
sources

Ore Deposit Studies
PhD projects

mapping, core logging
mineralogy, textures
mineral chemistry
alteration zonatton
isotopes
styles of VHMS
seafloor processes
subse-floor processes

Ore Bearing Intervals)
lithogeocnemistry
facies arid environments
dating
volcanic time lines
pattern of ore distribution

Volcanic Ardiiteeture
capping
volcanic fades
lithostrattgraphy
chemostratigraphy
exhalites
subvolcanic intaisions
alteration style, pattern

Hydrological Modelling
structures. How paths
permeability
alteration patterns
0 isotopes
heat engines
salinity

Hydrothermal
Geoehemistry
fluid incldusions
T, salinity, P
fO2, pH, IS2
magrnatic tiput?
metal transport deposifion
thermodynamio modeiling

Fig. 10. Framework for the integration of component studies of the Global VMS research project.

districts. Field-oriented research (stratigraphy, vol-
canology, structural geology) will be integrated
with laboratory studies (petrology, geochemistry,
isotope geochemistry, analysis of geophysical
data) as illustrated in Figure 10. Mining districts
under consideration for inclusion in the project
include Skellefte and Bergslagen districts, Swe-
den, Southern Urals, Russia, Iberian Pyrite Belt,
Spain and Portugal, Mount Read Volcanics, Aus-
tralia, Bathurst, Abitibi and Flin Flon districts,
Canada, the Andean Belt, South America, Green
Tuff belt, Japan and Manus and Lau Basins,
Pacific Ocean (Fig. 1).

(3) Develop criteria to recognize these relation-
ships in the field so that it becomes possible to
identify the volcanic intervals that are likely to
host major ore deposits in any given district.

(4) Organize and guide the studies in the
various mining districts and bring them together
in a global synthesis. Specifically, compare and
contrast the results from each district and thereby
distinguish those features that are essential to
formation of world-class ore deposits (i.e. occur in
all districts), from those that are not essential but
are locally important (i.e. occur only in specific
districts).

In this paper we have synthesized data, ideas and
suggestions from many colleagues, especially scientists
in the Global VMS research teams. We wish to thank all

these colleagues for the great spirit of collaboration that
forms the core of the project. Rod Allen and Par Weihed
also thank the Research Institute of Materials and
Resources (RIMR) at Akita University, Japan, the Centre
for Applied Ore Geology Studies (CTMG) at Lulea
University of Technology, Sweden, the European Science
Foundation programme for Geodynamics and Ore De-
posit Evolution (GEODE) and the GEORANGE research
programme, Sweden for supporting this work.
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Abstract: The magmatic arcs of SE Asia contain some of the world's major gold deposits.
These are mainly related to magmatic-hydrothermal activity and include epithermal, porphyry
Cu-Au and skarn deposits. Most gold deposits in SE Asian arcs formed during three intervals
of tectonic reorganization rather than during periods of normal or steady-state subduction.
These plate reorganizations and periods of gold mineralization were caused initially by the
collision of the Australian craton with the Philippine Sea plate arc at 25 Ma. A second Mid-
Miocene period of mineralization accompanied plate reorganization following maximum
rotation or extrusion of Indochina and the cessation of spreading of the South China Sea at
17 Ma. However, the vast majority and largest deposits formed since 5 Ma in a broad belt from
Taiwan to the Solomon Islands during an important period of tectonic reorganization. This
tectonic reorganization accompanied a postulated change in the relative motion between the
Indian-Australian and Pacific plates between 5 and 3.5 Ma following collision of the Philippine
arc and the Eurasian plate in Taiwan. Arc-related magmatism in unusual tectonic settings
produced the most abundant and largest deposits with many deposits associated with relatively
rare high-K calc-alkaline, shoshonite, adakite and alkaline magmatism. In particular peak
mineralization appears related to melting of mantle that had been previously modified by
subduction. During large-scale plate reorganization this can occur at the end of a period of
normal subduction, following the cessation of subduction, following arc collision or
accompanying subduction reversal at approximately the same time in different parts of a
complex system of magmatic arcs such as those in SE Asia. Such tectonic controls may be
impossible to recognize in older orogenic belts where recognition of a major change in tectonic
style and unusual magma types may be the best guides to mineralization.

The Cenozoic magmatic arcs that surround the
Pacific Ocean are richly endowed with mag-
matic-hydrothermal gold deposits such as high-
and low-sulphidation epithermal deposits, por-
phyry Cu-Au deposits and skarn Cu-Au depos-
its. Although a spatial and temporal link between
these types of metal deposit and subduction-
related magmatism has been recognized for some
time (Mitchell & Garson 1972, 1976; Sillitoe
1972, 1989), the deposits are most abundant
within specific arc sectors and during specific
periods (e.g. Sillitoe 1989, 1997). This strongly
suggests that tectonic factors other than normal
or steady state subduction of oceanic lithosphere
are important for the formation and localization
of magmatic-hydrothermal gold deposits in mag-
matic arcs.

The magmatic arcs of SE Asia formed during
the Cenozoic as a result of the convergence of

the Indian-Australian, Philippine-Pacific and
Eurasian plates (Fig. 1). This area contains some
of the world's largest and richest magmatic-
hydrothermal gold deposits and has experienced
relatively rapid changes in plate configuration and
rates of tectonic processes during the Cenozoic. It
is thus a key area for assessing the effects of
regional tectonics on the spatial and temporal
distribution of magmatic-hydrothermal gold de-
posits. In this study a database of gold deposit
ages and styles was superimposed on an animated
tectonic reconstruction of SE Asia, presented by
Hall (1996, 1998) and available from http://
www.gl.rhul.ac.uk/seasia/welcome.html/. A ver-
sion of this reconstruction, which includes the
locations of gold deposits is available from http://
www. cgm. uwa. edu. au/.

Examination of the spatial and temporal distri-
bution of gold deposits relative to the regional

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 39-47.
0305-8719/02/$15.00 © The Geological Society of London 2002.
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Fig. 1. Map of SE Asia, showing tectonic plates (Eurasian, Indian-Australian and Pacific) in pale grey, and Cenozoic
magmatic arcs in dark grey. Major gold districts and deposits are numbered: 1, Camarines Norte; 2, Batangas; 3.
Baguio (including Santo Tomas II); 4, Mankayan (including Lepanto, Far SE); 5, Isabella-Dipidio; 6, Ertsberg-
Grasberg; 7, Ok Tedi-Porgera; 8, Ladolam; 9, Panguna; 10, Tombulilato-Gorontalo;! 1, Kotamobagu-Ratatotok;12.
Batu Hijau.

tectonic model shows that most gold deposits
formed during major tectonic reorganizations (Fig.
2). The first of these followed the collision of the
Australian continent with the Philippine Sea plate
arc around 25 Ma. This was followed by a Mid-
Miocene period of mineralization that accompa-
nied and followed the maximum rotation or extru-
sion of Indochina and cessation of spreading in
the South China Sea at around 17 Ma (Sibuet et
al. 2002). The majority of (and largest) deposits
formed in a broad belt from Taiwan to the
Solomon Islands during tectonic reorganization
that followed the collision of the Philippine arc
with the Eurasian plate at 5 Ma (Hall 1996). This
period of plate reorganization and mineralization
accompanies a postulated change in the relative
motions of the Indian-Australian and Pacific
plates (Cox & Engebretson 1985; Harbert & Cox
1989).

Gold in island arcs

Major SE Asian, magmatic-hydrothermal gold
deposits (containing more than 10 tonnes of gold)

are dominantly high- or low-sulphidation epither-
mal deposits or porphyry Cu-Au deposits. Skarn,
sediment-hosted, and gold-bearing carbonate-
hosted base metal deposits are less abundant.

Epithermal Au deposits are mainly veins and
disseminated deposits that possess textural and
mineralogical characteristics of shallow emplace-
ment (< 2 km) with many showing clear evidence
of having formed in fossil hot spring and maar-
diatreme systems in active volcanic environments.
Low-sulphidation (adularia-sericite) epithermal
Au deposits are characterized by alteration assem-
blages of quartz-adularia-sericite-carbonate
formed from low temperature (150 to 300 °C)
near-neutral hydrothermal fluids (Bonham 1986;
White & Hedenquist 1995). These deposits are
typically volcanic-hosted veins and breccias with
native Au (± gold tellurides), silver sulphides and
sulphosalts, high Ag/Au ratios and low base metal
contents. They are the most numerous Au deposit
type in the SE Asian arcs and generally contain
less than 100 tonnes Au, although Ladolam
(Tabar-Feni-arc) and Baguio (Philippines) (Fig. 1)
are huge deposits of this type (Sillitoe 1997). In
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contrast, high-sulphidation epithermal Au deposits
are characterized by intense argillic and advanced
argillic alteration, especially quartz-alunite as-
semblages and ore minerals such as enargite
characterized by their high sulphidation state
(Bonham 1986; White & Hedenquist 1995). In
several deposits of this type such as Lepanto
(Mankayan district Philippines) (Fig. 1) and Wafi
(Papua New Guinea) there is a clear relationship
between high-sulphidation epithermal Au miner-
alization and intrusion-related porphyry-style
mineralization with a substantial overlap in depos-
it characteristics.

Porphyry Cu-Au deposits are low-grade, large
(>100 million tonnes) ore deposits associated
with high-level porphyritic calk-alkaline to alka-
line intrusions. Ore is characterized by veinlet or
disseminated iron-copper sulphides distributed
through a large volume of hydrothermally altered
rock by high volume hydrothermal systems driven
by heat from the igneous intrusion. Many of the
porphyry Cu deposits of SE Asia are gold-rich
(>0.1 ppm Au) by world standards with deposits
such as Grasberg (Irian Jaya) and Panguna (Bou-
gainville) containing more than 700 tonnes of
gold, and Santo Tomas II (Baguio district Philip-
pines), Far SE (Mankayan district Philippines), Ok
Tedi (Papua New Guinea) and Batu Hijau (Indo-
nesia) (Fig. 1) containing more than 200 tonnes of
gold (Sillitoe 1997). Gold-rich porphyry Cu de-
posits are typically distinguished from other por-
phyry deposits by an abundance of hydrothermal
magnetite in zones of Au- and Cu-bearing K-
silicate alteration (Sillitoe 1979, 1997).

Copper and gold-rich skarn deposits are contact
metasomatic deposits that form as a result of
recrystallization and metasomatism of calcareous
sedimentary rocks and causative intrusions. Im-
portant examples include the Ertsberg, Ertsberg
East and Wabu skarns associated with the Gras-
berg porphyry deposit in Irian Jaya (Mertig et al.
1994; Meinert et al. 1997) (Fig. 1). Sediment-
hosted Au, and carbonate-hosted base metal gold
deposits are less common variants of the por-
phyry-skarn-epithermal suite of magmatic -
hydrothermal gold deposits (Sillitoe & Bonham
1990; Leach & Corbett 1994).

The magmatic rocks associated with mag-
matic-hydrothermal gold mineralization in SE
Asian arcs include island-arc tholeiite, calc-alka-
line, high-K calc-alkaline (including shoshonite),
adakite and alkaline suites. These magmas have a
complex petrogenesis (Pearce & Peate 1995),
initiated by dehydration of subducted oceanic
crust and sediment at depth which releases an
oxidized H2O-CO2-C1 fluid capable of removing
incompatible elements from the subducted slab
and mobilizing metals both from the slab and in

the mantle. In the simplest case (many island arc
tholeiite and calc-alkaline suites) these fluids
initiate melting of the overlying mantle and are
incorporated into the resulting basalt melt that
then rises to the base of the crust. In the crust, a
combination of fractional crystallization, assimila-
tion and mixing with crustal melts results in the
wide range of magma types found in magmatic
arcs. During their emplacement in the upper crust
and eruption, these relatively H2O-rich magmas
set up the hydrothermal systems that form epither-
mal, porphyry and skarn deposits. Because these
magmas are associated with Cu-Au mineraliza-
tion in both oceanic and continental arcs it is
generally thought that the metals are derived from
the mantle source of the magmas, rather than a
local crustal source.

A large number of the gold deposits are
associated with the high-K calc-alkaline, shosho-
nite, adakite and alkaline suites (Muller & Groves
1993; Richards & Kerrich 1993; Sillitoe 1997;
Sajona & Maury 1998). Melting of sub-arc mantle
that has been extensively metasomatized by fluids
derived from ongoing, or earlier, episodes of
subduction is thought to be important in the
genesis of these suites (Mclnnes & Cameron
1994; Sajona et al. 1994; Mclnnes et al. 1999).

Gold deposits and the evolution of SE Asia

All principal deposits in SE Asian magmatic arcs
formed after 25 Ma with the majority dated be-
tween 6 and 1 Ma (Late Miocene to Pleistocene)
(Fig. 2). It has been suggested that the preponder-
ance of young deposits reflects increased like-
lihood of erosion with increasing age (Sillitoe
1989). Though erosion will certainly remove older
near-surface metal deposits, pre-Pliocene volcanic
and high-level intrusive rocks are common in SE
Asian arcs with little evidence that they were
richly mineralized. Hence it is likely that the
dominance of Pliocene gold deposits relative to
other periods is not caused solely by the removal
by erosion of older deposits, but may be related to
the tectonic evolution of the arcs.

At around 25 Ma, the arrival of the Australian
craton at the Philipine Sea plate subduction zone
(Fig. 3a) caused major tectonic reorganization in
the SE Asian region (Hall 1996). The direct
effects were a change in the tectonic regime in the
Papua New Guinea region from near orthogonal
subduction to sinistral strike-slip and the com-
mencement of clockwise rotation of the Philippine
Sea plate. As the Philippine Sea plate is central to
the region, this change in motion affected neigh-
bouring terranes. Other effects may have included
a reversal of subduction beneath the Philippines
from eastward subduction on the proto-Manila
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Fig. 2. Gold tonnage versus deposit age, compared with major tectonic events that affected SE Asian magmatic arcs.
Grey shading on lower diagram indicates periods of plate reorganization.

trench to westward subduction at the proto-Philip-
pine trench (Hayes & Lewis 1984). This period
coincided with gold deposits in the Isabella-
Didipio district (Luzon) and in New Britain
(Mitchell & Leach 1991; Lindley 1998) (Figs 1
and 3a).

During the Mid-Miocene, the island arcs ex-
perienced more rapid convergence and plate
rotation following the maximum extrusion, or
rotation, of Indochina (e.g.Tapponnier et al.
1982; England & Molnar 1990) and the opening
of the South China Sea (Fig. 3b). A tectonic
response to spreading in the South China Sea
was southwards directed subduction under Bor-
neo. Cessation of subduction between 18 and
15 Ma and associated crustal thickening may be

related to the formation of Central Kalimantan
gold deposits such as Kelian with >200 tonnes
of contained gold, between 24 and 18 Ma
(Simmons & Browne 1992; van Leeuwen et al.
1990) (Figs 1 and 3a). As maximum spreading of
the South China Sea was reached at around
17 Ma, a subduction reversal occurred in the
Philippines, from the proto-Philippine trench in
the east to the modern Manila and Sulu-Masbate
trenches in the west (Hayes & Lewis 1984) (Fig.
1). This subduction reversal coincided with gold
deposits in the Camarines Norte district, eastern
Philippines, and the Negros, Masbate, Batangas
and Baguio districts along the western side of the
archipelago (Mitchell & Leach 1991) (Figs 1 and
3b).
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Fig. 3. Tectonic reconstructions of SE Asia at 24, 15 and 5 Ma (adapted from Hall 1996) with superimposed gold
deposits and districts, (a) All gold deposits formed between 24 and 25 Ma. (b) Circles: all gold deposits formed
between 12 and 15 Ma. Squares: those formed between 16 and 24 Ma. (c) All gold deposits formed between 0 and
6 Ma
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Mid-Miocene gold deposits (15 to 12 Ma) also
formed in the Maramuni arc of northern New
Guinea (Russell 1990; Tau-Loi & Andrews 1998).
This period of mineralization followed collision of
the Philippine-Caroline arc with the extended
margin of New Guinea (Abbott 1995; Crowhurst
et al. 1996) and the initial collision of the
Ontong-Java Plateau with the Solomons arc (Hill
2000).

A major tectonic reorganization has occurred in
the SE Asian region since about 5 Ma, approxi-
mately the postulated time of change in the
direction of relative movement between the In-
dian-Australian and Pacific plates (Cox & Engeb-
retson 1985). This also coincided with collision of
the Philippine arc with the Eurasian plate in
Taiwan (Hall 1996). At this time the rate of
rotation of the Philippine Sea plate increased from
1.7° to 5.4° per Ma and its pole of rotation
changed from 15°N 160°E to 48°N 157°E (Hall
1996). The consequent effects on neighbouring
terranes were widespread. In the Philippines, sub-
duction appears to be transferring from the Manila
trench, where subduction has slowed since 5 Ma,
to the modern Philippine trench, where subduction
commenced at around 5 Ma (Fig. 1). Significant
gold deposits formed in the eastern Philippines,
and particularly the Baguio and Mankayan dis-
tricts in Luzon as well as in Mindanao (Mitchell
& Leach 1991) (Figs 1 and 3c).

Further afield, the changes in plate movement
affected Sulawesi, Irian Jaya and Papua New
Guinea. Subduction was initiated in the Pliocene
at the north Sulawesi trench, also associated with
subduction reversal. Associated gold deposits in-
clude those in the Tombulilato/Gorontalo and
Ratatotok/Kotamobagu districts (Figs 1 and 3c). In
Irian Jaya and Papua New Guinea, subduction
was initiated at the New Guinea trench and
Pliocene magmatism was associated with signifi-
cant gold deposits, including Ertsberg-Grasberg
(MacDonald & Arnold 1994; Mertig et al. 1994),
Ok Tedi (Rush & Seegers 1990) and Porgera
(Richards & Kerrich 1993) in the New Guinea
Orogen. Subduction was also initiated on the
Eastern New Britain-San Cristobal-Vanuatu
trenches following slowing down and cessation of
subduction on the Kilinailau trench. The Panguna
deposit on Bougainville, and the Ladolam deposit
on Lihir Island in the Tabar-Feni arc, formed at
this time (Figs 1 and 3c).

Discussion

There is a clear relationship between the age of
gold deposits in SE Asian magmatic arcs and the
tectonic reorganizations caused by changes in the
regional tectonic regime (Figs 2 and 3). The most

important of these started at about 5 Ma. This
corresponded with a relative change in direction
of movement of the Australian and Pacific plates
between c. 5 and 3.5 Ma (Cox & Engebretson
1985; Harbert & Cox 1989) and followed the
collision of the Philippine arc with Eurasia (Hall
1996). Further tectonic reorganization which
started at about this time included the collision of
eastern and western Mindanao and reversal of
subduction in the Philipines and Sulawesi (Hall
1996). In Irian Jaya and Papua New Guinea rapid
convergence between the Indian-Australian and
Philippine Sea-Caroline plates resulted in south-
wards propagation of the New Guinea Orogen
(Crowhurst et al. 1996). Cessation of subduction
on the Kilinailau trench and obduction of the
southern margin of the Ontong Java Plateau (Van
& Kroenke 1993) were accompanied by initiation
of subduction on the New Britain-San Cristobal-
Vanuatu trenches and the opening of the Woodlark
Basin. Further afield, clockwise rotation of the
Vanuatu arc (Van & Kroenke 1993) and the
change from transtension to transpression along
the Alpine Fault in New Zealand (Norris et al.
1990) also occurred at about this time.

The resulting intensely mineralized belt extends
from Taiwan through the Philippines, Sulawesi,
eastern Indonesia, Papua New Guinea to the
Solomon Islands and Fiji and contains many of
the world's largest magmatic-hydrothermal Au
deposits. Deposits with over 200 tonnes of con-
tained gold include Santo Tomas II, Far Southeast
(Sillitoe 1997) and Baguio (Cooke et al. 1996) in
the Philippines, Batu Hijau (Irianto & Clark 1995)
and Ertsberg-Grasberg (MacDonald & Arnold
1994) in Indonesia, and Ok Tedi (Rush & Seegers
1990), Porgera (Richards & Kerrich 1993), Lado-
lam (Moyle et al. 1990) and Panguna (Clark
1990) in Papua New Guniea.

How tectonic reorganizations control the loca-
tion of mineralized districts is less certain. Sillitoe
(1989, 1997) observed that all mineralized dis-
tricts occurred in arcs with evidence for active
extension or uplift at the time of mineralization,
with the largest deposits associated with unusual
rather than normal arc settings and magma types.
Furthermore, many mineralized districts with high
gold content (e.g. Baguio/Mankayan Luzon, east
Mindanao, north Sulawesi, Panguna Bougainville)
occur in volcanic arcs following a reversal in
subduction polarity (Solomon 1990). In such a
setting, local extension may result from slowing
subduction (and possibly rollback of the slab) on
one side of the volcanic arc and incipient subduc-
tion on the other. Magmatism may result from
either dehydration or melting of the slab, or inflow
of hot mantle as subduction slows, or during slab
rollback. Solomon (1990) also suggested that this
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would induce melting of sub-arc mantle that had
been both metasomatized and previously melted
by earlier episodes of subduction and that such
magmas may be intrinsically gold rich.

Melting of metasomatized (subduction modi-
fled) mantle may generate fluid-rich highly oxi-
dized magmas as well as destabilizing mantle
sulphides to release Cu and Au (Mclnnes &
Cameron 1994). Important new evidence from
veined peridotite xenoliths sampling the mantle
beneath the Tabar-Feni arc, which hosts the
Ladolam deposit, shows that they are strongly
enriched in Cu, Au, Pt and Pd relative to
surrounding depleted arc mantle (Mclnnes et al.
1999). These peridotites also have similar Os
isotopic compositions to the Ladolam gold ores,
indicating the primary source of the metals was
the subduction-modified mantle (Mclnnes et al.
1999).

Gold deposits that follow subduction reversal
occur in Late Oligocene, Mid-Miocene and Plio-
cene rocks of Luzon and Pliocene rocks of Mind-
anao, north Sulawesi and Bougainville. Further
possible districts with this setting are Romang-
Wetar islands in Indonesia, New Britain, New
Ireland and the Solomon Islands. Subduction
cessation and reversal appear to be a common
regime for formation magmatic-hydrothermal
gold deposits. However, in Mindanao, it is un-
likely that the Celebes Sea slab had penetrated to
sufficient depth to provide a source for shoshonitic
and adakitic magmas associated with Pliocene
mineralization (Sajona et al. 1994; Sajona &
Maury 1998; Macpherson & Hall 1999). Also the
Pliocene magmas associated with gold deposits of
the New Guinea Orogen including the prodigious
Ertsberg-Grasberg district (the highest gold ton-
nage in the region), Ok Tedi and Porgera follow
arc accretion and cannot be easily linked to either
coeval subduction, or subduction reversal. Ther-
mal or tectonic reactivation of subduction-modi-
fied mantle beneath a thickened arc or orogen,
with melting in the mantle and lower crust, seems
a more likely cause for magmatism in both cases.

In all cases magmas associated with magmatic-
hydrothermal gold mineralization in SE Asian
magmatic arcs have geochemical features indi-
cating their origins are linked to subduction
processes. However, in several important pro-
vinces, including many of those with the largest
gold deposits, magmatism is not directly linked to
an actively subducting slab. Examination of the
spatial and temporal distribution of gold deposits
relative to the regional tectonic model for SE Asia
shows that most gold deposits did not form during
periods of normal or steady state subduction.
Rather periods of plate reorganization character-
ized by magmatism in unusual arc-related settings

produced the most abundant and largest deposits.
In particular, peak mineralization appears related
to melting of mantle that has been previously
modified by subduction. During large-scale plate
reorganization this can occur at the end of a
period of normal subduction, following the cessa-
tion of subduction, following arc collision, or
accompanying subduction reversal at approxi-
mately the same time in different parts of a
complex system of magmatic arcs such as those in
SE Asia. Such tectonic controls may be impossi-
ble to recognize in older erogenic belts where
recognition of a major change in tectonic style
and unusual magma types may be the best guides
to mineralization.

We thank R. Hall for permission to use his tectonic
model. P. Rak compiled the gold deposit data-base and
tectonic animations as part of a B.Sc. (Honours) thesis at
the University of Western Australia.
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Timing and tectonic controls in the evolving orogen of SE Asia and
the western Pacific and some implications for ore generation
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Abstract: SE Asia lies at the convergence of the Eurasian, Pacific and Australian plates. The
region is made up of many active arcs, extensional basins, and the remnants of similar tectonic
environments developed throughout the Cenozoic. There are many important hydrothermal
mineral deposits and prospects in SE Asia but their formation is often poorly understood due to
the complicated tectonic history of this region and the knowledge of relationships between
mineralization and tectonics. Plate reconstruction offers a framework to integrate geological
and geochemical data that can be used to unravel the large-scale tectonic processes that affected
mineralized provinces. We present examples of the information that can be derived from this
approach and discuss the implications for understanding the origin of some hydrothermal
mineral deposits in SE Asia.

Formation of an economic hydrothermal ore de-
posit is the culmination of many different pro-
cesses, some of which are intrinsically linked to
the tectonic setting of the deposit. The recurrence
of particular styles of mineralization in certain
tectonic settings indicates a strong relationship
between geodynamics and mineralization and has
led to the development of models in which ore
generation is linked to plate tectonic processes
(e.g. Solomon 1990; Sillitoe 1999). Some models
aim to establish links between magmas and miner-
alization, implying that mineralization style may
depend either on the mechanism and source of
melting (e.g. Sajona & Maury 1998) or the ability
of magmas to transport metals (Feiss 1978;
Sillitoe 1997). Verification of associations between
mineralization and either tectonic setting or mag-
matic characteristics would provide a powerful
exploration tool in the search for new mineral
deposits.

SE Asia and the west Pacific host several of the
world's most important ore deposits, which in-
clude a range of mineralization styles and metallo-
genic provinces. Many of these deposits are
relatively young and therefore their current tec-
tonic environment provides a good approximation
of that in which they formed. Such relationships
provide a basis for interpreting other ore deposits
and assessing the likelihood that economic re-
serves may be identified in particular locations or
may have formed at certain times (Solomon 1990;

Sillitoe 1997). This contribution examines the
importance of some tectonic processes that have
been proposed as possible controls on ore forma-
tion for the SE Asian and SW Pacific regions.

Tectonic setting of SE Asia and western
Pacific

SE Asia and the SW Pacific are dominated by
convergence between the Eurasian, the Indian-
Australian and the Pacific plates (Fig. 1). In
addition, the Philippine Sea plate, which lies
between the Pacific and Eurasian plates, has
played a crucial role in development of the region.
There are at present a large number of other small
plates and plate fragments, and there was probably
a similar complexity throughout the Cenozoic
(Hall 1996, 2002). The magmatic provinces of SE
Asia and the western Pacific can be attributed to
four major zones of convergence (Fig. 1).

The first lies between the Eurasian and Indian-
Australian plates and extends from Myanmar in
the west to the Banda arc in the east and results
from subduction of Indian Ocean lithosphere
beneath Sundaland. Within this zone the Sunda
arc comprises the islands of the Andamans,
Sumatra, Java and Nusa Tenggara. Mesozoic
magmatism is known in Sumatra, Java (Katili
1975; Rock et al. 1982; McCourt et al. 1996) and
Sumba (e.g. Rutherford et al. 2001) although in

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 49-67.
0305-8719/02/S 15.00 © The Geological Society of London 2002.
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Fig. 1. Map of SE Asia highlighting major tectonic plates and plate boundaries and the location of important
hydromermal ore deposits. Plate names are shown in boldest font and subduction zones are indicated by lines with
triangles on the overriding plate. Key to subduction zones not noted in figure: 1, Manila Trench; 2, Negros Trench; 3,
Cotobato Trench; 4, North Sulawesi Trench; 5, Halmahera Trough (also frontal thrust of Sangihe arc); 6, Seram
Trough; 7, New Guinea Trench; 8, Manus Trench; 9, New Britain Trench. Key to hydrothermal mineral deposit types
is shown and major deposits are labelled in italics.

most islands of Nusa Tenggara the oldest known
magmatic rocks are Miocene (e.g. Abbott &
Chamalaun 1978; Barberi et al. 1987). The eastern
part of this convergent zone is the Banda arc
where the Australian continental margin has been
subducted towards the north (Fig. 2: Carter et al.
1976; Vroon et al. 1993). In the west, mineraliza-
tion in Sumatra and west Java is mainly made up
of low-sulphidation epithermal gold deposits
(Basuki et al. 1994; Marcoux & Milesi 1994;
Jobson et al. 1994;Carlile & Mitchell 1994). Well-
developed mineralization is largely unrecognized
in central and eastern Java but Nusa Tenggara
hosts one major porphyry copper deposit at Batu
Hijau in Sumbawa (Meldrum et al. 1994) and
several epithermal prospects (Carlile & Mitchell
1994). The easternmost mineralization in this zone
is comprised mainly of submarine exhalative Ag-
Au-barite Volcanic Massive Sulphide deposits
(VMS) such as those on Wetar Island (Sewell &
Wheatley 1994) with or without base metals

(Carlile & Mitchell 1994). For most deposits in
the Sunda-Banda arc, a Late Miocene to Pliocene
mineralization age has been determined or is
inferred.

A second zone of convergence occurs where
lithosphere of the Pacific Ocean is subducted
towards the west. Subduction extends from Japan,
through the Izu-Bonin and Mariana trenches to
the northern end of the Ayu Trough. Magmatism
has occurred in this arc since the Eocene (Cosca
et al. 1998) and involved the opening of several
marginal basins within the Philippine Sea plate:
the Parece Vela Basin, the Shikoku Basin and the
Mariana Trough (Fig. 1). Actively forming VMS
deposits have recently been identified within the
Izu-Bonin arc (lizasa et al. 1999).

The third zone of convergence runs south from
Taiwan, through the Philippine Islands to the
Molucca Sea region in the south. This is a
complex region with subduction zones dipping
both east and west beneath the Philippine Islands
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Fig. 2. Geographical features of the Banda Sea and surrounding regions. Small black filled triangles are volcanoes
from the Smithsonian database (http://www.nmnh.si.edu/gvp/), and bathymetry is from the GEBCO digital atlas (IOC,
IHO, BODC 1997). Bathymetric contours at 1000 m, 2000 m and 4000 m.

linked by strike-slip faults (Mitchell et al 1986).
The Philippine Sea plate is subducted towards the
west at the Philippine Trench. Eastward subduc-
tion at the Manila, Negros and Cotobato trenches
consumes oceanic lithosphere of the South China,
the Sulu and Celebes Seas respectively, which
formed in Cenozoic extensional and back-arc
basins at the eastern margin of Sundaland. The
Celebes Sea is also being subducted towards the
south beneath the northern arm of Sulawesi.

The Philippine islands host a huge number of
ore bodies and prospects (Sillitoe & Gappe 1984;
Mitchell & Leach 1991). Porphyry-style and
epithermal mineralization occur in close proximity
to one another in several parts of the archipelago.
The Central Cordillera and Camarines Norte Dis-
trict of Luzon and eastern Mindanao host many
porphyry-style and epithermal mineral deposits
that are rich in gold. In each of these cases the
deposits lie close to the present trace of the
Philippine Fault although the connection between
faulting and mineralization remains unclear. Re-
ported radiometric ages, obtained by whole-rock
K-Ar dating, have a bimodal distribution with
many porphyry-related intrusions of Early to Mid-

Miocene age (20-12 Ma) whereas epithermal
rocks and some porphyry-related intrusions are
Plio-Pleistocene. Mitchell & Leach (1991) used
this evidence to question the link between por-
phyry and epithermal mineralization. However, the
Far South East porphyry and Lepanto epithermal
deposits in the Central Cordillera of Luzon appear
to have formed over a short interval of <0.5 Ma
(Arribas et al 1995). This suggests that the
bimodal distribution of mineralization ages adja-
cent to the Philippine Fault could reflect either
two distinct mineralization events or problems of
K-Ar dating. Many rocks are susceptible to
alteration and weathering, particularly in tropical
latitudes, which could reset the K-Ar clock
leading to a spuriously young age (Dickin 1995),
or could add potassium, and therefore also 40Ar,
to the rock resulting in an overestimation of the
age. Unlike some dating techniques which employ
materials that are more resistant to weathering
(e.g. mineral separates for Rb-Sr) or may identify
K and Ar mobility (e.g. 40Ar/39Ar), the effects of
alteration on the K-Ar isotope systematics cannot
be quantified. Reliable dating of mineral deposits
remains one of the main barriers to improving our

http://www.nmnh.si.edu/gvp/
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understanding of the geodynamic setting of ore
generation.

At the southern end of the Philippines the
Molucca Sea plate is being subducted to the east
and west beneath Halmahera and Sangihe arcs,
respectively (Fig. 3: Cardwell et al. 1980). The
greatest ages yet obtained for volcanism asso-
ciated with subduction of the Molucca Sea are
Mid-Miocene (Baker & Malaihollo 1996; Elburg
& Foden 1998), although Late Cretaceous-Eocene
and Oligocene phases of subduction magmatism
are recorded in the Halmahera region (Hakim &
Hall 1991; Hall et al. 1995). In the case of
Halmahera, the Miocene to Recent igneous activ-
ity appears to have gone through periods of great-
er and lesser intensity (Baker & Malaihollo 1996).
We also include the north arm of Sulawesi in this
zone, where the Celebes Sea is being subducted
towards the south (Silver et al. 1983; Walpersdorf
et al. 1998). Hydrothermal mineralization is rela-
tively uncommon in the Sangihe Islands and
Halmahera (e.g. Oldberg et al. 1999), but many
porphyry and, primarily low sulphidation, epither-
mal deposits and prospects are known from north-
ern Sulawesi (Carlile & Mitchell 1994). Much of

this mineralization is Mid-Miocene or younger,
thus predating the initiation of the current south-
ward subduction of the Celebes Sea Plate (Silver
et al. 1983; Surmont et al. 1994).

A final convergence zone extends east to the
young subduction systems and oceanic basins that
result from complex convergence and strike-slip
faulting linking the New Guinea margin to the
Melanesian arcs at the boundary of the Australian
and Pacific plates. Among the many hydrothermal
occurrences in this region are Grasberg, Ok Tedi
and Porgera on New Guinea. The Ladolam deposit
on Lihir and the Panguna deposit on Bougainville
lie in segments of the Vitiaz-West Melanesian arc
that collided with the Ontong Java Plateau during
the Mid-Miocene (Kroenke 1984; Phinney et al.
1999) leading to tectonic quiescence during the
Mid-Miocene (Hilyard & Rogerson 1989; Stewart
& Sandy 1988). Subsequent tectonic activity on
these islands, including mineralization, was asso-
ciated with north and westward subduction of the
Solomon Sea. Like the Philippines and Molucca
Sea, there is a mixture of both porphyry and
epithermal styles of mineralization through this
zone and most of these have ages that are younger

Fig. 3. Geographical features of the Molucca Sea and surrounding regions. Small black filled triangles are volcanoes
from the Smithsonian database. Bathymetric contours at 200 m, 2000 m, 4000 m, and 5000 m from the GEBCO
digital atlas (IOC, IHO, BODC 1997). Large barbed lines are subduction zones and small barbed lines are thrusts.
Note that the direction of surface thrusting in the Molucca Sea is correctly shown. Thrusts on each side of the
Molucca Sea are directed outwards towards the adjacent arcs although the subducting Molucca Sea plate dips east
beneath Halmahera and west below the Sangihe arc. The Halmahera arc is being overridden by the Sangihe arc as
shown in the inset figure.
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than Mid-Miocene (Sillitoe, 1997). Ladolam is
distinctive in that it is a telescoped deposit in
which the sector collapse of a volcano resulted in
the overprinting of a porphyry body by epithermal
mineralization (Sillitoe 1994). A further notable
feature of this region is the active formation of
VMS deposits in the eastern Bismarck Sea, which
are associated with extensional magmatism in the
Manus back-arc basin. This basin is related to
northward subduction of the Solomon Sea (Binns
& Scott 1993; Scott & Binns 1995).

Tectonic controls on mineralization

A hydrothermal mineral deposit will form when
fluids circulating through the Earth's crust concen-
trate an element, or elements, in a particular
location. Sufficient concentration of the ore to
create an economic body relies on an appropriate
balance between several variables. The lifetime of
the system, the chemical environment provided by
the country rocks, and the porosity and permeabil-
ity of the country rocks probably play a significant
role in determining how elements will be distrib-
uted within a hydrothermal system. While these
factors will influence the size and/or grade of
hydrothermal deposits, to a greater or lesser
degree, they are largely independent of tectonic
processes.

In contrast, the crustal heat flow, the fluid
pathways permitted by the crustal structure host-
ing the system, the chemistry of the hydrothermal
fluids (Hedenquist & Lowenstern 1994; Sillitoe
1997) and the composition of the magmatism
associated with a deposit can be directly related to
the tectonic forces exerted on the crust hosting a
hydrothermal system. Heat flow and crustal struc-
ture in convergent margins will depend on the
lithospheric thickness and the stress regime im-
posed by plate interactions. Similarly, the chemi-
cal composition of magmas (and the fluids they
exsolve) depend on melting conditions. These, in
turn, result from chemical and physical factors,
such as composition, pressure, temperature and
volatile content of the mantle or crustal source
(Pearce & Peate 1995). Therefore, the processes
that generate magmatism and affect the litho-
spheric structure at convergent margins can influ-
ence the timing and location of mineralization in
several ways.

The association between subduction and mag-
matism is clear. The recognition that volcanism in
island arcs is related to subduction was quickly
incorporated into tectonic models once plate tec-
tonic theory was accepted at the end of the 1960s
but since then research has led to revision of many
ideas about the causes of melting, and the relative
importance of tectonic processes. Early models

(e.g. Oxburgh & Turcotte 1970) emphasized mag-
matism due to frictional heating on the Benioff
zone, melting of the subducting slab and compres-
sional shortening of the overriding plate in the
arc-trench gap. In contrast, melts are now seen as
originating primarily in the mantle wedge above
the subduction zone and are thought to result from
the input of volatiles that lower the mantle solidus
(Fig. 4a). Furthermore, extension of the overriding
plate is now recognized as a common feature in
arc settings (Hamilton 1995). Tectonics may influ-
ence magmatism at regional and local scales, for
example, by inducing melting during extension,
by providing pathways for magmas, or by varying
the rate of supply of volatile components. The
character of magmatism is of particular interest in
tectonic interpretation if the geochemistry of
igneous rocks can be used reliably to infer the
tectonic setting (e.g. Pearce & Peate 1995).

The location of subduction zone magmatism is
related to the mechanisms that cause subduction.
Hamilton (1988, 1995) emphasizes the necessity
of viewing subduction in a dynamic way. Subduc-
tion zones have often been portrayed as 'static'
systems with the subducting slab rolling over a
stationary hinge and sliding down a slot fixed in
the mantle (Fig. 4b). Viewed dynamically,
Hamilton (1995) argues that subduction is most
commonly driven by gravity acting on the sub-
ducting slab (Fig. 4c) and, therefore, most subduc-
tion zones are characterized by retreat of the
hinge with time, or slab rollback (Fig. 4d). As a
result the mantle wedge between the two plates
can be replenished by an inflow of hot, undepleted
mantle (Andrews & Sleep 1974; Furukawa 1993).
This flow may also lead to ablation of the base of
the overriding plate (Furukawa 1993; Iwamori
1997; Rowland & Davies 1999) and the mantle
wedge that upwells into the ablated volume will
be susceptible to melting by decompression. In
this way steady-state arc magmatism at a relatively
constant distance from the trench can be main-
tained over prolonged periods. Subduction zones
may also be characterized by fixed hinges or by
hinge advance. A fixed hinge may result when the
system is locked or when the velocity of the whole
system is exactly opposite to the rate of hinge
retreat. Similarly, hinge advance may in part result
if the two plates are both moving in the same
direction as the slab is being subducted.

Geochemical investigation of tectonic
processes

Many mineral deposits in SE Asia can be linked
to magmatism at convergent margins. Subduction
zone magmatism frequently displays geochemical
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Fig. 4. Illustration of the different concepts of static and dynamic subduction. (a) Schematic cross section showing
relationship between subducted and overriding plates and the mantle wedge between them. The distinctive
geochemistry of subduction zone magmatism results from dehydration and melting of the subducted plate, (b)
'Conveyor belt' subduction inferred in many textbook models of subduction. (c) Schematic representation of
gravitational forces acting on a subducted slab at any point in time as discussed by Hamilton (1995). (d) Result of
subduction driven by gravity from condition shown in (c) with initial condition shown by faint lines. As the
subducted plate moves down in the mantle, mantle circulates through the mantle wedge. The resulting migration of
the trench at the Earth's surface is known as hinge retreat.

characteristics that are distinct from melts gener-
ated in other tectonic environments, particularly
mid-ocean ridge basalts (MORB). Compared to
MORB, the relative and absolute concentrations of
trace elements that are not mobile in fluids, such
as the high field strength elements (HFSEs), are
often depleted in lavas from island arcs (Ewart &
Hawkesworth 1987; McCulloch & Gamble 1991).
Such depletion suggests that the mantle wedge has
been stripped of a basaltic component to varying
degrees prior to the present phase of magmatism
(Woodhead et al. 1993) and demonstrates that the
wedge exerts important controls on general geo-
chemical characteristics of arc lavas (e.g.
Woodhead 1989). HFSE depletion is particularly
noticeable in arcs paired with back-arc spreading
centres, suggesting that the peridotite which melts
to yield arc lavas may have been processed during
its passage through the source region of back-arc
magmatism (Woodhead et al. 1993). This is
consistent with the concept of corner flow in the
mantle wedge (Andrews & Sleep 1974; Furukawa
1993).

As a consequence of the cooling effect of the
subducting slab and the refractory nature of
peridotite in some mantle wedges, slab-derived
fluid or volatile-rich melt is probably necessary to
induce melting beneath many arc fronts (Morris et
al. 1990; Ryan & Langmuir 1993). Any portion of
the sedimentary cover that is subducted with the
lithosphere may also be prone to melting at, or
close to, the depths at which the mantle wedge
melts. Therefore, the recycled component may
have two different provenances within individual
arcs (Elliott, et al. 1997; Turner et al. 1996).
Subducted crustal material within the source re-
gion of arc magmas provides a reservoir not
present during MORB genesis. The nature of this
material and the mechanisms of mass transport
between slab and wedge can be resolved by
examining the variable enrichment of trace ele-
ments compared to MORB and characteristic
departures of isotope ratios from upper mantle
values (Tatsumi & Eggins 1995; Turner et al.
1996; Hawkesworth et al. 1997). For example,
fluid transport from slab to wedge can induce
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chemical fractionation between elements such as
La and Nb that otherwise behave similarly during
magmatic processes, but have significantly differ-
ent mobility in the presence of hydrous fluids or
brines (Tatsumi et al 1986; Thirlwall et al. 1994;
Brennan et al. 1995; Keppler 1996; You et al.
1996). Taken together, observations of this sort
have led to continual refinements of models that
describe the nature of sources and the mechanisms
of melting at subduction zones (e.g. Woodhead
1989; Hawkesworth et al. 1991; Elliott et al.
1997).

Following generation, melts must traverse the
plate that overrides the subduction zone prior to
eruption. This transport provides an opportunity
for chemical differentiation, either through melt-
solid-vapour partitioning, or through open system
processes, such as magma-mixing, crustal contam-
ination or assimilation with fractional crystalliza-
tion (AFC). The contaminants involved in these
processes can resemble the materials being sub-
ducted and care must be taken to fully account for
the influence of the overriding plate if recycled
fluxes are to be accurately constrained (Davidson
& Harmon 1989; Macpherson et al. 1998).

Studies leading to new theories of melt genera-
tion in subduction zones have largely focused on
active, or recently active, arcs. Much progress has
been made by investigating spatial variations with-
in individual arcs that allow evaluation of changes
in the balance of different processes. Major factors
influencing petrogenesis, such as fluid and melt
fluxes from the subducted plate and the tempera-
ture, geometry and fertility of the mantle wedge,
also have the potential to vary in time (e.g. Plank
& Langmuir 1988; McCulloch & Gamble 1991;
Turner & Hawkesworth 1997; Elburg & Foden
1998). Therefore, geochemical studies have poten-
tial to yield information on the evolution of
tectonic events at convergent margins. If dynamic
changes in subduction zones are a major factor in
the generation of large mineralized systems
(Sillitoe 1997), then it is important to understand
and quantify the role of these events so that the
other factors influencing ore genesis at particular
sites can be understood in their regional context.
This is particularly relevant to SE Asia where
there have been relatively rapid changes in plate
configuration and rates of tectonic processes dur-
ing the Cenozoic.

There are several properties that can vary to
produce changes in the character of magmatism at
subduction zones. Changes in the rate of subduc-
tion could affect both the rate at which the mantle
wedge is replenished and the fluxes of material
(fluids and melts) derived from the down-going
slab. The nature of subducted material may influ-
ence magmatism and may, in some circumstances,

provide a chemical tracer of tectonic history. If
magmas interact with the crust, the character of
crust in the overriding plate will be important. For
example, in east Indonesia it is possible to identify
changes in the character of crust from the geo-
chemistry of the Neogene volcanic rocks (see
below). In the case of oblique subduction, there
may be changes in the character of crust where
there are trench-parallel strike-slip faults as in
Sumatra and the Philippines. The following exam-
ples show how geochemical investigations of arc
lavas have been employed to identify changes of
this type in a single subduction system, the
Molucca Sea Collision Zone.

Evolution of recycled components

Both the nature of recycled materials and recy-
cling processes can evolve during the lifetime of a
subduction zone. For example, Elburg & Foden
(1998) have suggested that the recycled compo-
nent in southern Sangihe arc lavas was derived
mainly from altered oceanic crust during the Mid-
Miocene, but is presently dominated by a sedi-
ment-derived component. This evolution can be
compared with that of Neogene (Forde 1997) and
Quaternary (Morris et al. 1983) lavas in the
Halmahera arc. An orthogonal collision between
the Sangihe and Halmahera arcs is consuming the
Molucca Sea plate (Fig. 3). Therefore, the crust
and sediments being subducted beneath both arcs
may be similar.

Figure 5 shows the changes in Zr/Nb in the
Halmahera lavas during differentiation of suites of
lavas from Halmahera (Fig. 3). There is consider-

MgO (wt.%)

Fig. 5. Plot of MgO (wt%) content versus Zr/Nb for
Neogene and Quaternary to Recent volcanics from the
Halmahera Arc. Zr/Nb ratios higher than the value for
MORB infer residual mantle wedge while low values
can reflect incorporation of subducted sediment.
Halmahera data from Forde (1997) and Morris et al.
(1983) and N-MORB from Sun & McDonough (1989).
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able variation in Zr/Nb between the different
Neogene centres investigated by Forde (1997), but
the range is restricted within each centre. Magmas
from each location evolved from basic magmas
(with MgO > 6 wt%) with Zr/Nb ratios that were
similar to, or higher than, N-MORB (Fig. 5).
None of the phenocryst phases present in Halma-
hera lavas are able to produce significant changes
in the Zr/Nb ratio during fractional crystallization.
Lavas from Obi have relatively constant Zr/Nb
close to the MORB range whereas ratios increase
successively through Central Halmahera and Ba-
can. High values for Zr/Nb ratios occur in melts
derived from mantle that has experienced previous
melt extraction (Woodhead et al. 1993) and
probably require a relatively high fluid flux to
induce melting. Thus, the Neogene data for Hal-
mahera are consistent with a mantle wedge that
was variably depleted, with respect to the MORB
source, being fluxed by a slab-derived fluid.

The majority of Quaternary lavas from Halma-
hera also have Zr/Nb ratios that are similar to or
higher than N-MORB (Fig. 5). This suggests that,
like Neogene magmas, the majority of these lavas
were derived from mantle that was similar to or
more depleted than the MORB source. However,
several Quaternary lavas display Zr/Nb lower than
any observed from the Neogene arc. Normal
mantle processes, such as previous melt extraction
or fractional melting, are unable to produce melts
with low Zr/Nb ratios suggesting a significant
input from a reservoir characterized by low Zr/Nb.
Sediments provide such a reservoir, and partial
melting of sediment, as opposed to bulk additions
to the mantle, may further lower the ratio (Elliott
et al. 1997). The Zr/Nb ratios are consistent with
Quaternary arc lavas containing a more significant
contribution from subducted sediment than lavas
erupted during the Neogene (Elburg & Foden
1998). In this respect, the Neogene to present day
evolution of the Halmahera and Sangihe arcs has
been similar. However, unlike the Elburg & Foden
model for the Sangihe arc, Quaternary lavas that
record increased sediment recycling in the Halma-
hera arc are contemporaneous with lavas that
record recycling of fluid-dominated components
derived from altered oceanic crust (Fig. 5).

Figure 6 compares Pb and Nd isotope data for
the arcs colliding in the Molucca Sea region. This
figure also illustrates the less extreme time depen-
dence of mass transfer processes of the Halmahera
arc compared to Sangihe. The younger (Pliocene
to Quaternary) Sangihe volcanics are successively
displaced closer to the field of sediments than
their Neogene counterparts (Elburg & Foden
1998). In the Halmahera arc there is considerable
overlap between lavas of different ages, although
the Quaternary rocks are again more concentrated

Fig. 6. 206Pb/204Pb versus 143Nd/144Nd in lavas from the
Molucca Sea collision zone. Lavas from the Sangihe arc
show a clear temporal progression towards lower 143Nd
l44Nd. While there is more overlap between Neogene
and Quaternary arc lavas in the Halmahera data a similar
overall progression exists. Halmahera data from Forde
(1997), Sangihe data from Elburg & Foden (1998) and
Indian Ocean MORB from Michard et al. (1986), Ito et
al. (1987) and references therein.

towards the field of sediments. The most conspic-
uous feature of this plot is the distinct offset
between the fields for the two arcs; the Halmahera
lavas possess consistently higher 206Pb/204Pb. This
may be interpreted in several ways. It may be
incorrect to assume that similar sediment is
subducted under each arc and that sediment has
higher 206Pb/204Pb in the east. Alternatively, the
same sediment may enter both subduction zones
but mixes with two isotopically distinct mantle
wedges. The isotopic characteristics of both arcs,
throughout their Neogene to Recent history, favour
derivation from mantle similar to the source of
Indian Ocean (I-)MORB. I-MORB has a suffi-
ciently large isotopic range to accommodate the
range of sources required to account for the
differences between Halmahera and Sangihe lavas
(Fig. 6). A final possibility is that the same
sediment is being subducted beneath both arcs
where it is contaminating mantle wedges that have
similar isotopic characteristics but different Pb/Nb
ratios, resulting in greater sensitivity to Pb con-
tamination in the low Pb/Nd wedge (Halmahera).

Evolution of the mantle wedge

Progressive melting of the mantle wedge might be
expected to result in lavas from increasingly
depleted sources being erupted in the later stages
of an arc's activity. However, lavas from the
Quaternary Halmahera arc show no significant
evidence for greater depletion of the mantle wedge
when compared to the Neogene arc (Fig. 5). This
suggests that fresh material has been available to
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maintain the fertility of the zone of melting
beneath the Halmahera arc since the Neogene.

Upwelling of asthenosphere from the back-arc
region is a significant control on the depletion of
the mantle wedge. Mantle can be 'processed'
through the back-arc region before being advected
into the mantle wedge by corner flow (Fig. 4d;
McCulloch & Gamble 1991). Where melting is
minimal, or absent, in the back-arc region this will
allow the mantle wedge to be replenished with
fertile peridotite. Therefore, arcs that are tectoni-
cally susceptible to strong corner flow may be less
likely to show a progressive depletion in wedge
fertility. Upwelling will be an inevitable tectonic
response in subduction zones when hinge retreat
occurs (Hamilton 1995). Figure 7a shows that the
boundary between the Molucca Sea plate and the
Philippine Sea plate, to the west of Halmahera,
migrated relatively rapidly westwards through the
Neogene resulting in substantial hinge retreat west
of the Halmahera arc. Peridotite from beneath the
Philippine Sea plate or deeper in the astheno-
sphere must have been drawn into the mantle
wedge during this process. Recharging of the
mantle wedge by asthenospheric peridotite could
reduce, or even suppress, the overall wedge deple-
tion throughout the lifetime of an arc.

This process may also play a factor in the
relative volumes of arcs. Volumetrically, the Hal-
mahera arc is considerably larger than the Sangihe
arc on the opposing side of the Molucca Sea
collision zone. During the Neogene there was
relatively little movement of the subduction hinge
at the Sangihe arc, separating the Molucca Sea
plate and the Eurasian plate (Fig. 7a). This situa-
tion would not favour upwelling of fresh fertile
peridotite beneath the Sangihe arc, thus limiting
the volume of magmatism. Replenishment of the
Halmahera mantle wedge would provide a greater
reservoir of fertile mantle from which to construct
a larger arc.

Evolution of crustal interaction

The composition of basement upon which many
island arcs are constructed is relatively poorly
known. To a large extent, this is due to the poor
exposure of basement rocks that have often been
blanketed by the products of the arc. Geophysical
techniques can be used to indirectly examine the
nature of arc basements, but interactions between
the crust and passing melts can produce distinctive
geochemical signatures in the melts. Where local
basement rocks have been geochemically charac-
terized, such signatures can be exploited to under-
stand the degree and processes of interaction
(e.g. Macpherson et al. 1998). Conversely, where
the basement is not exposed, suites of lavas

displaying geochemical trends that can be attrib-
uted to cmstal interactions may reveal something
of the nature of the arc basement. Where the age
of magmatism is known this may also provide
tectonic constraints on the development of crustal
domains (Vroon et al. 1996).

The island of Bacan, in the Halmahera arc,
provides an example. Morris et al. (1983) noted
that dacitic lavas in southern Bacan, erupted near
areas of exposed metamorphic basement, possess
exceptionally radiogenic strontium and lead iso-
topic ratios (87Sr/86Sr = 0.7198-0.7240, 206Pb/
204Pb 40.2). In conjunction with elevated alkali
contents in the lavas, Morris et al. (1983) used
these isotopic ratios to suggest that the dacites
were contaminated by crust of continental origin.
Neogene dacites displaying elevated isotopic ratios
indicate that this continental material was present
in the arc crust by the Late Miocene (Vroon et al.
1996; Forde 1997). However, the locally exposed
basement (Sibela Metamorphic Complex) has lead
and strontium isotopic ratios that are too low to
produce the values found in the dacites requiring
older basement material to be available in the
crust (Forde 1997). In the western part of Bacan
isotopic ratios of Late Miocene basaltic andesites
show 87Sr/86Sr and 143Nd/144Nd ratios typical of
oceanic arcs, whereas Pliocene lavas in the same
part of the island have higher 87Sr/86Sr and lower
143Nd/144Nd that are consistent with contamination
by the rocks of the Sibela Complex. This implies
either (a) a change in magma dynamics leading to
interaction between melts and parts of the crust
that were previously unaffected by magmatism or
(b) tectonic movement-possibly associated with
the Sorong Fault Zone (Hall et al. 1991-introdu-
cing previously unavailable material. The latter
scenario suggests active strike-slip faulting in the
region during the late Neogene as also implied by
palaeomagnetic studies (Ali & Hall 1995).

Slab melting

The role of slab melting, as opposed to melting of
peridotite in the mantle wedge, has received an
increasing amount of attention during the last
decade (Defant & Kepezhinskas 2001). Slab melt-
ing was initially proposed as a mechanism for
generating the majority of andesites at convergent
margins (Green & Ringwood 1968), but was soon
deemed to be negligible in most arcs due to the
basaltic parents calculated for the majority of arc
lava suites (Gill 1981). However, Defant & Drum-
mond (1990) published a compilation of data for
lavas that appeared to possess the characteristics
of slab melts that were erupted at margins where
young oceanic crust was being subducted. Under
certain circumstances, numerical models show it
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Fig. 7. (a) Regions and intervals of significant movement of subduction hinges in the Neogene based on the
reconstructions of Hall (1998). The map represents the interval between the regional plate reorganizations of 25 Ma
and 5 Ma. Major continental outlines are shown at 25 Ma for reference. For subduction zones shown without shading
there was no significant movement of hinge, (b) Regions of significant movement of subduction hinges since 5 Ma
based on the reconstructions of Hall (1998). Bold letters indicate areas of young marginal basin formation. Major
continental outlines are shown at 5 Ma for reference.
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is possible to produce limited melting of the mafic
parts of subducted oceanic crust that is younger
than 25 Ma at the time of subduction, since
younger crust will still retain some heat from
accretion and may be hot enough to cross the
solidus during subduction (Peacock et al. 1994).
Melting would occur during the amphibolite to
eclogite transition and yield an evolved melt for
which Defant & Drummond (1990) coined a
geochemical name: adakite. High Sr concentra-
tions in adakites are attributed to plagioclase
breakdown, while Y retention in residual garnet
and hornblende leads to low concentrations (and
consequently high La/Y and Sr/Y). Defant &
Drummond (1990) suggested the association of
young subducting crust and the distinctive volca-
nic rocks provided evidence for slab melting.

Adakitic lavas have been identified in various
parts of SE Asia, most notably the Philippines,
and attributed to slab melting (Sajona et al. 1993,
1994, 1997). However, many of the Philippines
adakites are unlikely to have been generated in
this way as in most cases the age of the subducted
slab is much greater than permitted by slab
melting models. For example, adakitic lavas in
Mindanao have been interpreted to be the result of
subduction at the Cotobato trench (Sajona et al.
1994, 1997). However, the age of the subducted
Celebes Sea crust is Eocene. These adakites are
older than 1 Ma but the subducted plate currently
only penetrates to depths of about 80 km. At the
time of magmatism the slab would have been even
shallower. Thus, the link between adakites and the
subducted Celebes Sea lithosphere is questionable.
Like southern Mindanao, adakites in eastern
Mindanao are associated with the earliest stages
of subduction. This suggests that rather than
melting the subducted slab, adakites may be
produced by melting of the mantle wedge and/or
lower crust due to an influx of hot mantle above
the foundered crust on the west side of the
Philippines (Fig. 7b). In both these parts of Mind-
anao, adakites are associated with strike-slip faults
which may have contributed additional heat by
ductile shearing in the lower crust or upper mantle
as in other major strike-slip zones (e.g. Thatcher
& England 1998) or may have acted simply as
conduits for melts.

The origin of adakitic magmas has been given
added economic significance since a number of
authors have claimed that adakites may be closely
related to porphyry copper mineralization and
may, therefore, provide a useful exploration tool
(Thieblemont et al. 1997; Sajona & Maury 1998;
Defant & Kepezhinskas 2001). Sillitoe (1997)
suggested that the mantle may become oxidized
by the passage of slab melts, which would break
down sulphides and make gold and copper avail-

able for transport into the overriding plate.
However, mantle wedge peridotite is normally
considered to be more oxidized than the average
upper mantle (Brandon & Draper 1996 and refer-
ences therein; Parkinson & Pearce 1998) so that
slab melts need not be required to decrease
sulphide stability.

The association between adakitic magmatism
and hydrothermal mineralization requires further
exploration with a focus on the analysis of
relevant specimens from mineralized areas. Since
the term was coined in 1990, adakites have been
found in several locations where the subducting
crust is too old to melt under the conditions
permitted by thermal modelling. While particular
tectonic factors have been identified in each of
these cases that may permit older slab crust to
melt (Defant & Drummond 1990; Defant et al.
1992; Sajona et al. 1993; Yogodzinski et al. 1995;
Gutscher et al. 2000), an alternative explanation is
that adakitic magma can be generated from mafic
reservoirs in the overriding plate, as described
above for the Philippines. This is particularly
important where previous phases of subduction
zone magmatism have modified the overriding
plate. Development of plumbing systems to facil-
itate transport of arc magmas through arc crust
occurs with elevated heat flow in the overriding
plate (Furukawa 1993) and hydrous arc magmas
will pond at a range of levels within the crust and
mantle beneath an island arc. As any single phase
of arc magmatism ceases such material will
become frozen into the plate until the geothermal
gradient is raised sufficiently to cause remelting.
Hydrous arc magmas frozen into the lithosphere at

lOkbar will either crystallize directly or re-
equilibrate isobarically to garnet-bearing mafic
assemblages (De Bari & Coleman 1989). During
subsequent heating these assemblages would par-
tially melt to yield a magma similar to those
generated by melting of hydrated basalt in sub-
ducted oceanic crust.

The mechanism proposed above bears some
similarities to Atherton & Petford's (1993) model
in which hot basalt recently accreted to the base
of arc crust remelts to yield tonalitic magma. The
difference is that mafic reservoirs need not be
related to the active phase of magmatism but
remnants of previous arcs could reside in the
lower crust or lithospheric mantle for many
millions of years. Arc tholeiites, produced by
hydrous melting of peridotite in the mantle wedge
and frozen into the upper mantle or lower crust in
this way, would originally have been emplaced
beneath the arc front. Later perturbation of the
geotherm could result in partial melting of these
frozen mafic segregations, which may originally
have formed individual conduits and veins or were
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akin to the MASH zones of Hildreth & Moorbath
(1988), and would produce intermediate magmas
with adakitic characteristics reflecting the stability
of garnet in the residue. Therefore, the distribution
and geochemistry of adakitic lavas need not vary
systematically with respect to a currently subduct-
ing slab since the location of the mafic source
within the mantle wedge or lower crust would
result from the geometry of the previous phase of
arc magmatism. Cenozoic adakitic magmatism
commonly occurred during the first magmatic
event following either a quiescence in subduction
zone magmatic activity (Defant et al. 1992) or a
change in subduction zone architecture (Sajona et
al. 1993). The model outlined above is entirely
consistent with each of these tectonic scenarios. In
the earliest stages of subduction, melting of
hydrous crustal or mantle domains would be one
of the first processes to occur as the geothermal
gradient increased in the overriding plate.

Relevance of subduction evolution to
mineralization

Magmatism provides heat to generate hydrother-
mal systems and also releases fluids that redis-
tribute metals within the crust. Furthermore, stress
patterns around intrusions may induce fractures
that act as fluid pathways, which can then become
sites for ore deposition. Finally, a proportion of
the metals in ore bodies may ultimately be derived
from the same magma bodies that provide the heat
and fluid to drive the system. Therefore, both the
sources that contribute to subduction zone mag-
matism and the processes that cause these to melt
are important factors in the origin of hydrothermal
mineral deposits.

Sources of ore metals

One of the most important reasons for exploring
the link between magmatism and mineralization is
to determine the source of ore metals. Fluid
inclusion and stable isotope data indicate that
hydrothermal systems incorporate fluids derived
from magmatic and non-magmatic sources
(Hedenquist & Lowenstern 1994) but there has
been less certainty about the relative contributions
of metals from mantle-derived magmas compared
to metals stripped from the arc crust. Early
attempts to resolve the provenance of metals
focused on elemental and isotopic ratios that are
commonly used to investigate the origin and
evolution of magmatic rocks, such as isotope
ratios of the lithophile elements Sr, Nd and Pb.
For, example, initial 87Sr/86Sr ratios of porphyry-
related magmatic rocks in the Philippines are

uniformly low, suggesting a source of the magmas
dominated by mantle contributions (Divis 1980).
However, magmatism in western New Guinea, as
at Grasberg and Ertsberg, is characterized by Sr,
Nd and Pb isotope ratios suggesting the presence
of enriched mantle and crustal contaminants in
addition to a depleted mantle component (Housh
& McMahon 2000). Furthermore, the relevance of
such data to ore deposits is unclear since litho-
phile elements may experience processes that ore
metals escape, while the mobilization of ore
metals may not be recorded by lithophile tracers.

Osmium is now recognized as a potentially
powerful tracer of metallogenesis because, as a
siderophile element, its geochemical behaviour is
similar to that of the ore metals in porphyry
deposits (Freydier et al. 1997; Mclnnes et al.
1999a). Recent application of the osmium isotope
system to ore bodies and contemporaneous rocks
has indicated that the mantle wedge may provide
the major fraction of ore metal in some porphyry
deposits. Mclnnes et al. (\999a) found that mantle
nodules associated with the Ladolam deposit on
Lihir Island are highly enriched in ore metals and
interpreted their unradiogenic nature as evidence
that this enrichment occurred within the mantle,
from where the magmas associated with the ore
body inherited their inventory of osmium and
other metals. This conclusion is compatible with
results of Os isotope studies in South America
(Freydier et al. 1997), and Mathur et al. (2000a)
suggest that in South America higher copper
contents occur in porphyry deposits that record Os
isotope ratios closest to the value for the upper
mantle. Such findings emphasize the need to
understand the geodynamic setting of modern ore
deposits to fully assess the mineral potential of
ancient and other contemporary margins. How-
ever, like the isotope ratios of lithophile elements,
osmium isotope data for the Grasberg deposit
suggest that remobilization of metals from crustal
sources may be an important process in some
terranes (Mathur et al. 20006). Such processes
will probably be more important in collisional
settings, like western New Guinea, or on continen-
tal margins where hydrothermal systems may
develop in the vicinity of suitable crustal contami-
nants, and where crustal thickening may encour-
age crustal melting.

Tectonic controls on magmatism

The generation of many mineral deposits in SE
Asia, particularly the largest bodies, appears to be
associated with changes in the geometry of the
subduction zone, such as stalling (and subsequent
melting) of subducted lithosphere, slab steepening
and subduction reversal (Solomon 1990; Sillitoe
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1997). The spatial and temporal distribution of
igneous rocks provides a means to understand the
changes in dynamics associated with such events
(see above). To investigate the relationship be-
tween magmatism and tectonics further we com-
piled a database of the location and timing of
magmatism in SE Asia based on an extensive
literature review. The database contains informa-
tion on radiometric age determinations of rock
samples, the locations from which these samples
were collected and the methods employed to
measure the ages. Information can be accessed
using Microsoft Excel and Filemaker Pro soft-
ware, but Maplnfo Professional is the preferred
medium as this also allows the data to be viewed
graphically and integrated with other GIS data.
The database is available through the internet at
http://www.gl.rhul.ac.UK/seasia. In general the
measurements included in the database were made
using isotopic techniques although a number of
fission track ages are also included. Public domain
data were compiled from the scientific literature
and all other available sources. Exhaustive litera-
ture searches were conducted for Indonesia, the
Philippines and Papua New Guinea to ensure
maximum coverage. The geographically located
data have been integrated with plate tectonic
reconstructions (Hall 1996, 2002). Below, we
employ these reconstructions to discuss the rela-
tionships between tectonic processes, magmatism
and mineralization.

In SE Asia most new Cenozoic subduction
systems appear to have been initiated close to the
boundary between thick and thin crust after colli-
sion events or plate reorganizations. For the period
since 25 Ma, most subduction zones in SE Asia
and the western Pacific experienced significant arc
volcanism during hinge retreat (Fig. 7), which in
many cases was accompanied by marginal basin
formation. In contrast, reduction or cessation of
volcanic activity occurred during hinge advance.
The eastern Sunda and Banda arcs provide excel-
lent examples of these contrasting situations. In
the eastern Sunda arc in Nusa Tenggara there was
hinge advance from about 25 Ma to 15 Ma and
there is little evidence of magmatic activity (Fig.
8a). From about 10 Ma there was significant hinge
retreat accompanied by an increase in arc magma-
tism and back-arc spreading. Increased magmatic
activity during periods of hinge retreat can be
explained by the mantle flow that is induced to
conserve mass beneath the arc as the slab des-
cends (Andrews & Sleep 1974). This corner flow
introduces fertile mantle into the mantle wedge
and may also possess a component of flow towards
the surface (Andrews & Sleep 1974; Tokosoz &
Hsui 1978; Furukawa 1993; Elkins Tanton et al
2001) resulting in a component of decompression

melting. Both the supply of fertile peridotite and
upwelling will be subdued if the hinge does not
retreat and thus the volume of magma produced
will diminish. Based on current tectonic models it
appears that hinge movement is a first order factor
in (the control of) volcanism and ore formation.
We expect that further improvements in tectonic
models will allow examination of the tectonic
history of different parts of the region in greater
detail.

Evidence for links between major regional
tectonic events and mineralization also comes
from the particular composition of lavas asso-
ciated with mineralization (see Barley et al.
2002). For example, Housh & McMahon (2000)
identified rocks with lamproitic affinities through-
out the mineralized region of western New Gui-
nea. While an association between lamproitic
magmatism and gold mineralization has pre-
viously been postulated for Papua New Guinea
(e.g. Rock & Finlayson 1990), Richards et al
(1991) point out the extremely limited volume of
lamproite at Porgera in Papua New Guinea.
Instead, Richards et al. (1991) suggest that the
Porgera deposit formed in association with alkali-
rich basaltic magmatism. A similar association is
favoured by Muller & Groves (2000) and may be
reliant on the volatile characteristics of such lavas.
We are currently compiling a database of chemical
analyses of igneous rocks from throughout SE
Asia that will be coupled with radiometric age
data and plate reconstructions to investigate such
associations further. A particular target is identify-
ing the role of mantle that has previously been
modified by subduction and which subsequently
melts through other mechanisms, such as decom-
pression or heating (Macpherson & Hall 1999).
This is especially relevant to western New Guinea
where plate reconstruction and tomography pro-
vide no evidence for subduction having occurred
during the inferred period of mineralization.

Evolution of lithosphere thickness

Exposure of several very young deposits in SE
Asia has been used as evidence for a direct link
between rapid uplift and mineralization. During
rapid uplift of the crust, induced by changes in
slab dip, slab break-off or collision between the
arc and continental crust, depressurization of
magma could facilitate fluid release and encourage
formation of hydrothermal systems (Sillitoe
1997). Rapid uplift may also explain the relative
paucity of economic hydrothermal deposits in the
oldest and youngest arcs of the region. Carlile &
Mitchell (1994), noting the restriction of most
major Indonesian ore bodies to the Neogene,
advocated a favourable balance between uplift and

http://www.gl.rhul.ac.UK/seasia
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Fig. 8. Maps of Indonesia showing the location of radiometric age determinations for in situ igneous rocks. Symbol
shades designate the relative silica content of the rocks: black, basic; grey, intermediate; white, evolved; star;
unknown. Symbol shapes represent the level of cooling: triangles, volcanic rocks; circles, hypabyssal intrusive rocks;
squares, plutonic intrusive rocks, (a) Period from 25 to 5 Ma. (b) Period from 5 Ma until Recent.

denudation for the exposure of the most economic
levels of the arc crust. This mechanism may also
explain the difference between the ages of major
phases of mineralization in arcs at substantially
different latitudes (Sillitoe 1997). Barley et al.
(2002), however, question the role of uplift as a
primary control on the distribution of economic
deposits and relate peak mineralization to remelt-
ing of subduction-modified mantle (Macpherson
& Hall 1999). Recent advances in thermochrono-
metric dating of topography development (e.g.
Mclnnes et al., 1999b) provide a tool that could
be integrated with plate reconstructions to assess
the relative importance of uplift in different arc
systems throughout SE Asia.

Although there are young mountain ranges
constructed at the convergent margins of New
Guinea, the Philippines and east Indonesia not all
hydrothermal deposits in the region formed in

contractional systems. Figure 7 shows that during
the last 5 Ma much of the Sunda-Banda arc
system, host to several porphyry and epithermal
deposits, has experienced hinge retreat, a condi-
tion likely to minimize contraction or even lead to
extension (Hamilton 1995). In New Guinea and
the Philippines there are important strike-slip
faults which, depending on their geometry, may be
releasing or restraining. Therefore, the existence
of a contractional regime should not, in itself, be
taken as a condition for generation of a hydro-
thermal ore deposit. This, however, does not
preclude uplift of arc crust that is under extension.
Crust thinned during extension will experience a
component of isostatic uplift. Furthermore, exten-
sion of the overriding plate is most likely to occur
in association with hinge retreat, which will
contribute to uplift in two ways. First, corner flow
resulting from hinge retreat will cause hot, buoy-
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ant mantle to be drawn into the mantle wedge and
will elevate the overriding crust (Gvirtzman &
Nur, 1999). Second, circulation in the mantle
wedge will ablate the lower side of the overriding
plate thus enhancing the isostatic uplift of the arc
crust. Similar phenomena may also be induced in
areas of post-collisional extension, such as those
identified in Indonesia by Charlton (1991).

Summary

The timing and location of hydrothermal miner-
alization in SE Asia are often related to major
evolutionary events at plate boundaries, for exam-
ple in New Guinea, northern Luzon, eastern Mind-
anao and the Sunda-Banda arc, and are ultimately
driven by the same processes that cause mantle
melting. The spatial and temporal distribution of
magmatism, plate reconstruction and the geo-
chemistry of magmatic rocks can be used to
investigate processes occurring in these settings.
Hinge migration is important in controlling the
volume of melt produced at an active margin and
the dynamic nature of subduction zones requires
that this process encourages mantle circulation
through the mantle wedge. Changes in the balance
between recycled fluxes of slab-derived fluid and
sediment melt exert an important control on the
chemical composition of arc lavas and, therefore,
on their inherent content of, and ability to trans-
port, economically important metals. Deformation
of the overriding plate leads to changes in the
crustal rocks available to interact with melts
during transport to the site of eruption. Plate
reconstruction models provide a means to relate
the location and age of mineral deposits to data
derived from geological and geochemical investi-
gation of lavas.
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Correlating magmatic-hydrothermal ore deposit formation over
time with geodynamic processes in SE Europe
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Abstract: Numerous magmatic-hydrothermal metal deposits in SE Europe occur in relatively
narrow belts of magmatic rocks that have been classically related to subduction. In contrast to
the hundred million years of convergence and consumption of lithosphere at the subduction
zones in the region, the belts have been produced in discrete time intervals. It has also become
recognized that the dominant phases of mineralization in the belts were accompanied by
extension. Research focusing on the evolution of the lithosphere at convergent margins
identifies secondary thermal and mechanical processes that accompany the primary process of
subduction. Such secondary processes have been identified as the possible trigger of the
magmatism, regional crustal extension, and enhanced flow of heat and circulation of fluids. The
lithosphere dynamics may thus have played a vital role in the formation and localization of the
mineralization. Roll-back of the subducted lithosphere, or restoration of the orogenic wedge
geometry by changes in internal friction, set by variations in rates of the Africa-Eurasia
convergence; and gravitational collapse (e.g. involving slab detachment or root delamination),
are the scenarios that favour extension and the transfer of heat to relatively shallow lithospheric
levels. Analysis of the temporal and spatial constraints of these geodynamic processes, together
with a refining of the timing of the main phases of mineralization is the first step to
discriminate between the geodynamic causes, and to determine their effects in relatively short-
lived regional igneous and hydrothermal activities and the formation of related mineralization.

The interrelationship between plate tectonics and
mineralization was first recognized about 30 years
ago, with the appreciation of a strong correlation
between plate margins and ore deposit distribution
(Pereira & Dixon 1971; Mitchell & Garson 1972;
Sillitoe 1972a, b). The initial correlations were
based on the circum-Pacific region but were
extended to the Alpine-Himalayan chain by
Dixon & Pereira (1974), who showed that the
location of a variety of mineral deposits in specific
tectonic settings could be related to the develop-
ment of the Tethyan region. Jankovic (1977)
further extended this relationship, emphasizing the
genetic link between copper mineralization and a
dominantly calc-alkaline volcanic-intrusive belt
with volcano-sedimentary intervals.

Mineralization at convergent margins has been
seen as part of a continuous process that covers
the entire period of convergence. It had become
traditional to interpret the convergent margin
mineralization in terms of the dip of the subduc-
tion zone and the build-up of the orogenic wedge
during convergence, which upon reaching maturity
then underwent melting and consequently released
the fluids assisting in the melting and mineralizing

processes (Sillitoe 1991). Whilst such a model
broadly explains mineralization in terms of the
convergence process, it does not explain why the
ore deposits preferentially occur in areas of the
convergent margin that are undergoing transten-
sional or extensional tectonics at the time of
mineralization (as originally raised by Izawa &
Urashima 1988). More recently, Mitchell (1992,
1996), Mitchell & Carlile (1994) and Jankovic
(1997) emphasized the link between the position
of the volcanic-intrusive belt and the distribution
of dominantly porphyry and epithermal deposits
in the Carpathian-Balkan system (Fig. 1). They
related the generation of volcanic-intrusive belts
at the European convergent margin to the subduc-
tion of oceanic lithosphere and associated exten-
sion in the related back-arc.

This paper examines the formation of mag-
matic-hydrothermal deposits, in contrast to the
orogenic, or mesothermal, gold deposits (which,
for example, have been documented in the nearby
Alps by Pettke et al. 2000). These two classes of
deposits vary significantly in terms of their depth
of formation, their fluid source, and their tectonic
position with respect to the convergent margin.

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 69-79.
0305-8719/027$ 15.00 © The Geological Society of London 2002.
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Fig. 1. Post-mid-Cretaceous mineralized volcanic-
intrusive belts in the Carpathian-Balkan-Aegean region
as presented by Mitchell (1996; after Jankovic 1977).

Magmatic-hydrothermal deposits are commonly
associated with a back-arc location, while oro-
genic gold deposits form at the position of the
growing fore-arc (Groves et al. 1998). A synthesis
of orogenic gold occurrences in the circum-Pacific
by Goldfarb et al. (2001) summarizes lithosphere-
scale scenarios that have resulted in the formation
of this class of deposits. Most scenarios involve
regional thermal anomalies and extension
(Goldfarb et al 2001, fig. l0b-f) in contrast to
the traditional view of plate subduction, plate
thickening, and formation of a magmatic arc and
associated mesothermal deposits (Goldfarb et al.
2001, fig. l0a). Despite the marked differences
between the two classes of deposits, similar
scenarios may have influenced the development of
the back-arc, and thus also the formation of the
magmatic-hydrothermal deposits.

Together with the presence of regional thermal
anomalies and extension during phases of miner-
alization, the timing of the mineralization has
become better constrained, indicating that the
mineralizing phases are restricted to narrow time
intervals in the convergence process. The refined
compilation by Mitchell (1996, following Jankovic
1977, fig. 1) emphasizes that the individual miner-
alized belts in the Carpathian-Balkan region may
have formed within less than 10 million years and
indicates the formation of the mineralized belts in
SE Europe at latest Cretaceous, Eo-Oligocene,
and Neogene times, respectively. It is clear that
formation of an entire magmatic belt in a short
period of time is in contrast with the continuous
consumption of subducted lithosphere and the
continuously evolving active margin at the south-
ern edge of Europe associated with over 100
million years of convergence between Africa and
Eurasia.

Although academic research and industrially
related metal exploration have added substantial
data about mineralization in SE Europe in the past
decades, two fundamental questions have re-
mained. They form the foundation of the current
research, which investigates the potential links
between plate-scale geodynamics and mineraliza-
tion (and forms the backbone of GEODE re-
search).

(1) Why do we observe discrete igneous activity
with associated mineralizing events along hun-
dreds of kilometres along the strike of the Tethyan
belt, over the past 100 million years?

(2) Why is the mineralization located at a
particular place, in a particular geometry (at a
particular time)?

In the context of potential plate-scale controls
on the mineralization in the Carpathian-Balkan
sector of the Alpine-Himalayan chain this paper
evaluates relevant geodynamic mechanisms in
relationship to the spatial and temporal distribu-
tions of the mineralized belts of SE Europe. This
paper emphasizes the limits in the timing and
duration of various geodynamic mechanisms and
highlights their potential contributions (thermally
and mechanically) to magmatism, fluid infiltration
and extension in the crust. In conclusion, the
paper will propose the most likely geodynamic
mechanisms that have operated during the forma-
tion of the main regional phases of magmatic-
hydrothermal mineralization in SE Europe.

Timing: quality, relevance, significance

To examine further the regional crustal features
and the geodynamic mechanisms involved the
respective mineralization needs to be placed with-
in the context of the regional tectonic history. A
vital factor in this projection is an accurate age
determination of the mineralizing event and a
temporally well-resolved tectonic history. In prin-
ciple, the sensitivity of modern age analyses
should help to pinpoint any remarkable happening
in the evolution of an orogen within a resolution
of a few million years. In practice the timing of a
combined physical and chemical anomaly like an
ore deposit is difficult to establish. To fully
appreciate the age information produced it is
important to be familiar with the limits of the
dating techniques to reduce the potential obscur-
ing effect of misidentified absolute ages. A critical
look at dating information shows that, as well as
the analytical challenge, three key questions have
to be resolved: what is the timing of a specific
mineralization, what is the duration of a miner-
alizing event, and is it possible to identify differ-
ent stages of mineralization in the same district.
The integration of several observations is essential
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to understand the geological significance of the
age information. Ideally this includes temporal
information of the mineralization itself (timing of
mineralization, timing of host rock deposition,
duration of the mineralizing event, duration of
associated volcanism, duration of associated hy-
drothermal activity, spatial variations of temporal
information), but also involves information asso-
ciated with the regional tectonics (e.g. timing of
deformation in surrounding basement rocks, tim-
ing of basement denudation, timing of basin
formation and sedimentation, timing of fault
development). To apply the best possible age
dataset it is important to have reliable relative age
relationships (e.g. to establish overprinting miner-
alizing events, to discriminate between mineraliza-
tion which is syn-genetic or epigenetic to the host
rock), to appreciate existing age information and
carry out strategic absolute age dating, to examine
the analytical quality, and to check the geological
relevance, before the regional significance can be
established (N.B. it is the integration of the above
that is currently in progress in the ABCD-
GEODE-related Geographical Information System
by BRGM http://giseurope.brgm.fr).

The timing of the mineralization in SE Europe
has often been derived by interpolation of absolute
or stratigraphic ages of host rocks. The most
frequently applied age dating techniques do not
produce a direct absolute age for the mineraliza-
tion itself. With the advent of Re-Os dating
applied to molybdenite (e.g. Stein et al. 1998) or
Rb-Sr dating on sphalerite (Nakai et al. 1990;
Pettke & Diamond 1996), the age information
obtained directly for an individual mineral deposit
has been greatly improved. Rb-Sr and 40Ar/39Ar
isotopic dating techniques consequently help to
pinpoint the timing and/or duration of the hydro-
thermal activity (e.g. Groff et al. 1997; Clark et
al. 1998; Walshaw & Menuge 1998), along with a
further refinement of host rock age information
(also established by U-Pb dating). The geological
relevance of the absolute ages produced is con-
strained by the effect of post-ore chemical altera-
tion and/or reheating on recrystallization and
element diffusion characteristics. Considering this,
existing datasets available from K-Ar dating are
still applicable for the investigation of the volca-
nic host-rock deposition, but should be treated
with caution when the data are derived from
chemically altered samples. The closure tempera-
ture ranges of K-Ar, 40Ar/39Ar and Rb-Sr dating
allow the investigation of the regional thermal
conditions of the crust to project the mineraliza-
tion and/or host rock in its respective regional
crustal environment (e.g. Lips 1998; Lips et al.
1998). Re-Os and U-Pb dating are characterized
by high closure temperatures and allow the pre-

servation of geologically relevant ages during sub-
sequent thermal disturbances.

Timing of the mineralization in SE Europe

Examining the mineralized belts in SE Europe at
Latest Cretaceous, Eo-Oligocene, and Neogene
times (Fig. 1) in the light of recently published
absolute ages (Fig. 2) shows that they are not
equally well resolved. The 12-0.2 Ma Inner Car-
pathian Arc is best constrained by extensive K-Ar
dating programmes (e.g. Pecskay et al. 1995a, b),
with mineralization dated around 12-8 Ma (e.g.
Lang et al. 1994; Kraus et al. 1999). K-Ar dating
in the Apuseni mountains has indicated the timing
of volcanic activity at 15-7 Ma (Pecksay et al.
1995a; Rosu et al. 1997, 2001), whilst the timing
of mineralization is poorly constrained by limited
10-11 Ma 40Ar/39Ar laserprobe data on the Valea
Morii porphyry alteration (Lips, unpublished). The
25-20 Ma Sumadija-Chalkidiki belt is only con-
strained in considerable detail at the Kassandra
mining area in Greece (Gilg & Frei 1994). The
36-27 Ma Periadriatic-Recsk belt has been con-
fined to a limited extent (e.g.von Blankenburg &
Davies 1995) and younger volcanic rocks have
been reported along strike (e.g. Pamic & Pecskay
1996). The 40-30 Ma Drina-Rhodope Belt is
fairly well constrained in its Bulgarian part (e.g.
Harkovska et al. 1989; Pecskay et al. 1992), and
benefits from recent dating campaigns (e.g.
Marchev & Singer 1999; Marchev et al. 2000). Its
extension into Macedonia and Serbia has virtually

Fig. 2. Recently published absolute age datasets related
to ore districts projected on the compilation by Mitchell
(1996). Regional dating studies in the Inner Carpathian
and Rhodopian domains are indicated by area outlines.
White arrows indicate (outward) migration directions of
the overriding plate of the subduction systems (A,
Carpathian; B, Aegean). Black arrows along the
Periadriatic and Inner Carpathian arcs indicate proposed
propagation directions of detaching slabs.

http://giseurope.brgm.fr
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no absolute age information. The Banat-Srednog-
orie arc has been ascribed to the Upper Cretaceous
based on limited absolute age information (e.g.
see references in Berza et al. 1998). Recently
obtained age information suggests an heteroge-
neous set of ages along the arc, as indicated by
76-77 Ma U-Pb and Re-Os ages obtained from
SW Romania (Ciobanu et al. 2000), by 84-87 Ma
40Ar/39Ar ages (Lips et al. unpublished) and
similar to slightly younger K-Ar ages (Banjesevic
et al. 2001) from Serbia, and by 91-94 Ma U-Pb
ages from western Bulgaria (von Quadt et al.
2001). The above information shows the necessity
of an extensive compilation of all the absolute age
information produced, along with continued strate-
gic dating campaigns.

In summary (Fig. 2), the main phases of
magmatism and associated mineralization are tem-
porally best constrained at 95-75 Ma (Banat-
Srednogorie), 40-30 Ma (Rhodope), 25-20 Ma
(Chalkidiki), and 12-8 Ma (Inner Carpathians). In
addition to the periods during which the main
phases of mineralization occurred, numerous stud-
ies have reported shifts in age of emplacement
and chemical characteristics of the magmatism or
have related the role of extension to the onset of
magmatic activity in the region (e.g. Jones et al.
1992; Seyitoglu & Scott 1992; Pirajno 1995;
Karamata et al. 1997; Berza et al. 1998; Rosu et
al. 2001).

Geodynamic settings

With the periods of mineralization established in
the previous section, it is now appropriate to
consider the tectono-magmatic evolution of the
respective regions during the relevant time peri-
ods, in order to determine the geodynamic me-
chanisms that might have operated. Originally the
mechanisms have been put forward as lithosphere -
scale causes of extension in the crust and/or the
magmatism. In principle, they may have had a
control on the timing of the mineralization. This
approach aims to identify the geodynamic me-
chanisms involved in the development of the
Carpathian-Balkan region in the past hundred
million years, as follows.

Subduction

Classically, the primary process of subduction has
been taken to cause the back-arc magmatism and
associated mineralization. Examination of the ex-
isting dataset on the African-Eurasian conver-
gence (Muller & Roest 1992, fig. 3) shows that
for about the past 100 million years convergence
between the African and Eurasian plates was
active at variable rates, but was slow compared

with e.g. Pacific convergence rates. The present
Aegean subducting slab appears to be the most
western part of the Neo-Tethys subduction (e.g.
Wortel & Spakman 2000), as seismic tomography
studies have illustrated the long history of north-
ward subduction of lithosphere at the southern
margin of Europe (Spakman et al. 1988). The
Carpathian subduction system appears to be of a
similar age (e.g.Wortel & Spakman 2000).

Initiation of back-arc volcanism may have
followed the onset of Africa-Eurasia with a time
lag of several million years. Based on normal
convergence at a constant rate of 20 km Ma - 1 and
a subduction angle of 45°, there is a time lag of
more than 7 million years after subduction was
initiated before the subducting slab reaches a
depth of c. 100 km and enters the magma genera-
tion window (after Mason et al. 1998). This time
lag would be greater when subduction is slower,
or is oblique to the subduction zone and/or when
the angle of subduction is smaller. Calculation
shows that although northward subduction com-
menced around 100 Ma, the associated back-arc
volcanism may have initiated since 90 Ma.

Roll-back

A review of the Tertiary subduction history in the
Mediterranean and Carpathian region (Wortel &
Spakman 2000) concludes that roll-back of sub-
ducted lithosphere, set by the Africa-Eurasian
convergence, is a primary geodynamic mechanism
which has shaped the present-day configuration. It
operated from c. 30 Ma to the present in the
Carpathian and Aegean arcs (e.g. see references in
Wortel & Spakman 2000). In detail the Africa-
Eurasia convergence rates (Fig. 3) show an alter-
nation of phases of extremely slow convergence
(i.e. 6-8kmMa - 1 ) and relatively faster conver-
gence (i.e. 15-20 km M a - 1 ) in variable directions.
The two phases of extremely slow convergence
are identified for the periods around 20-0 Ma,
and 75-55 Ma. During the past 30 million years,
oceanic lithosphere in the subducting slab has
been old (and cold) enough to promote roll-back
of the slab (Fig. 4; Royden 1993) and, as a
consequence, accentuate the curvature of the arc
(Wortel & Spakman 2000). A similar process
affecting the region in the 75-55 Ma period is
still questionable as the subducted oceanic litho-
sphere was younger, and thus less dense, at that
time and there is no direct evidence from seismic
tomography. When roll-back occurs it will en-
hance extension in the back-arc of the overriding
plate and allow upwelling of asthenosphere to
shallow mantle levels (becoming a potential
source of heat driving melting in the lithosphere).
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Fig. 3. Summary of overall convergence rates of African
and Eurasian plates projected on the present-day outline
of Europe and Africa (data extrapolated from Muller &
Roest 1992), indicating varying convergence directions
and two episodes of slow convergence (c. 75-55 Ma and
post-20 Ma), alternating with episodes of slightly faster
convergence (pre c. 75 Ma and c. 55-20 Ma). Square in
upper part of figure indicates the region considered in
this paper.

at which it may induce asthenosphere-dominated
magmatism.

Critical wedges

Another process related to plate convergence is
caused by associated changes in internal friction
of the active margin wedge (based on critical
wedge theories of Davis et al. 1983 and Dahlen
1990). Drastic changes in the convergence rates,
and thus in internal friction of the wedge, can
affect the potential energy distribution in the
orogenic wedge at the margin of the overriding

plate. Faster convergence, causing an increase in
friction, leads to a narrower and thicker orogenic
wedge. Similarly, when the internal friction in an
orogenic wedge is lowered, or lost, the wedge will
force the redistribution of material to restore its
wider and flatter critical wedge geometry. Such a
process has been identified for the 15-5 Ma
period in the East Carpathians, where rapid mor-
phological and tectonic changes in the orogenic
wedge may be directly related to roll-back
(Sanders 1998; Sanders et al. 1999). A similar
process, but preceding the roll-back, has been
interpreted for the Aegean arc (Lips 1998) with
the transformation from a high friction wedge to a
low friction wedge geometry at c. 45 Ma. The
additional interaction with the roll-back has
caused an accelerated back-arc extension and
allowed collapse of the Rhodope region in the
internal parts of the orogen (Figs 5 and 6; Lips
1998; Lips et al. 2000). It is emphasized that the
above scenario is seen as a crustal process, rather
than a process operating at the scale of the whole
lithosphere, when evaporite horizons are involved
as the decollement-forming lithology. Deep-seated
low-friction lithologies (e.g. at the base of the
crust) may introduce the whole lithosphere to the
restoration process. Its potential role in the forma-
tion of mineralization is expected in the combined
extension and fluid infiltration in the rear of the
wedge, generated at elevated thermal gradients.

Collapse and slab detachment

The terminal collapse of an orogen is classically
interpreted to occur following the removal of the
thickened lithospheric root of the orogen (Platt &

Fig. 4. The concept of roll-back (Royden 1993).
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Fig. 5. Schematic representation of the development of a
wedge after initiation of a decollement fault in
evaporites (double lines in basal fault zone), based on
the theoretical critical taper geometries in a non-
cohesive wedge as proposed by Davis et al. (1983) and
Dahlen (1990). Top figure; restoration of the wedge
geometry after instantaneous evaporite decollement
formation and transformation of a high friction
decollement (narrow and high wedge; dashed outline) to
a state when the basal decollement experiences no
friction (wide and flat wedge), (based on Mohr diagrams
of the basal state of effective stress). Lower three figures
represent a schematized plausible scenario for the
evolution of the Aegean orogenic wedge; restoration of
the wedge geometry after accretion of material overlying
an evaporite decollement, resulting in internal doming of
overthrust material by outward escape of the wedge, and
continuing doming and associated tilting of the
decollement horizon, which will initiate further
gravitational sliding along the decollement.

England 1993). One mechanism for doing this is
the process of slab detachment (Wortel & Spak-
man 1992, 2000). This final state in the subduc-
tion history is achieved when tearing of the

subducted slab is initiated. This most probably
occurs at the point when continental lithosphere in
the upper plate reaches the trench and starts to get
subducted, following behind denser, stronger ocea-
nic lithosphere or, alternatively, when subduction
becomes stagnant (e.g. von Blanckenburg & Da-
vies 1995; Wong a Ton & Wortel 1997; van de
Zedde & Wortel 2001). Lateral migration of a tear
in a subducted slab along the strike of the
subduction zone can enhance slab roll-back and
arc migration where the slab is not yet detached,
initiate orogenic collapse, and change the signa-
tures of arc volcanism. In the region it has been
interpreted to operate along the Periadriatic Linea-
ment from c. 45-40 Ma (von Blanckenburg &
Davies 1995) and in the Carpathians from 15 Ma
onwards (Mason et al. 1998), whilst in the
Hellenic arc it may be very young (Pliocene) or
absent (Wortel & Spakman 2000 and references
therein). Slab detachment has been proposed as a
possible mechanism involved in the formation of
the Neogene mineralized belt (Fig. 7; de Boorder
et al. 1998). It is very well constrained by
independent studies in the inner Carpathian arc
(e.g. Mason et al. 1998; Nemcok et al. 1998), but
is not constrained for the Sumadija-Chalkidiki
belt. Berza et al. (1998) inferred slab detachment
to have occurred during the formation of the
Banat-Srednogorie arc, although the regional
operation of this mechanism in Late Cretaceous
times has not been substantiated. A phase of
lithospheric delamination is currently considered
as likely to have controlled the formation of the
Eo-Oligocene mineralized Rhodope belt (Marchev
pers. comm.).

Roll-back and detachment: (transient)
sources of heat and extension

The above mechanisms have different thermal and
mechanical effects, in space and time, on the
crust. These differences allow a first order discri-
mination between the regional scale sources of
heat and extension. In both the cases of roll-back
and slab detachment, cold mantle lithosphere is
replaced by hot mantle asthenosphere and the
thermo-mechanical effect on the crust may appear
more or less similar. The two processes may differ
considerably in their temporal and spatial charac-
teristics. In the case of slab roll-back, the astheno-
sphere associated source of heat may cover a
broad zone parallel to the subduction zone, theore-
tically migrating over time towards the subduction
trench (e.g. Sillitoe 1991) with the induced vol-
canism following a similar pattern (e.g. Tatsumi et
al. 1989). Related to the laterally migrating tear in
a subducted slab, other heterogeneities in the
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Fig. 6. Present-day configuration of Moho depth in the Aegean system (after Tsokas & Hansen 1997) and cross-
section across the Greek mainland, indicating elevated Moho levels in the Aegean back-arc system, initiated by
lithospheric delamination or wedge restoration and subsequent roll-back.

subducted lithosphere may become the locus of a
rupture generating space for upwelling astheno-
sphere. The orientation of these ruptures or 'win-
dows' with respect to the subduction direction and
their opening/widening characteristics will be re-
flected in temporal and spatial variations while
convergence continued (e.g. Thorkelson & Taylor
1989). Such 'windows' have been recognized in
recent studies and have been temporally and
genetically associated with back-arc extension,
mafic, alkalic, volcanism (Hole et al. 1991),
migration of igneous activities (Terakado & Noh-
da 1993), and with different classes of mineraliza-

tion (Haeussler et al. 1995; Goldfarb et al. 1998;
de Boorder et al. 1999; Goldfarb et al. 2001).

The lateral detachment of subducted lithosphere
as proposed for the Balkan-Carpathian region is
likely to have generated a point source of heat
propagating with the direction of tearing parallel
to the subduction zone (e.g.von Blanckenburg &
Davies 1995;Wortel & Spakman 2000). The best
recognized example in the region, in the Inner
Carpathians, shows the generation of volcanism
in the overriding plate with increasing mantle
affinities, propagating over 150km in 10 Ma and
affecting individual locations over 2-4 Ma
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Fig. 7. The hypothetical role of orogenic collapse by slab detachment in the formation of ore deposits (de Boorder et
al 1998).

(Mason et al. 1998). The thermal implication of
shallow slab detachment has been further investi-
gated by van de Zedde & Wortel (2001) and
shows that a transient thermal anomaly is created
with a temperature increase in the overlying
material up to 500 °C, as the rising asthenosphere
fills the gap created by the sinking slab. The
resulting pulse of heat allows for partial melting
of the asthenosphere and the remaining metasoma-
tized lithosphere for several million years.

Conclusions

In summary, the following geodynamic scenarios
are proposed for the respective mineralized belts.

The Banat-Srednogorie belt appears to have
been generated by subduction related magmatism
(as traditionally proposed) that followed the onset
of Africa-Eurasia convergence since c. 110 Ma.
The relatively low convergence rates caused a
time-lag of 10-20 million years before the melt-
ing process was initiated. Variations in conver-
gence directions with respect to the geometry of
the active margin may have caused the temporal
variation in the magmatism (and mineralization),
resulting in the occurrence of 95-90 Ma, 85-
90 Ma and 75-80 Ma systems in the west Bulgar-
ian (Panagyurishte), east Serbian (Bor) and SW
Romanian (Ocna de Fier) parts of the belt,
respectively. It is unlikely that the system was
affected by detachment of the subducted slab at
that time (e.g. Berza et al. 1998), as the relatively
low density of the young slab proposed, and its

limited length, would have offered unfavourable
conditions.

The Rhodope mineralized province was most
probably controlled by gravitational collapse pro-
duced by lithospheric delamination (Marchev pers
comm), or by the reconfiguration of the accretion-
ary wedge after the loss of internal friction in its
frontal parts (Lips 1998). The spatial and temporal
characteristics of both scenarios suggest the intro-
duction of a regional heat source over an area with
an unknown geometry. Based on the above scenar-
ios the identification of the Drina-Rhodope arc is
premature and a regional extension of the Rho-
dope province into former Yugoslavia and into
Turkey is still unfounded and requires further
attention.

The Adriatic-Recsk belt appears to have been
controlled by slab detachment following Alpine
subduction as proposed by von Blanckenburg &
Davies (1995). Although the propagation direction
of the heat source from west to east is plausible,
the exact timing and propagation rate are not
resolved by the geochronological dataset. Further
constraints on the timing and localization of
individual mineral occurrences requires an im-
proved temporal resolution of the geodynamic
process.

The Chalkidiki region suffered from progressive
collapse of the Aegean orogenic wedge (Lips
1998), assisted by roll-back of the subducted
lithosphere. This initiated around 25-20 Ma and
produced extension, magmatism, and mineraliza-
tion in the rear of the orogenic wedge. Further



ORE DEPOSITS AND GEODYNAMICS, SE EUROPE 77

extension towards the north(west) and (south)east
may not concern a single belt but a wide region,
trending roughly parallel to the regional outcrop
patterns, as the Miocene-Recent collapse has
affected the whole region extensively.

Detachment of the subducted slab is the most
plausible scenario for magma generation in the
Inner Carpathians and the propagation of the
magma source from NW to SE from 12 Ma to
0.2 Ma. In the Inner Carpathians it is best con-
strained by independent studies and techniques.
The timing of the mineralization is however still
remarkable and its generation should remain under
further consideration as the main ore districts (e.g.
Banska Stiavnica and Baia Mare) were produced
in the same time interval around 12-10 Ma. Also
little mineralization appears to be associated with
the 10-0 Ma history of the detachment process.

The evolution of the Apuseni Mountains may
be partially considered together with the Inner
Carpathians as it may well represent a fragment of
the proto-Carpathians that has become dismem-
bered by detachment and enhanced roll-back of
the southeastern portion of the Carpathian sub-
ducted slab. The dominant phase of magmatism
and associated mineralization may be similar to
the 13-9 Ma mineralized belt of the Inner Car-
pathians. Supported by the palaeomagnetic and
geochemical results of the Apuseni (Rosu et al.
2001) and of the Inner Carpathians (Mason et al.
1998) it is speculated that a synchronous forma-
tion of the mineralization across the Carpathians
is controlled by the timing of a regional fragmen-
tation of the crust. The fragmentation may have
occurred when the overriding lithosphere re-
sponded to a combined ENE-directed roll-back
and a gradual SE-directed detachment of the
subducted lithosphere. The process caused the
development of the present geometry of the
Carpathians, thinning of the lithosphere, the dis-
membering of existing crustal fragments, and
magma ascent along the dominant crustal frac-
tures. A careful restoration of the crust and mantle
lithosphere around the Carpathians at 13-9 Ma is
required to further examine this speculation.

The investigations reported here were supported by the
Vening Meinesz Research School of Geodynamics
(VMSG). Discussion with Paul Mason, Hugo de Boor-
der, Rinus Wortel, Stan White and Derek Blundell, and
reviews by Wolfgang Frisch and Kurt Stuwe on a
previous version have been appreciated. Critical com-
ments from reviews by Thomas Pettke and Robert
Handler have helped to improve the manuscript.
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Contrasting Late Cretaceous with Neogene ore provinces in the
Alpine-Balkan-Carpathian-Dinaride collision belt
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Abstract: Internal sectors of the Alpine-Balkan-Carpathian-Dinaride (ABCD) orogen
comprise fundamentally different ore deposits along strike in three temporally and spatially
distinct belts. These were formed by several short-lived, late-stage collisional processes
(including slab break-off) during the Late Cretaceous and Oligocene to Neogene times.
Reconstruction of Late Cretaceous (c. 92-65 Ma) collisional structures, magmatic features and
mineralization reveals contrasting variations along strike, including the following.

(la) The Late Cretaceous 'banatite' magmatic belt, which extends from the Apuseni
mountains to the Balkans, associated mainly with porphyry Cu-Au, massive sulphide and Fe-
Cu skarn mineral deposits. In respect to their country rocks and geodynamic setting, the
magmatism is interpreted to represent either post-collisional or Andean-type calc-alkaline due
to continuous subduction or break-off of the subducted lithosphere.

(1b) The Alpine-West Carpathian sector, which is characterized by strong Late Cretaceous
metamorphic/deformational overprint, lack of magmatism and both syn- and late-orogenic
formation of metasomatic and metamorphogenic talc, magnesite, siderite and vein- and shear
zone-type Cu and As-Au due to the exhumation of metamorphic core complexes.

(2a) The Oligocene-Miocene Serbomacedonian-Rhodope metallogenic zone extends across
several structural units from the Bosnian Dinarides to the Rhodopes and to Thrace. It includes
both a belt with volcanic-hosted and vein-type Pb-Zn deposits and a belt of porphyry Cu-Au-
Mo and epithermal Au mineralization, which is more common in the south. Both belts appear
to relate to microcontinent collision and associated subsequent magmatism, again possibly due
to slab break-off.

(2b) Different types of mineralization were also formed along the internal Inner Carpathian
and Alpine sectors during Late Oligocene to Miocene collision. In the Alps, mineralization
formed due to eastward extrusion of fault-bounded blocks into the Carpathian arc. Associated
mineral deposits are always related to exhumation of metamorphic core complexes and include:
sub-vertical mesothermal Au-quartz veins and replacement As-Ag-Cu ore bodies within the
metamorphic core complex, fault-bounded mineralization (Pb-W-Au) along low-angle ductile
normal faults along the upper margins of the metamorphic core complex, mineralized (Sb-Au)
strike-slip faults and sub-vertical Au-Ag-Sb-bearing tension veins.

(2c) In contrast, nearly all Miocene ore deposits within the Carpathians are related to
volcanic activity contemporaneous with the invasion of fault-bounded blocks into the
Carpathian arc. These have been related to slab break-off and cessation of subduction. Mineral
deposits include structurally controlled Au-Sb-Cu-Pb-Zn ore bodies within shallow volcanic
edifices, with a preference for steep tension veins parallel to the motion direction of laterally
escaping crustal blocks.

Many different types of mineralization are found Hedenquist & Lowestern 1994; Heinrich et al.
in orogenic belts of various ages, including hydro- 1999; Ulrich et al. 1999; Lang & Baker 2001).
thermal vein and porphyry deposits (e.g. Lehmann Although the formation of hydrothermal and
et al. 2000; Blundell 2002). Major questions orogenic ore deposits includes many processes,
concerning the formation of late stage orogenic only a few models exist which link these to
hydrothermal and porphyry Cu ore deposits in specific large-scale geodynamic processes such as
orogenic belts include the origin of metals and slab break-off (e.g. de Boorder et al. 1998) or to a
fluids, the nature of the heat source driving change of the subduction angle (Oyarzun et al.
hydrothermal processes, the composition of mag- 2001). For example, many hydrothermal lodes and
matic melts and the general geodynamic context porphyry Cu deposits are related to subduction of
within which ore formation occurs (e.g. oceanic crust or slab windows within subducting

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 8 1
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 81-102.
0305-8719/027$ 15.00 © The Geological Society of London 2002.
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slabs, as in the western USA (e.g. Haeussler et al.
1995) and the Andes (Dill 1998). Recent observa-
tions show that many orogenic ore deposits
formed rather by punctuated events and not by
continuous processes. The generation of distinct,
adakitic melts clearly plays a role in the formation
of giant deposits in a subduction zone environ-
ment (Oyarzun et al. 2001).

Several models have been proposed which
relate ore deposits to collisional and post-colli-
sional processes within convergent continental
plates (e.g. Spencer & Welty 1986; Beaudoin et
al. 1991). Mineralization within collisional oro-
gens involves a number of different processes.
These include mainly (1) Andean-type mineraliza-
tion due to subduction of oceanic lithosphere
predating collision, (2) mineralization associated
with collisional granites and (3) late-stage oro-
genic mineralization resulting from hydrothermal
activity associated with orogen-scale faulting due
to adjustment of the upper, brittle crust. This is
often associated with calc-alkaline and subsequent
alkaline magmatism. The latter process is possibly
triggered by slab break-off (de Boorder et al.
1998). The Alpine-Balkan-Carpathian-Dinaride
(ABCD) orogen is a particularly interesting young
belt as late-stage orogenic mineral deposits (e.g.
Evans 1975; Petrascheck 1986) differ in style
along strike. A deep-seated heat source, visible in
mantle tomography, has been postulated recently
as the cause of the magmatism and associated
mineralization (de Boorder et al. 1998). Data from
the Alpine-Balkan-Carpathian-Dinaride orogen
may help to constrain models for the late-stage
orogenic mineralization.

The ABCD orogen has a geological history
characterized by complex interactions between
various microplates squeezed in between the Afri-
can and Eurasian continents, a situation which is
basically similar to the present-day interactions
between Australia and SE Asia in the region of the
Indonesian island arc system (Milsom 2001;
Blundell 2002). For the ABCD orogen, only a few
attempts have been made so far to relate large-scale
tectonic processes with mineralization. These in-
clude, for example, the work of Petrascheck
(1986), Mitchell (1996), Serafimovski etal. (1995),
de Boorder ef al. (1998), Vlad & Borcos (1998).

Late-stage orogenic ore provinces in the
ABCD belt

The ABCD belt is a complex, arcuate, double-
vergent orogen (Fig. 1) that formed during two
independent stages of continent-continent collision
during Mid-Late Cretaceous and Late Eocene-
Palaeogene. The present-day structure resulted

from the final collision of the stable European-
Moesian platform with the Adriatic hinterland
deforming a number of continental microplates in
between. The Cretaceous orogen was heavily
deformed during Tertiary microplate movements,
as these moved towards the north against the
stable European continent, due to southward sub-
duction of the Penninic ocean and its expansion
into the future Carpathian realm (e.g. Neugebauer
et al. 2001 and references therein). Mineralization
occurred during two distinct major orogenic stages
between the Late Cretaceous and the Neogene,
which therefore suggests a punctuated develop-
ment of mineralization rather than a continuous
process during orogeny. The ABCD orogenic belt
is still one of the most active mining and explora-
tion areas of Europe. Principal deposits are com-
piled in Table 1 and shown in Figure 1. Details of
economic importance can be found in Heinrich &
Neubauer (2002).

Mineral deposits are contained within the fol-
lowing three belts, which may, from the metallo-
genic point of view, be subdivided into further
zones. For the sake of simplicity, this is not done
here, but explained in the following. The principal
emphasis is on contemporaneous mineralization
along strike of distinct zones of the ABCD
orogen.

(1) The Late Cretaceous metallogenic banatite
belt is formed of volcanic and plutonic suites,
which include major porphyry Cu and massive
sulphide deposits, replacement ores and hydrother-
mal veins. Late Cretaceous magmatic rocks com-
prise high-level plutonic suites, collectively
referred to as banatites, and some subordinate
volcanic sequences (von Cotta 1864). The mag-
matic rocks and mineral deposits extend in a
continuous belt from Burgas (close to the Black
Sea) to the Apuseni Mountains. These mineral
deposits contrast with contemporaneous metamor-
phogenic siderite/magnesite/talc and hydrothermal
Cu vein deposits exposed in the Eastern Alps and
Western Carpathians, forming a spatially distinct
metallogenic sub-zone in the western lateral exten-
sion of the banatite belt.

(2) The Oligocene Serbomacedonian-Rhodope
metallogenic belt is mostly related to calc-alkaline
magmatism and includes numerous Pb-Zn,
mostly volcanic hosted, vein and replacement
deposits extending from Bosnia through Serbia
and Macedonia to southern Bulgaria and Greece.
A second type of mineralization is represented by
a number of porphyry Cu-Au deposits that are
more common in northern Greece and Macedo-
nia.

(3) The Inner Carpathian-Alpine belt includes
Oligocene to Neogene volcanism with numerous
epithermal Pb-Zn-Ag deposits in the Inner Car-



Fig. 1. Simplified tectonic map displaying the distribution of major tectonic units and ore deposits in the Alpine-Balkan-Carpathian-Dinaride (ABCD) region. Note the
distribution of three Late Cretaceous to Miocene belts of orogenic mineralization which are considered in detail in this paper.



Table 1. Major Cretaceous and Tertiarv mineral resources of the A BCD belt—most of the deposits are in operation

Deposit Country Metals/ mineral Type Age Reference

Late Cretaceous magmatic—metallogenetic belt
Burgas district

Chelopech
Elatsite
Radka
Bor
Majdanpek
Veliki Krivelj
Ocna de Fier/Dognecea
Rochovce
Spis-Gemer
Jelsava, Dubrava
Gemerska Poloma
Eisenerz
Sunk/ Trieben
Rabenwald
Oligocene- Miocene Serb
Trepca

Buchim
Skouries
Maronia
Madjarovo
Madan
Osogovo Blagodat
Kratovo-Zletovo
Olimpias

Kapaonik/Trepca
Oligocene Neogene I tine
Rosia Montana
Brad Sacarimb
Baia Mare
Beregovo

Recsk Lahoca

Banska Stiavnica

I lohe Tauern
Brusson

Bulgaria

Bulgaria
Bulgaria
Bulgaria
Serbia
Serbia
Serbia
Romania
Slovakia
Slovakia
Slovakia
Slovakia
Austria
Austria
Austria

Pb-Zn

Cu-Au
Cu-Au
Cu-Au
Cu-Au
Cu-Au
Cu
Fe-Cu-Pb-Zn
Mo-W
Siderite
Magnesite
Talc
Siderite
Magnesite
Talc

Hydrothermal veins

Massive sulphide
Porphyry Cu
Massive sulphide
Massive sulphide, porphyry Cu
Massive sulphide, porphyry Cu
Porphyry Cu
Skarn
Porphyry Mo-W
Metamorphogenic
Metamorphogenic
Metamorphogenic
Metamorphogenic
Metamorphogenic
Metamorphogenic

Late Cretaceous
Paleocene ?
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous
Late Cretaceous

Berzaetal. (1998)

Strashimirov & Popov (2000)
Strashimirov & Popov (2000)
Kouzmanov (2002)
Karamata et al. (1997)
Karamata et al. (1997)
Ciobanu et al. (2002)
Nicolescu et al (1999)
Grecula et al. (1995)
Grecula et al (1995)
Grecula et al (1995)
Grecula et al (1995)
Weber et al (1997)
Weber et al (1997)
Weber et al (1997)

omacedonian - Rhodope metallogenetic belt
Serbia/Kosovo

Macedonia
Greece
Greece
Bulgaria
Bulgaria
Macedonia
Macedonia
Greece

Serbia
rcarpathian Alpine extrusion

Romania
Romania
Romania
Ukraina

Hungary

Slovakia

Austria
Italy

Pb-Zn- Ag(-Au)

Cu-Au
Cu-Au Ag
Cu-Au-Mo
Au -Ag- Pb-Zn
Pb
Pb-Zn-Ag
Pb-Zn-Ag
Pb-Zn -Au- Ag

P b - Z n Ag
related deposits
Au
Au Cu Te
Pb Zn Au
Au Ag( Sb)

Cu, Au

Pb Zn Ag

Au( Pb Zn)
Au

Breccia pipe, skarn, stratiform
manto

Porphyry Cu
Porphyry Cu
Porphyry Cu
Hydrothermal veins
Hydrothermal veins
Volcanic hosted
Volcanic hosted
Breccia and volcanic hosted along
regional normal fault
Volcanic hosted

Porphyry Cu
Porphyry Cu and veins
Hydrothermal veins
Epithermal stockwork and veins,
volcanic hosted
Porphyry Cu, high-sulphidation
epithermal Au
Volcanic hosted, epithermal

stockwork and veins, porphyry Cu
Hydrothermal veins
Mesothermal hydrothcrmal veins

Miocene

Oligocene
Oligocene -Miocene
Oligocene(?)
Oligocene
Oligocene
Oligocene

Oligocene

Oligocene

Late Miocene
Late Miocene
Late Miocene
Mid-Miocene

Late Eocene

Mid-Miocene

Miocene
Oligocene

Serafimovski (2000)

Serafimovski (2000)
Serafimovski (2000)
Melfos et al (2002)
Marchev et al (2002)
Dimov et al (2000)
Naftali (2002)
Serafimovski (2000)
Kroll et al (2002)

Naftali (2002)

Alderton & Fallick (2000)
Alderton & Fallick (2000)
Lexa(1999)
Lexa (1999)

Gatter et al (1999)

Lcxa (1999); Lexa et al
(1999)
Weber (1997)
Pettke et al (2000)
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pathians and important Cu-Au-Te deposits in the
Apuseni Mountains. These contrast with metallo-
genically distinct, mesothermal Au mineralization
within and on top of metamorphic domes of the
Western and Eastern Alps. From this, a subordi-
nate zone may be distinguished extending from
the Ivrea area to Recsk, associated with Late
Eocene to Oligocene Periadriatic magmatic rocks,
mainly intrusives. From these, only Recsk repre-
sents a major porphyry Cu mineralization, all
other intrusives are remarkably poor in mineraliza-
tion.

Cretaceous tectonic restoration

Before discussing the Cretaceous structures, a
restoration of Tertiary structures is necessary in
order to define the Cretaceous palaeogeographic
relationships of various tectonic units. The details
of Cretaceous and Tertiary deformation are still
not fully understood but sufficient data exist to
allow a reasonable reconstruction. Various recon-

structions have been discussed by, for example,
Burchfiel (1980), Csontos et al (1992), Dercourt
et al. (1993), Csontos (1995), Robertson & Kar-
amata (1994), Channell & Kozur (1997), Stampfli
& Mosar (1999), Neugebauer et al. (2001) and
Willingshofer (2000). None of them appears to
have solved all the problems, so that many open
questions remain.

Figure 2 shows a reconstruction of the Cretac-
eous configuration that is mainly based on palaeo-
magnetic data from Late Cretaceous units as
collected by Willingshofer (2000) and Neugebauer
et al. (2001). These show that the Late Cretaceous
units can be divided into (1) the ALCAPA
(Alpine-Carpathian-Pannonian) block comprising
the Austroalpine units in the Eastern Alps and
Inner Western Carpathians, (2) the Tisia block
extending from Zagreb in Croatia to the Apuseni
Mountains, (3) the Dacia block which includes the
Eastern und Southern Carpathians and the Balkan,
(4) the Rhodope block and (5) the South Alpine/
Dinaric block (see Figs 1 and 2). None of these

Fig. 2. Reconstruction of the Late Cretaceous palaeogeography and geodynamic setting in the ABCD region
(modified after Neugebauer et al. 2001).
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behaved as a rigid block during Tertiary times, but
they were strongly deformed, mainly around their
margins. Additionally, they were also partially
rotated during their invasion into the future
Alpine-Carpathian realm (for details, see below).
The ALCAPA block displays a 50-90° counter-
clockwise rotation during the Late Palaeogene-
Early Miocene (e.g. Marton 1997 and references
therein), whilst the Tisia block records a 50-90°
clockwise rotation, mostly during the mid-Mio-
cene (Panaiotu pers. comm.). A simple solution
suggests that the ALCAPA and Tisia blocks
invaded the Carpathian arc during the Tertiary, the
Tisia block pushing at its front the western sectors
of the Dacia block. The Moesian platform repre-
sents an indenter that is interpreted to have moved
westwards during the Late Cretaceous and Palaeo-
gene due to the opening of the West Black Sea
oceanic basin. The essential result of this restora-
tion is that the ALCAPA, Tisia and Dacia blocks
together formed an east-west-trending, straight
orogen during the critical time at c. 80 Ma when
most of the so-called banatite magmatism oc-
curred (Figs 1 and 2; see below). This view is also
supported by palaeomagnetic data from banatites
which call for post-Cretaceous bending and oro-
cline formation of the banatite belt during its
invasion into the Carpathian arc (Patrascu et al.
1992). In some interpretations (e.g. Neugebauer et
al. 2001; Willingshofer 2000; Schmid et a/. 1998),
the Balkan sector of the Dacia block was con-
nected with the Moesian platform during the Late
Cretaceous, and the Balkan block with the Rho-
dope block. Therefore, it is reasonable to assume
that the Cretaceous orogen has separated a north-
ern, South Penninic oceanic tract from the still
open Tethys ocean in the south. Furthermore, the
reconstruction by Neugebauer et al. (2001; Figure
2) shows an open oceanic tract between the
Balkan zone and the Moesian platform that is not
well constrained by data. The South Alpine-
Dinaric belt was connected with the southern
ALCAPA block when an open ocean was closed
in a scissor-like manner due to convergence of the
Dinarides towards the ALCAPA Tisia-Dacia-
Rhodope continent.

In summary, reconstructions indicate open ocea-
nic tracts, both to the north and south of the Late
Cretaceous orogenic belt. This belt was attached
to the Moesian platform in the east, and to the
Adriatic microplate in the west. This leaves open
the question as to which geodynamic process
occurred within this belt during the Late Cretac-
eous, e.g. continuous subduction or collision along
segments that are attached to continental blocks
(Moesia-Europe) in the east, and the Adriatic
block in the west. Orogenic polarity of the closure
and nappe stacking was, respectively, to the north

and NW, rotating units back to their present-day
positions (e.g. Ratschbacher et al. 1989, 1993;
Schmid et al. 1998).

Overview of Cretaceous structural
evolution

I now briefly discuss the principal Late Jurassic to
Cretaceous orogenic structures that are common
features for the whole Cretaceous ABCD belt. As
has now been well established, between pre-Late
Cretaceous collisional structures, mainly ductile
thrusts, and Late Cretaceous collapse structures,
sedimentary basins can be distinguished. These
structures and basins are associated with banatite
magmatism in southeastern sectors, together with
ductile low-angle normal and high-angle strike-
slip faults that relate to the basin formation.

Late Jurassic to early Late Cretaceous
compressional structures

The Austroalpine units of the Eastern Alps and
Western Carpathians represent a continental, base-
ment-cover nappe pile which received its essen-
tial internal nappe structure during Early and early
Late Cretaceous orogenic events (e.g. Ratsch-
bacher 1986; Dallmeyer et al. 1996; Plasienka
1997; Neubauer et al. 2000). Collision between
Austroalpine units in a footwall position and
emplacement of overlying Meliata-Juvavic-Silice
units in a hanging-wall position occurred during
the early Late Cretaceous (e.g. Dallmeyer et al.
1996; Plasienka 1997; Willingshofer et al. 1999b).
Nappe stacking was directed towards the NW and
west, and probably migrated from hanging wall to
footwall (e.g. Ratschbacher 1986; Neubauer et al.
2000). Upper Austroalpine units formed klippen
with very low- to low-grade metamorphic over-
print during Cretaceous continent-continent colli-
sion. These juxtaposed Middle Austroalpine units
of the central sectors of the Eastern Alps with a
metamorphic overprint that increases from greens-
chist facies conditions in the north to eclogite
facies metamorphism in the south (e.g. Frey et al.
1999).

At approximately the same time within the
Cretaceous, similar ductile nappe structures were
formed in the Apuseni Mountains, Southern and
Eastern Carpathians. In the Southern Carpathians,
the Severin oceanic domain was closed during the
early Late Cretaceous (Sandulescu 1984; Zacher
& Lupu 1999). In the Apuseni Mountains, a
ductile nappe stack formed at c. 120-110 Ma, and
the Mures ophiolite was subsequently emplaced
onto the underlying basement-cover nappes dur-
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ing the Late Cretaceous (Dallmeyer et al. 1996).
Each of these present-day isolated mountain
groups represents basement-cover nappes that
formed during ductile thrusting at very low-grade
to low-grade metamorphic conditions. The South-
ern Carpathians include, from footwall to hanging
wall, the Danubian basement-cover nappe stack,
the Jurassic Severin ophiolite and the Getic-
Supragetic nappe complexes. This suggests the
presence of an oceanic tract between the Moesian
platform and the Dacian units. The whole nappe
stack formed at c. 120-80 Ma, whilst post-oro-
genic collapse started slightly prior to c. 80 Ma
(Bojar et al. 1998; Dallmeyer et al. 1996;
Willingshofer et al. 2001).

The Bulgarian Balkan region is linked by the
Serbian Timok zone with the extension of the
Danubian nappe complex of the Southern Car-
pathians (Fig. 1). In Bulgaria, the Zone with
specific Late Cretaceous sedimentary/volcano-
genic basins is called the Srednogorie zone (Aiello
et al. 1977; Bocaletti et al. 1974, 1978). The
Srednogorie zone extends to the Black Sea and
there it is also superposed onto the southerly
adjacent Strandja zone (with mainly Late Jurassic
tectonism; o). The basement of the Srednogrie
zone experienced weak early Late Cretaceous
deformation at c. 102-100 Ma (e.g. Velichkova et
al. 2001), which is post-dated by volcano-sedi-
mentary basins (see below).

Late Cretaceous, post-orogenic collapse
structures

Late Cretaceous collapse basins sealed the ophio-
lite sutures (e.g. Meliata suture) and previously
formed basement-cover nappe structures all over
the area (e.g. Neubauer et al. 1995; Willingshofer
et al. 1999a; Fig. 1). 'Gosau' refers to a locality
in the Eastern Alps where this sort of basin was
first described. Gosau-type basins can be traced
from the Eastern Alps to the Srednogorie zone
and represent a prominent feature of the region.
The formation of the Gosau basins in the Eastern
Alps was associated with sinistral wrenching along
roughly ENE-WNW-trending faults, normal fault-
ing at shallow crustal levels and exhumation of
eclogite-bearing crust within Austroalpine units
(Neubauer et al. 1995, 2000; Froitzheim et al.
1997; Willingshofer et al. 1999a, b). This led to
the juxtaposition of eclogite-amphibolite-facies
metamorphic rocks of the lower tectonic units
with very low-grade to low-grade metamorphic
rocks of the upper tectonic units along ductile
low-angle normal faults in the Eastern Alps,
Western Carpathians, Apuseni Mountains (Willing-
shofer et al. 19990) and the Balkan-Rhodope

Mountains (Burg et al. 1990, 1993). Because of
the calc-alkaline magmatism, the Srednogorie
zone has been interpreted as an intra-arc basin
(e.g. Aiello et al. 1977) or as a post-collisional
rift-type basin (e.g. Popov 1987).

The Bulgarian Balkan region is an extension of
the Danubian nappe complex in Southern Car-
pathians (Popov 1987), via the Timok zone (Ser-
bia). However, it shows weak early Late
Cretaceous deformation that is post-dated by
volcano-sedimentary basins occurring within the
Srednogorie Zone (Popov & Popov 2000). The
Maritsa shear zone, which also in part includes
sheared Late Cretaceous granites, separates the
Srednogorie zone from the southerly adjacent
Rhodope massif. In the Rhodope massif, the
uppermost unit is a Cretaceous metamorphic unit
that formed within Cretaceous amphibolite facies
metamorphic conditions (e.g. Ricou et al. 1998).
The Srednogorie Zone shows subsidence and
formation of local sedimentary basins, volcanism
and shallow granitoid intrusions. Furthermore,
ductile structures suggest that the Maritsa shear
zone and splays to the north (e.g. Iskar-Yavonitsa
fault zone, Kamenitsa-Rakovitsa, etc.) can be
regarded as a Late Cretaceous dextral wrench
corridor that was active mainly under greenschist
facies metamorphic conditions. Since igneous
rocks (e.g. the Vitosha granite) intruded into the
Maritsa shear zone were dated at c. 80 Ma (von
Quadt & Peytcheva pers. comm.), initial exhuma-
tion and cooling of the uppermost tectonic units
exposed within the Rhodope Mountains should
also have an age of c. 80 Ma, contemporaneous
with the main subsidence in the adjacent Srednog-
orie Basin.

Overview of Late Cretaceous magmatism and
mineralization

Many different terms, such as the Apuseni-Sred-
nogrie magmatic-metallogenic belt, have been
proposed for this belt but, for simplicity, I here
use 'banatite belt'. The banatites are associated
with various types of mineralization including
porphyry copper, massive sulphide and replace-
ment ores (Popov 1987, 1996; Berza et al. 1998).
Banatite magmatic rocks are exposed in an arcuate
belt from the Apuseni Mountains to the Black Sea
(Figs 1 and 2). In general, calc-alkaline suites
largely predominate, although minor alkaline
rocks are reported from the Bulgarian Srednogorie
Zone (e.g. Bocaletti et al. 1974, 1978; Berza et al.
1998; von Quadt et al. 2001, 2002). In the
Apuseni Mts, the western South Carpathians and
the Banat (Romania/Serbia), banatites occur as
intrusive rocks that are mainly high-level plutons
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of predominantly granodioritic composition. In
Serbia and Bulgaria, andesites and dacites dom-
inate, with subordinate intrusive rocks. Within the
Panagyurishte region (Elatsite-Medet in Fig. 1) is
a roughly north-south-trending zone with predo-
minantly shallow intrusive bodies across the
Srednogorie zone, which are associated with por-
phyry-Cu and massive sulphide mineralization
(e.g. Strashimirov & Popov 2000).

In some areas, volcanic products are interca-
lated between fossil-bearing Late Cretaceous
rocks, as in the Hateg basin of the Southern
Carpathians (Willingshofer et al. 2001 and refer-
ences therein) and in the Srednogorie Zone (Aiello
et al. 1977; Popov & Popov 2000). Biostrati-
graphic data indicate a Cenomanian to Maastrich-
tian age (Aiello et al. 1977; Popov & Popov 2000;
Willingshofer et al. 2001). Correlation of volca-
nics with nearby plutonic suites has not yet been
carried out. It has also to be noted that beyond the
present-day banatite belt, Late Cretaceous to Early
Palaeogene (sub-)volcanic rocks and granites were
recently reported from the Dinarides in Croatia
(part of the Tisia block; Pamic et al. 2000) and
Western Carpathians (Poller et al. 2001).

Recent geochronological data from banatitic
volcanic and plutonic rocks are compiled in Table
2. Additional K-Ar ages of amphibole and biotite
presented in some reports (Bleahu et al. 1984;
Krautner et al. 1986; Cioflica et al. 1992, 1994;
Downes et al. 1995) generally lack descriptions of
rocks and fabrics. These incomplete data make the
assessment of their value for estimating the dura-
tion and timing of banatite magmatism difficult.
In general, the Romanian and Serbian banatites
appear to be younger than those in Bulgaria. In
Romania, they range between c. 80 and 62 Ma,
except for one locality with K-Ar ages of 89-
83 Ma (Krautner et al. 1986; Cioflica et al. 1992,
1994; Downes et al. 1995). The predominant K-
Ar ages of dacite and andesite in the Serbian
Timok zone are 74-70 Ma (Karamata et al. 1997)
but ages of c. 60 Ma are also reported. In
Bulgaria, geochronological ages range from c. 92
to 80 Ma (Table 2 with references). Three U-Pb
zircon ages from Elatsite range from 92 to 91 Ma
(von Quadt et al. 2002; Peycheva et al. 2001).
Preliminary 40Ar/39Ar amphibole and biotite ages
from sub-volcanic rocks of the Panagyurishte
region are between c. 92 Ma (Elatsite) and c.
80 Ma (Velichkova et al. 2001; own unpubl.
results).

Recently, Poller et al. (2001) reported a late
Cretaceous U-Pb zircon age (75.6 ±1.1 Ma)
from the Rochovce granite of the Inner Western
Carpathians which may thus represent the north-
ernmost magmatic rock of the banatite suite. If
true, these data could be taken together as

evidence for an along-strike shift of magmatism
from older magmatic activity in the SE to younger
magmatism in the present-day north. Exceptions
to this trend are a few K-Ar ages from Late
Cretaceous granites of the Strandja zone in Turkey
which are as young as 83 ± 3 and 78 ± 2 Ma
(Okay et al. 2001 and references therein).

Banatite magmatism and mineralization took
place contemporaneously with the formation of
the Gosau-type collapse basins, and may be inter-
preted to represent either a product of continuous
northward subduction or post-collisional I-type
magmatism due to break-off of the subducted
lithosphere. Except for the unique Rochovce gran-
ite, Cretaceous magmatism has not affected the
Alpine to Inner Western Carpathian sectors of the
ABCD belt. The lack of magmatism in the Alpine
sectors has been an enigma until now. Possible
explanations for this fact are: (1) the presence of
only a small, subducting ocean (e.g. Evans 1975,
but note the presence of an ocean at least 500 km
wide: Wortmann et al. 2001) and (2) subduction
of mainly water-poor carbonates which are not
appropriate to trigger melting in the overlying
lithospheric mantle wedge.

Late Cretaceous banatite magmatism is asso-
ciated with rich and widespread Cu-Au, Fe-Cu,
Pb-Zn mineralization, from the Apuseni Moun-
tains in Romania to the Srednogorie Zone in
Bulgaria (e.g. Sillitoe 1980; Karamata et al. 1997;
Vlad 1997; Berza et al. 1998). These mineral
deposits are numerous and include some of the
largest known in Europe. The mineralization is
highly diverse and includes well known skarn
deposits in the Apuseni Mountains and Southern
Carpathians (e.g. Baita Bihor, Ocna de Fier),
mainly porphyry Cu(-Au) and andesite-hosted
massive sulphide deposits in Serbia (Bor, Majdan-
pek; Kozelj & Jelenkovic 2001) and western
Bulgaria (Panagyurishte corridor with Elatsite,
Chelopech, Assarel and Medet) and Pb-Zn vein
deposits (Burgas district) near the Black Sea (Figs
1 and 3a; Table 1). As a whole, the belt exposes
deeper levels (e.g. skarn at the contact with
intrusive rocks) in the north and shallower levels
in the central southern and eastern sectors. An
exception is the extensive subsurface porphyry-
type Mo-W mineralization associated with the
Rochovce granite of Inner Western Carpathians
(Grecula et al. 1995). The age of mineralization
postdates magmatism but, except for Elatsite, is
generally not well dated in the case of plutonic
host rocks, von Quadt et al. (2002) report an age
of c. 91 Ma for Cu mineralization from Elatsite.
Another exception is the recently reported Re-Os
molybdenite age of 76.6 ± 0.3 Ma of Ocna de Fier
in the Romanian Southern Carpathians (Ciobanu
etal 2002).



Table 2. Geochronological data from banatite magmatic rocks

Pluton

Elatsite (B)
Elatsite (B)
Plutons and sills,
Panagyuriste region
Vocin (C)
Vocin (C)
Cadavica (C)
Mt Pozeska Gora (C)
Ciclova (R)
Bocsa (R)
Ocna de Fier (R)
Bradisurul de Jos (R)
Mehadica (R)
Moldova Noua (R)
Lapusnicul Mare (R)
Bolovenii Vechi (R)
Bania (R)
Sopotul Vechi (R)
Sopotul Vechi (R)
Herepea (R)
Roscani (R)
Rochovce (SK)

The list is incomplete. Only

Rock

Porphyry dyke
'Late' dyke
Porphyry dyke, andesite

Basalt
Basalt
Basalt
Granite
Diorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite porphyry
Granodiorite porphyry
Granodiorite porphyry
Diorite porphyry
Granodiorite porphyry
Quartz monzonite porphyry
Granodiorite porphyry
Andesite dyke
Andesite dyke
Granite

ages with good sample descriptions ;

Method

U-Pb zircon
U-Pb zircon
Ar-Ar

K-Ar
K-Ar
K-Ar
Rb-Sr WR
K-Ar biotite
U-Pb zircon
U-Pb zircon
K-Ar biotite
K-Ar biotite
K-Ar biotite
K-Ar biotite
K-Ar hornblende
K-Ar biotite
K-Ar hornblende
K-Ar biotite
K-Ar
K-Ar
U-Pb zircon

are listed here. B, Bulgaria;

Age ± error (Ma

92.1 ±0.3
91.42 ±0.15

9 1.72 ±0,70 to 80.21 ±0.45

72.8 ±2.1
62.1 ± 1.8

71.6 ±3.0, 69.4 ±2.5
71.5 ±2.5

79-74.3
79.6 ±2.5
75.5 ± 1.6

67 ±3
78 ±3
69 ±3
71 ±3
76 ±4
78 ±3
89 ±4
83 ±3

66.0 ± 0.27
71.7 ±2.7
75.6 ± 1.1

C, Croatia; R, Romania; SK, Slovakia.

Interpretation

Age of intrusion
Age of intrusion
Age of cooling

Age of extrusion
Age of extrusion
Age of extrusion
Age of intrusion
Cooling below 300 °C
Age of intrusion
Age of intrusion
Cooling below 300 °C
Cooling below 300 °C
Cooling below 300 °C
Cooling below 300 °C
Cooling below 300 °C
Cooling below 300 °C
Cooling below 500 °C
Cooling below 300 °C
Intrusion
Intrusion
Intrusion

Reference

von Quadt et al. (2002)
von Quadt et al. (2002)
Velichkova et al. (2001);
Handler et al. (2002)
Pamic et al. (2000)
Pamic & Pecskay (1994)
Pamic et al. (2000)
Pamic etal. (1988)
Soriouetal. (1986)
Nicolescu et al. (1999)
Nicolescu etal (1999)
Soriouetal. (1986)
Soriou et al. (1986)
Soriouetal. (1986)
Soriouetal. (1986)
Soriou et al. (1986)
Soriou et al. (1986)
Soriou etal. (1986)
Soriou et al. (1986)
Dowries etal. (1995)
Dowries etal. (1995)
Poller et al. (2001)
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Fig. 3. Reconstruction of the Oligocene-Miocene palaeogeography and geodynamic setting in the ABCD region
(modified after Neugebauer et al. 2001).

In contrast, in the Eastern Alps and Western
Carpathians many deposits of industrial minerals
(talc, magnesite), siderite and vein-type Cu-side-
rite were formed or were remobilized during
Cretaceous metamorphism (e.g. Weber et al.
1997; Pohl & Belocky 1998; Ebner et al. 2000).
No links with magmatic processes have been
observed. The formation of many collisional type
ore deposits in veins (e.g. Cu, As-Au) and shear
zones (Au) is related to the syn-collisional exten-
sion and exhumation of metamorphic core com-
plexes, which culminated around 80 Ma.

Oligocene-Neogene tectonic restoration
and structures

During the Tertiary, two major zones of miner-
alization are of interest: the Serbomacedonian-

Rhodopian zone with Oligocene to Early Miocene
Pb-Zn and porphyry Cu-Au deposits in the
southern sectors of the ABCD orogen; and the
Alpine-Carpathian belt in the north with numer-
ous Pb-Zn and Au deposits of mainly Miocene
age (Fig. 1; Table 1). These are considered to
result from rather different geodynamic processes
(see below).

During the Palaeogene, the Neotethys oceanic
lithosphere continued to subduct northwards be-
neath the Cretaceous belt (e.g. Barr et al. 1999;
Neugebauer et al. 2001). During the Oligocene,
the Adriatic microplate rotated 30° counter-clock-
wise (Neugebauer et al. 2001 and references) and
collided with the intra-Alpine microcontinent col-
lage in the northwest, whilst subduction continued
in the southeast (Fig. 3). The indentation of the
Adriatic microplate resulted in oroclinal bending
and formation of the curvature of the Hellenic-
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Dinaric belt. A magmatic belt mimics the arcuate
belt and comprises earlier, Eocene-Oligocene
granitoids that are mostly exposed in northern
Greece and Turkish Thracia, and mostly Late
Oligocene-Miocene andesitic volcanic rocks in
the Macedonian to Serbian sector (Fig. 1). It
appears that a northwestward migration of volca-
nic activity occurred along the strike of the belt,
although protolith ages are generally uncertain.

The Penninic ocean had been consumed by slab
roll-back during the latest Cretaceous to Palaeo-
gene to form a land-locked oceanic basin (e.g.
Wortel & Spakman 2000; Wortmann et al 2001
and references therein). Collision of the Cretac-
eous microcontinent collage with the European
continent started during the Eocene in West
Alpine sectors and migrated along strike to the
Carpathians where collision occurred during the
Neogene (Figs 1, 3 and 4). The previous southern
European continental margin had been subducted
beneath the Alps and subsequently exhumed as
Penninic continental units. These are exposed
within the Tauern window (Figs 1, 4 and 5) that is
overridden by the Austroalpine nappe complex.
The timing of the overthrusting of the Austroal-
pine units onto the Penninic units is Eocene (Liu
et al. 2001 and references therein). Oblique plate
collision and associated stacking of lower plate

continental units were followed by partitioning of
convergence into northward thrusting along the
northern leading edge of the orogen and emplace-
ment of the entire Alpine nappe edifice onto
European foreland units, and orogen-parallel
strike-slip motions along wrench corridors due to
general NE-SW shortening (e.g. Ratschbacher et
al. 1989, 1993). The latter stage was also gov-
erned by indentation of the rigid South Alpine
indenter, which formed the northern extent of the
Adriatic microplate. Furthermore, emplacement of
post-collisional Late Oligocene to Early Miocene
intermediate and mafic, calc-alkaline plutons and
dykes along southern sectors of the Eastern Alps
has been interpreted as a result of the break-off of
the subducted continental lithospheric slab follow-
ing continent-continent collision (von Blancken-
burg & Davies 1995; von Blanckenburg et al.
1998). Except for Recsk in the easternmost exten-
sion, these magmatic rocks are largely barren of
mineralization. Lower plate units are exposed
within the Lepontin and Tauern metamorphic core
complexes, which have been metamorphosed to
amphibolite facies grade through burial during
collision (see Frey et al. 1999 for a review). Inter-
linkage of sub-horizontal shortening with strike-
slip movements led to the updoming of the Tauern
metamorphic core complex along an overstep of

Fig. 4. Reconstruction of the Mid-Late Miocene geodynamic setting of the Alps and Carpathians with indentation,
collision and extrusional processes in the west and collision and slab break-off processes in the Carpathian realm
(tectonic model based on Linzer 1996 and Nemcok et al. 1998). Note that structures are shown in their present-day
distribution.
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Fig. 5. Mineralization in the central Eastern Alps related to the exhumation of the Tauern metamorphic core complex
in an oblique convergent system.

an orogen-parallel shear zone and the formation of
low angle normal faults at the structural top of the
window (e.g. Neubauer et al. 1999 and references
therein). The Tauern window is therefore an
antiformal window that is laterally confined by
shear zones and detachment surfaces (Neubauer et
al. 1999). Juxtaposition of hot rocks within the
window and cold Austroalpine rocks outside the
window led to a high geothermal gradient across
its margins during the Cenozoic (Genser et al.
1996).

A combination of slab roll-back of the remnant
intra-Carpathian ocean and eastward extrusion of
the Alps led to the closure of a remnant oceanic
basin in the Carpathian arc (e.g. Ratschbacher et
al. 1991, 1993; Linzer 1996; Linzer et al. 1997;
Nemcok et al. 1998; Fig. 3). Collision with the
European foreland migrated from the Alps east-
wards around the Carpathian arc (e.g. Linzer
1996). The extruding blocks were affected by
variable palaeostress fields within which the maxi-
mum principal stress was mostly sub-horizontal
and largely sub-parallel to the eastward and north-
eastward movement direction of the extruding
blocks (e.g. Peresson & Decker 1997; Nemcok et

al. 1998; Fodor et al. 1999). Note that the
ALCAPA block rotated c. 50-80° counter-clock-
wise and the Tisia-Dacia block c. 90° clockwise
(e.g. Marton 1997; Patrascu et al. 1994; Panaiotu
pers. comm.). Starting in the Mid-Late Miocene,
back-arc extension affected both the Aegean re-
gion and the Pannonian basin (Gauthier et al.
1999; Nemcok et al. 1998). In the Pannonian
basin, back-arc extension is associated with alka-
line magmatism.

Oligocene and Miocene mineralization of
the Serbomacedonian-Rhodopian belt

The Serbomacedonian-Rodopian belt is character-
ized by mostly andesitic to dacitic volcanic
sequences, which range in age from c. 35 to
19 Ma in the southeastern sectors (e.g. Frei 1995;
Harkovska et al. 1998; Yannev et al. 1998;
Marchev et al. 1998). In Turkish Thrace and
Macedonia, subordinate Pliocene and even Qua-
ternary (Thrace) volcanism also occurs (Yilmaz &
Polat 1998; Harkovska et al. 1998). The magma-
tism is largely calc-alkaline, acidic, and in part
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highly potassic and is interpreted to represent
collisional type magmatism formed partly by melt-
ing of continental crust. Oligocene and Miocene
mineralization is prominent in the Dinarides and
Hellenides and is mainly closely related to mag-
matism. Following previous work (Mitchell 1996;
Serafimovski 2000), we distinguish two sub-belts
with different types of deposits (Fig. 1, Table 1):

1 porphyry Cu-Mo-Au and subordinate
epithermal Au deposits which are more com-
mon in the southeastern sector;

2 Pb-Zn(-Ag) breccia- and vein deposits in
volcanic rocks, hydrothermal veins and fault-
related breccias, the latter connected with
metamorphic core complexes.

The first group comprises deposits such as
Skouries and Maronia in Greece and Spahievo in
Bulgaria (Serafimovski 2000; Singer & Marchev
2000; Kroll et al. 2002; Melfos et al. 2002). The
age of mineralization is well constrained in only a
few cases (Borovitsa-Spahievo c. 30 Ma, Singer
& Marchev 2000; Skouries c. 19 Ma, Frei 1995),
although geological relationships indicate in gen-
eral that ages are Oligocene and Miocene.

The Pb-Zn deposits occur mainly in two
settings: (1) hydrothermal veins like Madan in
Bulgaria (Dimov et al. 2000; Ovtcharova et al.
2001) and in fault-related breccias at the upper
margin of a metamorphic core complex as in
Olimpias in Greece and, more commonly, (2) in
various settings closely related to andesitic volcan-
ism stretching from Macedonia to Bosnia
(Jankovic 1997; Mitchell 1996; Serafimovski
2000). The latter type includes major ore districts
such as Trepca in Kosovo, which is the premier
Pb-Zn producer of the region.

Late Eocene to Miocene mineralization in
the Alps and the Inner Carpathians

Many sites with late-stage hydrothermal, generally
Au- and Ag-bearing, polymetallic ores have been
mined in the central Eastern (Weber et al. 1997
and references therein) and Western Alps (Pettke
et al. 1999, 2000 and references therein). A well
studied example of orogenic mesothermal vein-
type Au mineralization is the Brusson-Crodo area
in the Western Alps (Figs 1 and 4). There,
mesothermal Au-quartz formed in the hanging
wall of the Simplon detachment fault between
31.6 and 24.5 Ma, and within the Lepontin gneiss
dome at c. 10.6 Ma (Pettke et al. 1999). Ore
formation post-dates metamorphism of country
rocks and is related to devolatilization of calc-
schists according to a model involving a scenario

of deep-later metamorphism and metamorpho-
genic gold mineralization proposed by Stuwe
(1998). Formation temperatures of ores are be-
tween 240 and 450 °C. Similarly, several types of
ore deposit and mineral occurrences are known
that closely link to structures formed during
exhumation of the Tauern metamorphic core com-
plex and oblique shortening in the Eastern Alps.
These include (see Fig. 5):

1 Sub-vertical NNW-SSE-trending Au-Ag-
Cu-Pb-quartz-carbonate veins (type Hirz-
bach-Schiedalpe-Kloben, following Weber
et al. 1997) in the central Tauern window;

2 sub-vertical earlier NE-SW-, later NNE-
SSW-trending Au-quartz veins at the north-
western and southern terminations of the
M511 valley fault (Feitzinger & Paar 1991);

3 saddle reefs and replacement ores in marbles
(type Rotgulden; Homer et al. 1997);

4 Au-Ag-Pb-Cu-W veins and quartz lenses
(type Schellgaden) close to the upper margins
of the Tauern window (Amann et al. 1997);

5 ENE-trending Au-Ag-As veins in the Kreu-
zeck Mountains, which are interlinked with
intermediate sub-volcanic rocks (Feitzinger et
al. 1995);

6 Au-As-Sb impregnations along east-trend-
ing sinistral fault zones, type Guginock (Paar
in Weber et al. 1997; Amann et al. 2002).

Further examples of Tertiary mineralization are
described by Pohl & Belocky (1998) and
Prochaska et al. (1995). All these ore bodies were
formed after peak temperature conditions of Ter-
tiary metamorphism and cross-cut regional struc-
tures like foliation, except for most of the
Schellgaden-type. The Schellgaden-type ore
bodies are part of a ductile low-angle normal fault
close to the upper margins of a metamorphic core
complex. The Hirzbach-Schiedalpe-Kloben lodes
occur close to the northern margin of the Alps
where internal structures of the Tauern window
form a bend with a c. 30° opening angle. The Au-
quartz lodes are widely distributed over eastern-
central sectors of the Moll valley fault, which
formed at c. 20 Ma (Kurz & Neubauer 1996). The
lodes formed as extension gashes which show an
apparent rotation from NE to NNE-trends during
progressive development (Kurz & Neubauer
1996). Handler & Neubauer (2002) argued that
Au-mineralization is c. 20-18 Ma by dating vein
minerals such as sericite and adularia. The Rotgul-
den ores are confined to the upper portions of
some subordinate Au-quartz lodes where these
reach cover marbles on top of basement gneisses.
The sites of the Rotgulden ores are, therefore,
controlled by the chemical environment. The
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Schellgaden ore bodies are in part epigenetic and
intimately related to extension like the Au-quartz
lodes. Furthermore, these quartzitic ore bodies are
involved in ductile low-angle normal faults that
developed close to the upper margins of the base-
ment gneisses during exhumation of previously
buried crustal units (Amann et al. 1997).

The lodes of the Kreuzeck Mountains post-date
the intrusion of tonalitic to dacitic calc-alkaline
dykes which were dated between 40 and 26 Ma
with the K-Ar method (Deutsch 1984) although
mineralization is largely unrelated to magmatism.
These lode-type Au-Ag ore bodies follow a c.
50 km long east-west-trending zone along the
southern margins of the Kreuzeck Mountains. The
east-west-trending zone containing lodes termi-
nates in a semi-brittle sinistral shear/fault zone
where many old gold mines are known. Detailed
investigations on one major site (Guginock) reveal
that ore occurs as impregnations with considerable
Au abundances within the fault zone (Amann et
al. 2002). The metals of these ore bodies include
Pb, Zn, Cu, Au, Ag in variable proportions. Fluid
inclusion studies display maximum homogeniza-
tion temperatures of c. 400-200 °C (Mali 1996;
Pohl & Belocky 1994, 1998; Homer et al. 1997).
Lead isotopic data constrain variable, distinct,
mostly continental sources, and no inter-linkage
between various hydrothermal systems existed
(Koppel in Weber et al. 1997; Horner et al. 1997).

The timing of ore deposition within the Tauern
window is controlled by post-metamorphic cool-
ing and exhumation through the temperature inter-
val of c. 400-200 °C, as indicated by fluid
inclusions (Pohl & Belocky 1998). Further con-
straints are given by dating of dykes in the
Kreuzeck Mountains where biotites from dykes
linked with ores were dated at c. 20 Ma by the K-
Ar method (Deutsch 1984). Handler & Neubauer
(2002) reported 40Ar/39Ar ages on adularia and
sericite at c. 20-16 Ma. These minerals post-date
ore formation. I propose, therefore, an age of c.
20-18 Ma for the ore-forming event.

The Schlaining deposit includes stibnite veins
within the Rechnitz metamorphic core complex
(Fig. 4). Interestingly, the major veins are oriented
east-west, parallel to the proposed motion direc-
tion of the extruding ALC APA block.

In the Western Carpathians, several types of
Neogene ore deposits are widespread and are
intimately related to orogenic, subduction-related
volcanism (Vityk et al. 1994; Dill 1998; Gatter et
al 1999; Lexa 1999; Lexa et al. 1999; Molnar et
al. 1999). Initial andesitic volcanism is related to
subduction of an ocean (outer flysch basin) during
the Early Miocene, and final silicic volcanism is
associated with back-arc extension and possibly
slab detachment. Nemcok et al. (2000) reported a

regional control on ore veins. Major ore veins
formed parallel to the movement direction during
northeastward extrusion and to NW-SE extension.
Ore deposits are variable and include porphyry Cu
along with high-sulphidation epithermal Au, intru-
sion-related base metal and Au mineralization as
well as epithermal base metal and Au-Ag(-Sb)
veins (e.g. Gatter et al. 1999, Lexa 1999).

In the Eastern Carpathians and Apuseni Moun-
tains, two major ore provinces were formed. These
are the Baia Mare ore province and the Brad ore
province in the Apuseni Mountains, and both are
related to Neogene volcanics and regional faults.
The Baia Mare ore province is associated with the
Drago Voda fault, which represents the northern,
sinistral, confining wrench corridor of the east-
ward extruding Tisia-Dacia block. Grancea et al.
(2002) infer a pluton at depth along the fault. In
detail, the area comprises a number of structures
parallel to the main fault, associated with cross
faults. The principal ore type is epithermal Pb-
Au-Ag veins deposits (e.g. Kovacs 2001; Grancea
et al. 2002; Marcoux et al. 2002). 40Ar/39Ar dating
of adularia and sericite proves a Neogene age for
the magmatism and a younger age (10-11 Ma), by
c. 1.5 Ma, of ore emplacement (Lang et al. 1994).
The Brad ore province in the southern Apuseni
Mountains is related to the emplacement of Neo-
gene volcanic rocks mainly between 14.9 and
9 Ma (Pecskay et al. 1995; Rosu et al. 1997). The
ore deposits are of porphyry Cu-type (Alderton et
al. 1998; Alderton & Fallick 2000) and a related
low-sulphidation epithermal type. The Au deposit
Rosia Montana is related to silicic domes. Major
ore deposits occur along a WNW-ESE-trending
dextral strike-slip fault which is considered to
represent a secondary fault zone that formed with-
in the eastward moving Tisia-Dacia block during
the Neogene (Linzer et al. 1997). Drew & Berger
(2001) showed that magmatism and mineralization
are related to a major transfer zone between sub-
basins within the Neogene Pannonian-Transylva-
nian basin system. My own unpublished structural
data indicate that mineralized extensional veins
trend roughly east-west, again parallel to the
direction of motion of the extruding Tisia-Dacia
block. The ores are unusually rich in gold. Ore
mineralogical, isotopic and fluid inclusion data
constrain their formation as epithermal mineraliza-
tion (Alderton et al. 1998).

Discussion

The data presented above mainly demonstrate two
facts:

1 the Late Cretaceous and Late Palaeogene-
Miocene mineralization in the arcuate ABCD
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mountain belt is a discontinuous process that
mostly relates to particular stages of syn- and
post-collisional tectonic events;

2 the type of mineralization varies strongly
along strike within both the Late Cretaceous
and the Oligocene-Neogene orogenic belts.

Mineralization is often related to magmatism,
which calls into question the origin of the magma-
tism. With respect to collisional coupling of
continental upper and lower plate crust, three
basic situations regarding the generation of mag-
matism can be distinguished in the ABCD belt:
(1) pre-collisional subduction-related magmatism,
(2) syn-collisional slab break-off magmatism, and
(3) syn-/post-collisional back arc extension. Inter-
estingly, longer-lasting subduction-related magma-
tism is strikingly absent in the whole belt,
although subduction of oceanic crust started in the
Jurassic and continued until the Late Eocene-
Oligocene. The nature of 'banatite' magmatism is
uncertain, but the Late Eocene to Early Miocene
magmatism along the Peridriatic fault of the Alps
is interpreted to represent syn-collisional slab
break-off magmatism (von Blanckenburg et al.
1998). The initial stages of Neogene volcanism in
the Western and Eastern Carpathians are often
interpreted as subduction-related magmatism,
although collisional coupling had already oc-
curred. Interpretation as slab break-off magmatism
(Linzer 1996) seems more appropriate because the
slab tear is still visible in mantle tomography
(Wortel & Spakman 2000 and references therein).

For the Late Cretaceous metallogenic belt, the
controls on ore deposit type and distribution by
the ongoing geodynamic process are clear. In the
Alpine-Inner Carpathian area, mineralization is
clearly related to collision and post-collisional
extensional collapse because the timing of miner-
alization post-dates collisional coupling of the
foreland with the overriding Alpine nappe edifice.
Here, early Late Cretaceous collision led to
reorganization of, and changes in, plate motion
directions and subduction continued with the
southeastward subduction of the Penninic oceanic
lithosphere. This was not possible in the east
where the Cretaceous collisional belt was attached
to the Moesian platform. Consequently, slab
break-off appears to be a reasonable mechanism
to explain the specific structural relationships as
these are hosted in a post-collisional setting. The
westward propagation along strike of both mag-
matism and mineralization supports westward
propagation of the tear of the subducted slab
(Fig. 6).

The Oligocene-Neogene Serbomacedonian-
Rhodope metallogenic belt is also a distinct spatial
and temporal belt of magmatism and mineraliza-

tion which mimics the trace of the present-day
Hellenic subduction zone. The magmatism and
mineralization are both closely coincident with the
timing and location of extension, post-dating sub-
duction and subsequent collision of units forming
units now exposed between Rhodope and Aegean
region (e.g. Gauthier et al 1999). Thus the
specific type of collisional magmatism and miner-
alization can also be explained by slab break-off,
which probably migrated from northwest to south-
east as magmatism is apparantly younger in that
direction. The present-day mantle lithosphere may
still record this process, as suggested by seismic
tomography (de Boorder et al. 1998; Wortel &
Spakman 2000), where the northward dipping
Mediterranean oceanic lithosphere is broken and a
thermal dome is visible, underlying the Serboma-
cedonian-Rhodope zone. A similar process prob-
ably occurred in the Alps, as Oligocene intrusions
of tonalite are explained by the same mechanism
(von Blanckenburg & Davies 1995; von Blancken-
burg et al. 1998), but by break-off of the south-
ward-subducted Penninic oceanic lithosphere. This
interpretation is supported by the probable west-
ward migration of magmatism in the Serbomace-
donian-Rhodopian belt which mimics the
westward migration of collision and subsequent
tear of the subducted slab.

Based on modelling and the tomographic work
of Wortel & Spakman (2000), a generalized model
is essentially based on the work of de Boorder et
al. (1998) and Wortel & Spakman (2000 and
references therein), for along-strike migration of
magmatism and mineralization due to slab tear
migration as shown in Figure 6. Van de Zedde &
Wortel (2001) showed recently that slab break-off
could result in an increase of transient temperature
of as much as c. 500 °C and affect lithospheric
levels as shallow as 35 km (see also Fig. 6). The
Late Oligocene to Neogene mineralization in the
Inner Carpathians and Alps can be explained in a
similar way, but it requires a number of complex-
ities. These involve lateral, orogen-parallel extru-
sion due to oblique convergence, collision and
slab break-off processes at the front of the extru-
sional wedges (e.g. Linzer 1996).

The data presented above from the Neogene
mineralization in and around the Tauern Window
show that all the ore deposits were formed during
cooling and exhumation of the Tauern meta-
morphic core complex, which represented an ini-
tially subducted, cool piece of mixed oceanic and
continental crust. The occurrence of mostly sub-
vertical tension gashes argues for a dominant
strike-slip regime during formation. The data
indicate that lodes were formed during tensional
failure in the course of exhumation. Tensional
failure clearly led to open pathways for both
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Fig. 6. Generalized model displaying mineralization associated with post-collisional slab break-off (modified after
Wortel & Spakman 2000), reproduced with permission from Science, 290 (2000), 1910, fig. 4. Copyright 2000
American Association for the Advancement of Science.

uprising metamorphic and descending meteoric
fluids within the still hot crust. Furthermore,
seismic pumping of metamorphogenic fluids may
have contributed to development of brittle fault
systems (Sibson & Scott 1998; Pohl & Belocky
1998). The sources of metals were inferred in
some cases to have their origin in continental
basement rocks. In some cases, lateral secretion
may have largely contributed to metal contents. In
other cases, such as the As-rich Rotgulden ore
deposits, the source of As is unidentified. It is
assumed to have its origin in subducted black
shales (Horner et al. 1997). As a model for the
formation of these ore bodies, we propose that

they formed by initial brittle failure during exhu-
mation of the Tauern metamorphic core complex.
A pre-requisite of formation is the oblique conver-
gence that occurred within a sinistral wrench
corridor (Neubauer et al. 1999). All young ore
bodies along the southern margins of the Kreu-
zeck and Goldeck mountains outside of the Tauern
window may have formed during this stage. This
is indicated by the orientation of palaeostress
fields deduced from structural data from ore
systems. Formation of sub-vertical ore-bearing
tension gashes occurred during updoming of the
central portions with a significant contribution
from indentation of the southern central sectors of
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the Tauern window, as Kurz & Neubauer (1996)
already noted for that area. A hydrothermal fluid
system was established where waters originated
from various sources, both metamorphogenic and
meteoric, as indicated by isotopic data (Prochaska
1993). The Hirzalpe-Schiedalpe-Kloben type
was formed during indentation and rotation of the
eastern and western sectors of the Tauern window.
Thus, these lodes result from tensional stresses
along the northern margins of the Tauern window.

Conclusions

The data presented above allow following general
conclusions to be drawn for late-stage, orogenic
mineralization within the ABCD belt.

(1) Orogenic mineralization is limited to mainly
two periods, Late Cretaceous and Late Palaeo-
gene-Miocene, and thus represents a discontinu-
ous process, which mainly relates to particular
stages of syn-collisional tectonic events.

(2) The type of mineralization varies strongly
along strike within both the Late Cretaceous and
the Oligocene-Neogene orogenic belts, with
mainly magmatic-hosted mineralization in the
Carpathian, Dinaride and Balkan-Rhodopian sec-
tors, and mainly metamorphogenic mineralization
in the Alps.

(3) In the ABCD region, the principal miner-
alization is syn- or immediately post-collisional
with respect to the country rocks.

(4) The distinction of subduction-related mag-
matism and slab break-off magmatism is often
ambiguous. Calc-alkaline magmatism is post-colli-
sional relative to the country rocks, arguing in
favour of a genesis by slab tear.

(5) Slab break-off is a principal tectonic process
which is able to explain the post-collisional origin
of magmatism and mineralization in the eastern
sectors of the ABCD belt, both during the Late
Cretaceous, Oligocene-Neogene and the Quatern-
ary. A strong argument is the lateral, along-strike
migration of magmatism and its syn- to post-
collisional nature relative to collisional coupling
of upper and lower continental plates.

(6) The locations of many Oligocene and
Neogene ore deposits of the Alps and Inner
Carpathians are controlled by the presence of
large-scale faults due to the indentation process.
Many ore veins are parallel to the principal motion
direction of intruding and extruding blocks.
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Abstract: Polymetamorphic schists and marbles of the Austroalpine Kreuzeck-Goldeck
Complex are the host to auriferous arsenopyrite-pyrite as well as stibnite mineralization. In the
Siflitz-Guginock area both types of mineralization are closely related spatially, but restricted to
different lithologies. The auriferous arsenopyrite-pyrite mineralization is either disseminated or
bound to quartz veins and strongly silicified fault-zones hosted in phyllites to (garnet-)
micaschists. Similar disseminations within marbles are of minor importance. A stockwork-like
mineralization of stibnite-filled fractures with weak metasomatic replacement is limited to
marbles.

Both types of mineralization in the Kreuzeck-Goldeck Complex are intimately related to
roughly east-west-trending semi-ductile to brittle strike-slip faults which formed during
orogen-parallel wrenching. Semi-ductile to brittle kinematic indicators point to dextral, as well
as sinistral, modes of fault movements, coeval with the formation of pyrite-arsenopyrite-
bearing quartz veins, as well as the intrusion of Oligocene lamprophyre dykes. Mineralizing
fluids are suggested to be derived from devolatilization of the subducted Penninic upper crust.
Fluid ascent and ore precipitation is controlled by a transpressive strike-slip regime related to
oblique terrane accretion during the Late Eocene to Oligocene.

Subsequent development of a Late Oligocene-Early Miocene pure shear regime with
contraction trending (N)NE—(S)SW led to the development of conjugate NW-SE dextral and
NE-SW sinistral brittle strike-slip faults, and overprinting by ESE-WNW oriented extension.
These later events are related to the formation of auriferous mineralization from within the
metamorphic core complex of the Tauern Window to the north of the Kreuzeck-Goldeck
Complex, hence implying a significant change in spatial, temporal and structural control of
Tertiary auriferous mineralization in the Eastern Alps.

Late tectonic gold mineralization within the Alps gold district in the Western Alps provided ages
is a consequence of oblique continent-continent ranging between 31.6 and 10.6 Ma (Pettke et al.
collision during the late Palaeogene, when the 1999). These lodes are spatially related to post-
Penninic microcontinent collided with the Cretac- metamorphic high-K lamprophyres, providing, re-
eous Austroalpine nappe complex, and subsequent spectively, K-Ar whole-rock ages of 31.6 ±
uplift and exhumation of Penninic continental and 1.3 Ma (Dal Piaz et al. 1973) and K-Ar biotite
oceanic crust within metamorphic core complexes. ages of 32.7 ± 1.4 Ma (Diamond & Wiedenbeck
Enhanced permeability along zones of structural 1986). These age relationships, combined with the
weakness led to the formation of various styles of results of isotopic investigations (Pettke & Frei
exclusively mesothermal gold deposits within 1996; Pettke & Diamond 1997; Pettke et al.
these metamorphic core complexes, such as the 1997), led to the conclusion that mineralizing
Monte Rosa gold district of the Western Alps or hydrothermal fluids were derived from meta-
the Tauern gold district of the Eastern Alps (Fig. morphic devolatilization of Mesozoic (Penninic)
la). Gold-rich porphyry-type deposits are not calc-schists at a deeper structural level (Pettke et
known to occur in the Alps. al. 1999).

40Ar/39Ar dating of hydrothermal muscovite The close association between lamprophyres
from mesothermal gold lodes of the Monte Rosa and mesothermal gold mineralization has been

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 103
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 103-117.
0305-8719/02/$ 15.00 c The Geological Society of London 2002.
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Fig. 1. (a) Tectonic sketch map of the Eastern Alps (modified after Neubauer et al. 2000). Shaded areas, labelled A,
B, C, and D mark the position of different mesothermal gold deposits within the Penninic Tauern Window and the
Kreuzeck-Goldeck Au-Ag-Sb district. DF, Drau Fault; MF, Molltal Fault; PAL, Periadriatic Lineament with GF.
Gailtal Fault, (b) Enlarged view of the Kreuzeck-Goldeck Complex to the south of the Tauern Window showing the
distribution of major faults, Palaeogene to Miocene dykes and epigenetic mineralization of the Kreuzeck-Goldeck
Au-Ag-Sb district (modified after Weber 1997).

known since the early twentieth century
(McLennan 1915). Fundamental work published in
the late 1980s to early 1990s showed, however,
that there is no direct genetic link between the
mesothermal gold deposits and lamprophyre em-
placement, but they both share the same geody-
namic regime, forming broadly simultaneously
during uplift and decompression following oblique
terrane collision (e.g. Wyman & Kerrich 1988,
1989; Kerrich & Wyman 1990, 1994).

According to Kerrich & Wyman (1994), some
of the typical features of the gold-lamprophyre
association are:

1 a close spatial and temporal relationship of
gold mineralization to the emplacement of
subduction-related shoshonitic lamprophyres
during uplift and exhumation following con-
tinent-continent collision;

2 lamprophyres with intraplate geochemical
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signatures are not known to be associated
with gold deposits;

3 both shoshonitic lamprophyres and associated
gold mineralization are spatially and tempo-
rally linked to zones of strike-slip displace-
ment following oblique terrane collision;

4 mineralization and dyke emplacement closely
follow peak metamorphism in the host rocks.

In contrast to the Monte Rose gold district,
mesothermal gold lodes from within the Tauern
Window of the Eastern Alps (Tauern gold district:
Ebner et al. 2000 and references therein; Fig. la)
are not associated with lamprophyres. Various
styles of mineralization, include:

1 auriferous NNE-SSW-trending, sub-vertical,
sulphide-bearing extensional quartz veins
(Tauern gold-quartz veins) and shear zones
in the central Tauern Window (Feitzinger &
Paar 1991; Kurz et al. 1994);

2 ore impregnations within fold hinge zones,
gold-bearing tension gashes and irregular,
gold-bearing replacement bodies of the Rot-
gulden sub-district at the northeastern part of
the Tauern Window (Horner et al. 1997);

3 Au-Pb-Cu-W-rich quartz layers along low-
angle normal faults, sub-concordant to host
rock foliation, and Au-Pb-Cu-rich, (N)NE-
(S)SW-trending, sub-vertical quartz veins at
the eastern border of the Tauern Window
(Type II and type III ore-bodies of the
Schellgaden sub-district; Amann et al. 1997).

All of these deposits post-date the peak of Late
Oligocene metamorphism of the Penninic units
now exposed in the Tauern Window. They are
hosted by tensional structures related to rapid
uplift and exhumation of the Tauern Window
metamorphic core complex during NNE-SSW-
oriented contraction and hydrothermal activity due
to increased heat flow that is attributed to the
same process (Pohl & Belocky 1994; Fugenschuh
etal 1997; Sachsenhofer 2001).

Mesothermal gold and stibnite mineralization
within the Austroalpine nappe complex to the
south of the Tauern Window differs significantly
from the well-known deposits within the Tauern
Window and, despite several publications describ-
ing them in detail (e.g. Weber 1989; Mali 1996), a
comprehensive geodynamic interpretation of the
former was not available until now. Analogous to
the situation at the Monte Rosa gold district, this
mineralization is spatially related to Oligocene
lamprophyre dyke swarms. Based on new structur-
al data from small prospects in the eastern
Kreuzeck-Goldeck Complex, we discuss the pos-
sible relationships, respectively, between this me-

sothermal gold and stibnite mineralization and the
tectonometamorphic evolution of the subducted
Penninic microcontinent, as well as Oligocene
lamprophyre dyke swarms within the Austroalpine
nappe complex (Deutsch 1980). Previous age and
orientation data for lamprophyre dykes in the
Kreuzeck-Goldeck Complex (Muller et al. 1992),
together with new structural data, will be used in
this study to establish a time-frame for the succes-
sion of tectonic events and associated ore forma-
tion in the Kreuzeck-Goldeck Complex.

Geological setting

The Austroalpine nappe complex of the Eastern
Alps comprises a continental basement-cover
nappe pile, which received its general internal
nappe structure during Cretaceous orogenic events
(Neubauer et al 2000 and references therein).
Subsequent subduction and closure of the Piemon-
tais ocean after the Early Eocene led to collision,
and underplating, of the Penninic microcontinent
with the combined Austroalpine-Adriatic micro-
plate. Uplift and exhumation of Penninic units in
the Tauern Window resulted from indentation of
the Southalpine (Adriatic) indenter, tectonic un-
roofing along upper margins of Penninic se-
quences and the eastward extrusion of an
Austroalpine tectonic wedge (Neubauer et al.
2000 and references therein).

The triangular shaped Kreuzeck-Goldeck Com-
plex (Fig. 1) is part of the polymetamorphic
Austroalpine crystalline basement, located south
of the Tauern Window. Its northeastern boundary
is marked by the dextral Molltal Fault, trending
NW-SE, whereas the northwestern boundary is
defined by the sinistral Drautal Fault, trending
NE-SW. To the south, the basement of the
Kreuzeck-Goldeck Complex is overlain by the
Austroalpine, Permo-Mesozoic cover sequences of
the Drau Range (Fig. Ib). The dextral Gailtal
Fault, trending ESE-WNW and part of the Peria-
driatic Lineament, separates the combined Kreu-
zeck-Goldeck Complex and Drau Range from the
Southalpine units (Fig. Ib).

A Variscan amphibolite-facies metamorphic
event in the northern Austroalpine basement of
the Kreuzeck-Goldeck Complex occurred at
c.340 Ma (Hoke 1990 and references therein). In
contrast, the southernmost parts of the complex,
immediately north of the Drau Range, reached
only greenschist facies conditions during the late
Variscan (c. 310 Ma; Neubauer, unpublished data).

The Variscan metamorphic overprint was super-
imposed by a Cretaceous metamorphic event.
Amphibolite facies conditions were attained,
again, only in the northernmost parts of the
Kreuzeck-Goldeck Complex (Deutsch 1988;
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Hoke 1990; Thoni 1999) and are indicated by
white mica K-Ar cooling ages of c. 100-80 Ma
(Hoke 1990). Further south, Cretaceous peak
metamorphic conditions gradually decrease from
greenschist facies to areas where Cretaceous meta-
morphic overprinting cannot be observed. K-Ar
cooling ages of c. 105 Ma have been obtained for
the areas affected by Cretaceous greenschist facies
metamorphism (biotite coexisting with undis-
turbed Variscan muscovite; Brewer 1970).

Tertiary metamorphism is restricted to the
Penninic units of the Tauern Window and the
lowermost Austroalpine units framing the window.
Ar/Ar dating of white mica from eclogites in the
central southern Tauern Window provided ages for
subduction related high-pressure-low-temperature
metamorphism ranging between 38 and 32 Ma
(Zimmermann et al. 1994; Thoni 1999; Handler
et al. 2001). Only locally preserved, this meta-
morphic event was superimposed by a Harrovian-
type metamorphic event with peak conditions of
7-9 kbar and 490-560 °C in the northeastern part
of the window (Kruhl 1993) and 6.6-7.6 kbar and
490-630 °C in the southeastern part of the win-
dow (Droop 1985). An age range of 30-27 Ma
was obtained for this later event by Rb-Sr dating
of phengite (Inger & Cliff 1994). The onset of
rapid exhumation of the Penninic units within the
Tauern Window is documented by the partial
resetting of white mica 40Ar/39 Ar age spectra at c.
22 Ma (Liu et al. 2001).

A notable feature of the Kreuzeck-Goldeck
Complex is the occurrence of undeformed, post-
metamorphic lamprophyre dykes. Muller et al.
(1992) distinguished two age groups, which
have different geochemical characteristics and
structural orientation. A first set of amphibole-
bearing, shoshonitic/high-K calc-alkaline lampro-
phyres, together with calc-alkaline basaltic
dykes, is dated at 36 ± 1 Ma by the K-Ar
method. These dykes show a bimodal orienta-
tion, trending either east-west or NNW-SSE
(geochemical groups 1 and 5 of Muller et al.
1992). A second set of alkaline and phlogopite-
bearing shoshonitic lamprophyres, with K-Ar
and Rb-Sr ages clustering at 30 ± 2 Ma, have a
single orientation, trending (N)NE-(S)SW (geo-
chemical groups 2-4 of Muller et al. 1992;
Deutsch 1984). Together with similar dykes that
occur near the Periadriatic Lineament, the dykes
in the Kreuzeck-Goldeck Complex have been
interpreted as an expression of a slab breakoff
following partial subduction of the Penninic
microcontinent (von Blanckenburg & Davies
1995; von Blanckenburg et al. 1998).

The metamorphic basement of the Kreuzeck-
Goldeck Complex is characterized by a great
number of mainly small, epigenetic mineral de-

posits forming together the Kreuzeck-Goldeck
Au-Ag-Sb district (Fig. la, b) including:

1 silver-rich, base metal-bearing veins in the
central part of the Kreuzeck-Goldeck Com-
plex, which are spatially closely related to,
but post-dating, dykes of undeformed quartz
porphyrite (Feitzinger et al. 1995) with K-Ar
ages of 30-40 Ma (Deutsch 1984);

2 shear zone-related, mesothermal gold lodes;
3 shear zone-related antimony deposits (Weber

1989; Mali 1996; Cerny et al. 1997), which
are both concentrated along the southern
margin of the Kreuzeck-Goldeck Complex-
the antimony deposits of the southwestern
Kreuzeck-Goldeck Complex are structurally
controlled by the WNW-ESE-trending Isel
Fault (Weber 1989) and at least one of these
deposits shows the occurrence of a nearby
lamprophyric dyke hosted by the same fault
system (Lahusen 1972).

We now focus on the less well-known mesother-
mal gold lodes and antimony occurrences of the
eastern Kreuzeck-Goldeck Complex.

Mineralization in the eastern Kreuzeck-
Goldeck Complex

Structurally controlled gold and stibnite minerali-
zation is documented from several areas of the
eastern Kreuzeck-Goldeck Complex. The most
important locations are the abandoned Siflitz
mining area to the north, and the Guginock
mining area to the south of the Siflitz valley (Fig.
2). In addition to these historical mining areas,
several ore showings were discovered along the
Siflitz valley during fieldwork in 1995 (Fig. 2).

In the Siflitz mining area, more than 100 adits
and pits are scattered over an area of 1200 X
600m at 880-1370 m above sea level (Hiess-
leitner 1949). Three parallel shear zones trending
ESE-WNW, each of them several metres wide,
contain quartz-carbonate cataclasites within gra-
phitic schists. Steeply plunging ore shoots, which
are parallel to the shear zones, are composed of
closely spaced quartz veins, up to 30 cm wide
(Fig. 3a), and veinlets with abundant visible gold
associated with arsenopyrite, pyrite, traces of
chalcopyrite and fine-grained rutile/anatase (Paar
1995).

The stibnite and auriferous arsenopyrite-pyrite
mineralization at Guginock is situated along the
western flank of the Goldeck Mountains, east of
Lind im Drautal, and to the south of the east-
west-trending Siflitz valley, which marks the
transition between Variscan amphibolite and
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Fig. 2. New geological map of the Siflitz-Guginock area, displaying the location of the Siflitz mining area (oblique
hatching), the Guginock mining area (Fig. 5) and surface outcrops of auriferous arsenopyrite-pyrite quartz veins
along the Kaiser and Silflitz valleys.

greenschist facies metamorphism. The stibnite
mineralization was mined here for antimony dur-
ing the seventeenth century. An exploration drift
was constructed in 1922 to undercut the antimony
mineralization. However, instead of finding the
continuation of the marble-hosted stibnite ore, an
extensive zone of Au-As mineralization was
encountered. The Au-As mineralization occurs in
phyllites at the boundary with the marbles and
was traced in another adit for more than 20 m
along strike. During exploration in 1995, channel
sampling across the 12 m thick mineralized phyl-
lite yielded samples of the disseminated miner-
alization containing 4.4 to 7.7 ppm Au (average
6.3 ppm). Diamond core drilling (three boreholes
with a total length of 260 m) along the structure
proved the lateral extension of the mineralization.
The best results were obtained in drill hole GU-1
(Fig. 4), where grades of between 1.7 and 6.3 ppm
Au (average 3.4 ppm) were detected in a 10m
thick section.

Lithologies and structures

The area investigated (Fig. 2) is characterized by
various dark, locally graphitic phyllites, which
grade into micaschists towards the north. Three
east-west- to ENE-WSW-trending zones of
banded to massive marbles, which are in a basal
stratigraphic position, occupy the cores of large
anticlines trending east-west to ENE-WSW. Rare
crinoids imply a Silurian-Devonian sedimentation
age for the marbles (Deutsch 1988). A Late
Devonian sedimentation age for the phyllites is
indicated by the poorly preserved conodont fauna

within marble intercalations (Heinz 1987). Small
lenses of amphibolite and garnet-micaschist are
restricted to the vicinity of the Siflitz valley and
its eastern extension, the Kaiser valley (Fig. 2).

Within the area, a complex sequence of defor-
mation events is observed. The penetrative folia-
tion is parallel to lithological boundaries. Poles of
the foliation (S1) show a well-developed great
circle distribution with sub-horizontal east-west-
trending fold-axes (Fig. 5a). The S-C fabrics,
expressed in sections parallel to the stretching
lineation (L1), imply a top-to-WSW movement
(Fig. 5b).

The penetrative foliation (Si) is affected by
small-scale tight to isoclinal F2 folds with axes
trending east-west to ENE-WSW (Fig. 5c).
These folds are overturned to recumbent, face
NNW, and often show sheared off overturned
limbs that indicate top-NNW thrusting and fold-
ing. Locally occurring F3 folds are open to tight,
face NNE, and are characterized by a non-
penetrative, sub-horizontal axial plane foliation
(S3; Fig. 5d). Both east-west to ENE-WSW-
trending F2 folds and ESE-WNW-trending F3

folds contribute to the average north-south-
oriented great circle distribution of Si poles.
Open to tight F3 folds are spatially connected
with sub-vertical, ENE-WSW-trending semiduc-
tile to brittle strike-slip faults. One of these faults
can be traced for several kilometres from Gugi-
nock, where it follows the footwall of the south-
ernmost marble anticline, towards Schwandlhutte,
where it follows the footwall of the middle
marble anticline, and further towards the ENE-
WSW-trending Kaiser valley (Fig. 2). Semiduc-
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Fig. 3. (a) Native gold and arsenopyrite, pyrite (asp, py) bearing quartz vein (qz) cross-cut by late quartz-carbonate
veinlets (Siflitz mining area), (b) Stockwork-like Sb mineralization of stibnite (stb) following fractures with minor
metasomatic replacement within a marble (Guginock mining area), (c) Banded, strongly silicified ('quartzitic')
auriferous arsenopyrite ore (exploration drift, Guginock mining area), (d) Strongly deformed 'quartzitic' ore
containing auriferous arsenopyrite (grey), rounded fragments of silicified host rock (hr) and quartz gangue (white)
(exploration drift, Guginock mining area).

tile shear sense indicators (S-C and ecc fabrics)
within the fault zone indicate dextral movements
along the fault and imply a contraction oriented
approximately NW-SE to WNW-ESE (Fig. 5e;
D4a).

In contrast to this event, S-C and ecc fabrics
along faults trending (WN)W-(ES)E imply sinis-
tral semiductile fault movements and thus a con-
traction oriented approximately NE-SW (Fig. 5f;
D/jb). Evaluation of fault data follows methods
described, for example, in Angelier (1994).

Slickenside data show a succession of several
stages of brittle deformation. A first stage com-

prising fault sets oriented WNW-ESE related to
sub-horizontal contraction seems to represent late
stages of dextral strike-slip movements along
ENE-WSW trending faults (Fig. 5e; D4a). A
N(NE)-S(SW)-oriented sub-horizontal contraction
led to the development of a conjugate set of
(N)NW-(S)SE-trending dextral and NE-SW
trending sinistral strike slip faults cutting the
ENE-WSW trending faults (Fig. 5g; D4c). Over-
printing criteria of slickenside striations indicate a
final stage of extension oriented NW-SE due to
an exchange of 1 and 2 orientations (Fig. 5h;
D4d).
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Fig. 4. (a) Geological map of the Guginock area, plan-view projection of the exploration drift and positions of
accompanying Sb workings. A succession of brittle fault movements at the Guginock exploration drift is shown as
stereographic projections of slickensides. (b) Schematic cross-section A-A' along diamond core drill hole at survey
point 'GU-1'.
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Fig. 5. Succession of deformation events in the Siflitz-Guginock area, (a) Poles of penetrative foliation, (b)
Stretching lineation on penetrative foliation, (c) Axis of isoclinal folding, (d) Axis (asterisks) and axial plain foliation
(dots) of open to tight folding, (e, f) Orientation of faults, ore-bearing quartz veins and slickensides associated with
semiductile to brittle fault movements. Data were obtained respectively, from the ore showings along the Siflitz
valley and the Kaiser valley (compare Figure 2). (g, h) Slickensides accompanied by brittle strike-slip and normal
fault movements. All plots are stereographic projection, lower hemisphere.

Guginock mining area

The NNE-SSW-trending Guginock exploration
drift has its entrance within phyllites approxi-
mately 600 m to the NE of the Lindner Alm (Fig.
2), in the immediate footwall of the southernmost
marble anticline. The adit exposes the contact
between the phyllites and (overturned) lower limb
of the marble anticline (Fig. 4). This contact is
characterized by small-scale east-west-trending,
north-facing recumbent folds (Fs), intense silicifi-
cation of the phyllites and overprinting by an
east-west-trending, sub-vertical fault gouge of a
regional fault zone trending east-west. The dis-
seminated pyrite and arsenopyrite mineralization
is most strongly developed within the phyllites in
the immediate vicinity of the contact zone and
shows, within a few metres, a gradual decrease in
intensity towards the north. In contrast, phyllites
at the entrance of the gallery are not mineralized.
Subordinate disseminated pyrite and arsenopyrite
within the marble is restricted to a zone several

decimetres wide in the immediate vicinity of the
contact zone.

Overprinting criteria on slickenside striations
from the gallery indicate at least two stages of
brittle deformation along the contact fault (Fig.
4a). An early stage shows oblique normal move-
ments towards the NE to ENE. Sulphide-filled
tensional joints trending NW-SE are interpreted
as having formed at this stage. According to the
similar orientation of the sub-horizontal extension
direction ( 3), this stage is probably related to
D4a. A second stage of brittle deformation, affect-
ing the strongly silicified contact zone and thus
postdating ore formation, shows sub-horizontal
contraction trending NE-SW, leading to sinistral
movements along the boundary fault analogous to
D4b indicated by surface data.

To the south of the Guginock gallery, and at a
slightly higher topographic level, four pit-traces
trending more or less SE-NW are situated within
the marbles of the southernmost anticline. Ore
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samples from small dumps show stockwork-like,
stibnite-filled fractures with weak metasomatic
replacement (Fig. 3b). The workings within the
marble are not accessible any more, hence the
structural setting of the Sb mineralization remains
unconstrained. Analogous stibnite deposits occur-
ring further to the west provide better accessibility.
They are arranged along splays of the WNW-
ESE trending Isel Fault (Fig. Ib). Here, ore-
bearing veins and breccia zones trend east-west
to (S)SE-(N)NW (Weber 1989), suggesting that
the formation of the stibnite mineralization was
controlled by the same stress field as the c. 36 Ma
lamprophyre dykes and the auriferous arsenopyr-
ite-pyrite mineralization at Guginock (D4a).

Mineralogy

The ore mineralogy exposed in the Guginock
exploration drift is rather monotonous and consists
predominantly of arsenopyrite, pyrite and traces of
marcasite, galena, stibnite and rutile/anatase. Ar-
senopyrite occurs as elongated, needle-shaped
crystals (10 X 100 m in dimension) and is nor-
mally associated with pyrite which shows a weak
chemical zonation. Small inclusions of stibnite,
with an orientation parallel to former growth
planes of pyrite, are frequently observed and are
indications of a close genetic relationship between
the Au-As and Sb mineralization. Drill cores
from hole GU-1 exposed a strongly mineralized
breccia zone (59 m from surface) containing clasts
of sulphides (mainly pyrite) and quartz gangue
and a matrix of, again, mainly pyritic ore.
Strongly fragmented pyrite clasts within the brec-
cia ore are healed by bournonite and galena which
contains inclusions of Pb-Sb sulphosalts (jameso-
nite, boulangerite; Paar 1995). Slices of host-rock

phyllite within the breccia zone are strongly
silicified, containing disseminated sulphides
(mainly pyrite). Less common is a weak chloriti-
zation accompanied by the occurrence of dissemi-
nated arsenopyrite. The phyllite in the footwall of
the breccia zone shows decreasing intensity of
silicification and pyritization with increasing dis-
tance from the breccia zone. At the Guginock
exploration drift the sulphides appear in banded
'quartzitic' ore along the strongly silicified contact
between the phyllite and the marble (Fig. 3c), and
as fine-grained disseminations further away from
the contact. Breccia zones within the 'quartzitic'
ore contain rounded fragments of silicified hos-
trock giving evidence for a mineralization contem-
poraneous with fault activity (Fig. 3d).

The gold concentrations of the Au-As ore can
be assigned to invisible (refractory) gold, whereas
visible gold is extremely rare and restricted to
oxidized portions of the sulphides. A detailed
investigation of the gold distribution in the sul-
phides, using an ion microprobe, showed a varia-
tion of the gold content for arsenopyrite between
32 and 160 ppm (6 grains) and 13-24 ppm Au for
pyrite (3 grains).

Despite the present inaccessibility of the work-
ings, extensive data on the mineralogy, fluid
inclusions and isotope composition are available
for the Guginock Sb mineralization (Table 1)
which is dominated by coarse-grained stibnite.
Similar occurrences elsewhere in the Kreuzeck-
Goldeck Complex show that the paragenetic se-
quence generally starts with an auriferous arseno-
pyrite-association followed by a base metal
paragenesis with chalcopyrite, bournonite, tetrahe-
drite, chalcostibnite, jamesonite, boulangerite, ga-
lena and sphalerite and is dominated by late stage
stibnite (Cerny et al 1997).

Table 1. Chemical and isotopic characteristics of the Guginock Sb mineralization

Trace elements
Sb in galena
Bi in galena
Fluid inclusions
Chemistry
Salinity (wt% NaCl equiv.)
Th (°C)
Hydrogen & oxygen isotopes

D% (SMOW)
518O%o (SMOW)
Sulphur isotopes

34S (CDT%o)
Lead isotopes
206pb/204pb

207pb/204pb

208pb/204pb

lOOOppm
50 ppm

H2O, C02 ± CH4

22-24
121-234

-44 to -63
+ 12

+3.0 to +3.9

18.773 ±0.014
15.715 ± 0.016
38.365 ± 0.054

Mineral

Galena
Galena

Quartz gangue
Quartz gangue
Quartz gangue

Quartz gangue
Quartz gangue

Stibnite

Stibnite
Stibnite
Stibnite

Reference

Schroll 1954
Schroll 1954

Mali 1996
Mali 1996
Mali 1996

Mali 1996
Mali 1996

Cemyetal. 1981

Koppel 1997
Koppel 1997
Koppel 1997
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Arsenopyrite bearing quartz veins of the
Siflitz valley and the Kaiser valley

The Kaiser valley is an eastward extension of the
Siflitz valley and exposes a semiductile strike-slip
fault trending ENE-WSW (Fig. 2). Outcrops of
lens-shaped massive sulphide bodies, as well as
arsenopyrite-bearing quartz veins several centi-
metres wide, accompanied by pyritization, chlor-
itization and silicification of the phyllites, occur at
several sites along this fault. The orientation of
subvertical arsenopyrite-bearing quartz veins (Q4a)
trending (W)NW-(E)SE, arranged at the outer
portions of the fault, coincides with dextral move-
ments along the fault, indicated by S-C and ecc
fabrics (Fig. 5e). The significance of the massive
sulphide bodies occurring nearby is not comple-
tely resolved, but they might represent a synge-
netic mineralization similar to other occurrences
within the Kreuzeck-Goldeck Complex (Wallner
1981) and are not considered further here.

Similar occurrences along the Siflitz valley
show a slightly different structural setting. Unde-
formed arsenopyrite- and locally scheelite-bearing
quartz veins are arranged parallel to host rock
schistosity, moderately dipping to the SE. The
quartz veins are located in the vicinity of a
semiductile strike-slip fault trending ESE-WNW.
S-C fabrics and the orientation of the quartz veins
(Q4b) indicate sinistral transpressive movements
due to NE contraction (D4b) along the fault (Fig.
5f).

Discussion

Ductile deformation structures, like those formed
during D1 and D2 stages, require at least green-
schist facies metamorphic conditions. This is
recorded for both Variscan and Cretaceous times
in the Kreuzeck-Goldeck metamorphic complex.
Similar structures in the western Kreuzeck-Gold-
eck Complex provide Variscan ages (c. 310 Ma;
Neubauer, unpublished data). Furthermore, ac-
cording to the geochronological data provided by
Deutsch (1988), the Guginock and Siflitz mining
areas are located outside the area affected by the
Cretaceous greenschist facies metamorphic over-
print. The relationship between D3 folding and
semiductile strike-slip shear zones (D4a,4b events)
is difficult to establish. D3 folding does, however,
show a clear spatial relationship to semiductile
strike-slip faults (D4a,4b) and might be connected
to local sub-vertical flattening of previously buried
metamorphic rocks due to possible Cretaceous
exhumation of underlying units within a transpres-
sional strike-slip regime. Similar structures of
Cretaceous age are known elsewhere in the Aus-

troalpine nappe complex (Hoke 1990; Neubauer et
al. 2000 and references therein).

Semiductile strike-slip movements indicate both
NW-directed (D4a) and NE-directed contraction
(D4b) which are linked to the opening of ore-
bearing quartz veins. Whereas extensional quartz
veins trending NW-SE opened during NW-direc-
ted contraction are sub-vertical, those opened
during NE-directed contraction reactivated the
host-rock foliation that dips moderately to the SE,
which indicates a strongly transpressive strike-slip
regime. Sub-horizontal NW-directed contraction
during D4a coincides with both the orientation of
tensional structures hosting the stibnite minerali-
zation along the Isel Fault (east-west and
(N)NW-(S)SE-trending, respectively) and the bi-
modal orientation (east-west and NNW-SSE-
trending, respectively) of the older generation of
lamprophyre dykes in the Kreuzeck-Goldeck
Complex (Fig. 6a). K-Ar ages of these dykes
(36 ± 1 Ma; Muller et al. 1992) suggest a Late
Eocene to Early Oligocene time for D4a deforma-
tion and hence, mineralization. Lamprophyres of
this older age group show geochemical features
which are typical for subduction or slab break-off
related magmas (Muller et al. 1992; von Blanck-
enburg et al. 1998). Both NW-SE contraction
during D4a and NE-SW contraction during D4b
show a transition from semiductile to brittle
deformation and the orientation of the principal
axes of the stress ellipsoid remains more or less
constant. Both events are related to the formation
of ore-bearing quartz veins, which are only distin-
guishable by their different orientations. It is quite
likely that D4a and D4b are spatial and/or temporal
deviations of the same general stress field. We
interpret this stress field to be related to (oblique)
southeastward subduction of the Penninic micro-
continent and the change from NW-SE to NE-
SW contraction as a consequence of stress release
due to slab break-off.

Subsequent development of conjugate brittle
NE-SW-trending sinistral and NW-SE-trending
dextral strike-slip faults points towards a more
pure shear-like deformation regime under (N)NE-
(S)SW oriented contraction (D4c). Finally, ongoing
uplift and exhumation of the whole area caused a
shift in 02 -03 orientations, due to a decrease in
lithostatic pressure, leading to the development of
normal faults trending NE-SW (D4d). K-Ar and
Rb-Sr ages of the younger, (N)NE-(S)SW-trend-
ing lamprophyric dykes (30 ± 2 Ma; Deutsch
1984; Muller et al. 1992) tentatively provide an
age for (late) D4b and/or D4C (N)NE-directed
contraction, or for the D4d extension, respectively
(Fig. 6b, c). Geochemical features of these young-
er dykes are transitional between subduction-
related and within-plate characteristics (von
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3) Late Eocene to Early Oligocene
(Oblique subduction of Penninic Microcontinent;
High heat-flow and mineralization concentrated at the KGC)

b) Oligocene
(Slab break-off, re-organization of regional stress-field
and initiation of uplift and exhumation of the Tauern Window)

C) Late Oligocene to Early Miocene
(Rapid uplift and exhumation of the Tauern Window;
High heat-flow and mineralization within the
metamorphic core complex)

Fig. 6. Suggested development of Austroalpine crustal blocks between the Tauern Window and the approaching
Southaipine indenter during the Palaeogene (strongly modified after Neubauer et al. 1999, 2000). KGC, Kreuzeck-
Goldeck Complex; PAL, Periadriatic Lineament; TGD, Tauern Gold District.
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Blanckenburg et al. 1998). D4c and D4d clearly
post-date mineralization in the Kreuzeck-Goldeck
Complex, but appear structurally related to the
formation of mesothermal auriferous quartz veins
from within the metamorphic core complex of the
Tauern Window (Feitzinger & Paar 1991; Kurz et
al. 1994; Amann et al. 1997; Homer et al. 1997).

The structural evolution of the investigated part
of the Kreuzeck-Goldeck Complex reflects the
large-scale geodynamic evolution of the Eastern
Alps during the Tertiary which is related to
Eocene accretion of the Penninic microcontinent,
post-collisional indentation of the Southalpine
(Adriatic) indenter and formation of associated
fault systems (e.g. Ratschbacher et al. 1991;
Frisch et al. 1998; Neubauer et al. 1999, 2000 and
references therein). The Eocene dextral transpres-
sion along faults trending east-west has until now
only been locally identified (e.g. Ring et al. 1989;
Eder & Neubauer 2000). More obvious is the
inversion of slip to sinistral displacement along
these faults.

The suggested temperatures of gold mineraliza-
tion in the Kreuzeck-Goldeck Complex (320-
350 °C according to Cerny et al. 1997), which are
well within the normal range of mesothermal gold
deposits (McCuaig & Kerrich 1998), the connec-
tion of auriferous arsenopyrite-pyrite mineraliza-
tion in the Siflitz-Guginock area with lateral
movements within an oblique collisional regime,
and their close spatial and temporal relationship to
lamprophyre emplacement, show some remarkable
similarities with the 'classical' mesothermal
gold-lamprophyre association (e.g. Kerrich &
Wyman 1994) and with orogenic gold mineraliza-
tion elsewhere (Groves et al. 1998; Goldfarb et al.
2001).

Following the classification scheme of Dill
(1998) the Sb mineralization in the Kreuzeck-
Goldeck Complex may be specified as a Type I
shear-zone hosted (sediment-hosted) mesothermal
Sb deposit. Stable isotopic data and CH4 contents
of fluid inclusions from the Guginock Sb miner-
alization (Table 1; Mali 1996; Cerny et al. 1997)
point towards reducing metamorphic fluids as the
mineralizing agent. The elevated 18O values rule
out a magmatic fluid source. According to the
model proposed by Fyfe & Henley (1973), meta-
morphogenic mineralizing fluids generate aqueous
fluids with variable amounts of CO2, CH4 and N2

due to devolatilization under epidote amphibolite-
and amphibolite-facies conditions (c. 480-580 °C;
4-5 kbar). During their ascent towards higher
crustal levels these fluids take up other elements
such as Au and/or Sb which are later precipitated
in dilational structures.

Cretaceous metamorphism cannot have pro-
duced metamorphogenic fluids leading to ore

precipitation along Oligocene structures. The only
possibility to produce such fluids is due to
devolatilization of subducted Permo-Mesozoic
volcanosedimentary successions of Penninic units.
On the other hand, lead isotopic data from similar
Au-As and Sb- (As-, Au-, Pb-, Cu-) mineral
deposits of the Kreuzeck-Goldeck Complex show
elevated 207Pb/204Pb and 208Pb/204Pb ratios
(Koppel 1997) which are typical for the entire
Austroalpine nappe complex (Koppel 1983). The
only exception to this general picture is the
Guginock Sb mineralization which shows the most
radiogenic 206Pb/204Pb and 207Pb/204Pb ratios, but
relatively low 208Pb/204Pb ratios (Table 1; Koppel
1997). This suggests that different lead sources
contributed to the Au-As and Sb-(As-, Au-,
Pb-, Cu-) metallogenic district of the Kreuzeck-
Goldeck Complex. However, many ore occur-
rences of the Kreuzeck-Goldeck Complex show
lead isotope characteristics which indicate that
rocks of the Austroalpine nappe complex was the
major metal source (Koppel 1997).

Conclusion

Our new structural data show that auriferous
arsenopyrite-pyrite and stibnite mineralization of
the Kreuzeck-Goldeck Complex occurred during
the same structural regime as the emplacement of
contemporaneous Late Eocene to Early Oligocene
shoshonitic/high-K calc-alkaline lamprophyres
(Fig. 6a). Fluid flow in the uppermost crustal
levels of the Austroalpine realm was channelled
by approximately east-west-trending faults within
a transpressional strike-slip regime which formed
in response to oblique Late Eocene terrane accre-
tion. The geodynamic setting of the structurally
controlled auriferous arsenopyrite-pyrite and stib-
nite mineralization in the Kreuzeck-Goldeck
Complex is significantly different from mesother-
mal gold deposits within the Tauern Window,
which are attributed to uplift and exhumation of a
metamorphic core complex during the Late Oligo-
cene-Early Miocene (Fig. 6c). Our new results
support models suggesting that epigenetic gold
mineralization occurs in distinct short time inter-
vals, closely related to the large-scale geodynamic
evolution of orogens (e.g. Neubauer 2002).
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ager of ARGOSY MINING Corporation (Canada), for
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to St. L. Chryssoulis, University of Western Ontario, for
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cated to Thomas Pettke and Richard Goldfarb for useful
comments and specifically to John Ridley for his very
detailed and constructive review, which helped a lot to
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The Elatsite porphyry copper deposit in the Panagyurishte ore
district, Srednogorie zone, Bulgaria: U-Pb zircon geochronology
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Abstract: Single zircons from several porphyry dykes bracketing the time of formation of the
Elatsite porphyry Cu-Au deposit (Bulgaria) were dated by high-precision U-Pb isotope
analysis, using thermal ionization mass spectrometry (TIMS). On the basis of cross-cutting
relationships, and the mineralogy and geochemistry of igneous and altered rocks, five dyke
units are distinguished. The earliest porphyry dyke is associated with, and overprinted by, the
main stage of ore-related veining and potassic alteration. U-Pb analyses of zircons yield a
mean 206Pb/238U age of 92.1 ± 0.3 Ma, interpreted to reflect the time of intrusion. Zircons of
the latest ore forming dyke, crosscutting the main stage veins but still associated with minor
potassic alteration and veining, give an intrusion age of 91.84 ± 0.3 Ma. Thus, ore mineraliza-
tion is confined by individually dated igneous events, indicating that the entire time span for
the ore-forming magmatism and high temperature hydrothermal activity extended over a
maximum duration of 1.1 Ma, but probably much less. Zircon analyses of a late ore dyke
cutting all ore veins and hosting pyrite as the only sulphide mineral give a concordant 206Pb/
238U age of 91.42 ± 0.15 Ma. Based on spatial relationships of the magnetite-bornite-
chalcopyrite assemblage with coarse-grained hydrothermal biotite and K-feldspar, a Rb-Sr age
of 90.55 ± 0.8 Ma is calculated using the two K-rich minerals. This age is interpreted as a
closing date for the Rb-Sr system at T 300 °C consistent with published K-Ar data.
Therefore the entire lifespan of the magmatic-hydrothermal system is estimated to have lasted
about 1.2 Ma. Soon after, the Cretaceous complex was exposed by erosion, as shown by
palaeontologically dated (Turonian; 91-88.5 Ma) sandstones containing fragments of porphyry
dykes.

Geochemical discrimination ratios suggest a mixed mantle and crustal source of the
Cretaceous magma. Isotope analyses of Sr, Nd and Hf confirm the conclusion that all porphyry
rocks within and around the Elatsite deposit originate from an enriched mantle source at
Cretaceous times, with crustal contamination indicated by moderately radiogenic Pb.

Rigorous geochemical investigation and radio- framework, including magmatism, metamorphism
metric dating are powerful tools to unravel the and hydrothermal metal precipitation. The investi-
processes of magma-related hydrothermal ore for- gation of dyke swarms offers a considerable
mation, provided that they are combined with potential for identifying magmatic and tectonic
careful geological documentation of field rela- events in calc-alkaline magmatic arcs, eroded to
tions. The timing of ore-forming processes re- the plutonic-volcanic interface, where lava se-
quires the simultaneous use of several isotope quences are poorly preserved and plutonic rocks
methods to define the time span of geological are hydrothermally altered. They provide key
events in one deposit in the broader tectonic information through their cross-cutting relation-

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 1 19
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 119-135.
0305-8719/02/$ 15.00 © The Geological Society of London 2002.
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ships and spatial orientations, and they can be
dated by robust and precise U-Pb geochronology
of zircons. In addition, their geochemical charac-
teristics can be used to define the origin of ore-
forming magmas.

The Elatsite Cu-Au(-PGE) porphyry deposit
of the Srednogorie zone in Bulgaria provides a
good opportunity for studying the genetic relation-
ships between magmatism, alteration and ore
forming processes, as well as the lifespan of
porphyry systems. The deposit is connected to
multiphase intrusions (Bogdanov 1987; Popov et
al. 2000a) of Late Cretaceous porphyry dykes into
basement rocks of Palaeozoic age. The main goal
of this paper is to present a precise geochronologi-
cal study of different intrusion episodes, an iso-
tope-geochemical and petrological investigation of
the igneous rocks and their genetic relation to the
hydrothermal mineralization, which will form a
basis for geodynamic interpretations within the
Cretaceous magmatic and metallogenic belt of the
Carpathian-Balkan orogen.

Geological setting

The Elatsite Cu-Au porphyry deposit is the
largest active mine in Bulgaria. It is located on the
Etropole ridge of the Western Balkan Mountains
at the northern end of the Panagyurishte ore
district of the Central Srednogorie zone (Bonchev
1970; Vassilev & Staykov 1991; Fig. 1). It is
considered as part of the 'Tethyan Eurasian Metal-
logenic Belt': an elongated sigmoidal structure of
intensive Late Cretaceous to Early Tertiary
(Karamata et al. 1997) magmatic activity and Cu
mineralization. The belt can be followed from the
Apuseni Mountains of Romania in the west,
through the Timok area in Serbia and Srednogorie
Zone in Bulgaria (Jankovic 1977, 1997).

The Elatsite deposit is associated with Late
Cretaceous subvolcanic bodies and porphyry
dykes (Kalaidjiev et al. 1984), intruded in rocks
of the Berkovitsa group (Cambrian, Haydoutov et
al. 1979; Haydoutov 1987) and granodiorites of
the Vezhen pluton (Carboniferous age, 314±
4 Ma, Peytcheva & von Quadt, unpubl. data; Fig.
1). Greenschist facies metamorphosed rocks of the
Berkovitsa group (Haydoutov et al. 1979), together
with Mid-Triassic limestones, are thrust over rocks
of the Vezhen pluton (the so-called Kashana
Nappe). The Berkovitsa group consists of phyl-
lites, diabases, chlorite and actinolite schists,
metamorphosed greywackes and sandstones with
island arc affinity. The emplacement of the rocks
of the Vezhen pluton caused contact metamorph-
ism in the rocks of the Berkovitsa group, forming
biotite-feldspar and hornblende-pyroxene horn-
felses and amphibolites, and actinolite and

two-mica andalusite-cordierite schists (Trashliev
1961). All these rocks (Berkovitsa group, Vezhen
pluton, Elatsite dykes) host ore mineralization.

The Late Cretaceous dykes at Elatsite and
around the deposit commonly occur in swarms with
different orientations. Dyke frequency varies from
isolated individual intrusions to closely spaced
swarms separated by narrow screens of country
rocks. Individual dykes are generally up to several
metres wide, commonly steeply dipping, and gen-
erally have sharp chilled contacts. Intrusion me-
chanism is predominantly brittle, reflected by
straight contacts. Data from outcrops characteristi-
cally show at least three sets of spatial orientation.
The first set (striking east-west) follows the con-
tact between the Vezhen pluton and Berkovitsa
group. The thickest dykes are preferentially em-
placed with this orientation. One of the largest
dykes, the so-called 'big dyke', is approximately
4 km long and 100-450 m wide and dips 40-45°
to the south. This dyke is probably a hypabyssal
branch of a larger intrusive body not exposed at the
surface. Thinner dykes of the same composition
and nearly the same strike, but steeper dip, cut the
Vezhen pluton. All these dykes are considered to
be closely related to the main Cu-Au-PGE miner-
alization and are called here the 'ore-related'
group. Dykes striking NE-SW are close to the
orientation of the most important faults in the
deposit. Usually, they are thinner (up to 5-10m)
and obviously form a second set. A set striking
NNE-SSW comprises numerous thin dykes, many
of them are aplitic. Dyke orientation is, however,
not a reliable guide to the relative chronology.

No coeval volcanics are exposed in the vicinity
of the Elatsite mine, but 6.5 km to the SSE,
extrusive andesites and basaltic andesites host one
of the biggest Au deposits in Europe, the Chelo-
pech high-sulphidation epithermal gold deposit
(Petrunov 1995; Andrew 1997; Moritz et al.
2001). Structural investigations have led some
authors to consider all these rocks as one volcano-
intrusive centre called the 'Elatsi-Chelopeclr
magmatic complex (Popov & Mutafchiev 1980;
Popov et al. 1983; Popov & Kovachev 1996; Popov
& Popov 1997). The subvolcanic bodies at Elatsite
and the surrounding area are assumed to be late
Cretaceous in age, on the basis of their relation-
ship to palaeontologically dated sediments and
limited K-Ar isotope dating (Lilov & Chipchako-
va 1999). Conglomerates, sandstones and coal-
bearing strata exposed 6-20 km WSW of Elatsite
were determined as Turonian in age (Moev &
Antonov 1978). They contain andesitic clasts, are
possibly younger than the first volcanic and
intrusive activity, but are intruded by subvolcanic
bodies with dacite-andesite composition (Popov
et al. 2000a). Lower Senonian (88.5-86.6 Ma)
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Fig. 1. (a) Sketch map of Banat-Timok-Srednogorie segment of the 'Tethyan Eurasian Metallogenic Belt'
(modified from Jankovic 1976, 1977). (b) Sketch map of the northern part of the Panagyurishte ore district between
Elatsite and Chelopech deposits (modified from Popov et al. 2000b). (c) Detailed geological map of the open pit for
the Elatsite deposit; localities are shown where samples HOR 1390, LF 025 LF 040, LF 142 and AVQ006 were
collected for U-Pb dating.

volcanomictic sandstones (Karagyuleva et al
1974) overlie the basaltic-andesites of Chelopech.
The 'big dyke' of Elatsite was determined as
Turonian in age (c. 90 Ma) by Lilov & Chipchako-
va (1999), using K-Ar analyses of whole-rock
samples. This age overlaps with the limited K-Ar
determinations of basaltic trachyandesites at Che-
lopech (c. 91 Ma, Lilov & Chipchakova 1999).
The same authors dated the later stage of magma-
tites in the Chelopech region and related alteration

and mineralization as Senonian, with quite a wide
age span (88-65 Ma).

Petrology and geochemistry

The dykes in the Elatsite deposit and close
surroundings range from almost aphyric (rare) to
porphyritic in texture (more common). Based on
field evidence and cross-cutting relationships be-
tween dykes and hydrothermal veins (Fanger
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2001) and our petrographical observations and
geochemical data, the intrusives can be divided
into several units.

Quartz monzodiorite porphyries (unit 1) are the
first and volumetrically most important part of the
ore-related group of dykes, including the 'big
dyke' of the Elatsite deposit.

Granodiorite porphyries (with minor granite
porphyries and quartz syenite porphyries) form
the second generation of dykes (unit 2) and
intrude as multiple dykes into basement rocks and
the first dyke generation. Their main orientation is
NE-SW (striking) with steep dips. Characteristic
for all rock varieties in this group are porphyritic
textures with needle-like amphiboles.

K-feldspar-rich thin aplitic dykes represent the
third and final generation of ore-related dykes
(unit 3), probably intruded after the second one as
they show textural transitions along some of the
dykes. These dykes are mainly orientated NNE-
SSW and are not cut by ore veins and significant
potassic alteration. Based on the studies of Fanger
(2001) the third generation represents apophyses
of the second one.

Mafic dykesrepresent the fourth (micro-diorites,
micro-monzodiorites, diorite porphyries and their

quartz-bearing varieties; unit 4) and a fifth (quartz
diorite porphyries; unit 5) generation of dykes
observed in the area. They are rare in the Elatsite
deposit and more abundant in the surrounding
area. The dykes are mostly subvertical and 0.2-
3.0 m wide but usually narrower than 1 m. Aphy-
ric varieties predominate, but porphyritic varieties
also occur.

To obtain representative material for the mag-
matic history of the area, 96 dykes were sampled
within the open pit of the Elatsite deposit and in
the broad surroundings between the towns of
Etropole and Zlatitsa. Based on thin section stud-
ies, whole-rock K2O contents in line with the
correlation of petrochemical indexes of differen-
tiation, low loss-on-ignition values (LOI <3 wt.%)
and only minor alteration of igneous minerals,
only 24 samples were selected for further studies.

The range in SiO2 concentrations in dykes of
units 1, 2 and 3 is between 60 and 76% (Fig. 2).
The rocks comprise varieties from slightly SiO2

oversaturated (7-16% normative quartz in unit 1)
to strongly SiO2 oversaturated (16-25% norma-
tive quartz in the dykes of unit 2 and 25-37%) in
the unit 3 dykes. The general calc-alkaline affi-
nities are apparent in the AFM diagram by the

Fig. 2. Compositional spread of dykes in a diagram of SiO2 v. K2O + Na2O. Different fields represent the separate
dyke units (1 to 5). Only dykes without alteration are plotted. Abbreviations: Md, monzodiorite; D, diorite; Sy,
syenite; QMd, quartz monzodiorite; Qd, quartz diorite; QS, quartz syenite; Gd, granodiorite; TG, transitional granite:
Gr, granite; LG, leucogranite; AG, alkali granite. Symbol explanation: dyke units 1 (open squares), 2 (open circles)
and 3 (filled triangles), units 4 (inverted filled triangles) and 5 (filled squares diamonds for the fresh samples and
empty - for slightly altered samples).
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rather large ranges of SiO2 content and alumina
saturation index (meta-aluminous to per-alumi-
nous on ANK v. ACNK diagram).

Oxide and element variations in the ore-related
dykes (units 1, 2 and 3) show considerable scatter
on the plots, but sub-linear trends of decreasing
MgO, FeO, CaO, TiO2, A12O3, P2O5, Sr, Ba, Zr, Y
and Sc with increasing SiO2 are revealed when
strongly altered samples are omitted. These trends
are broadly consistent with subtraction of plagio-
clase, clinopyroxene, amphibole, magnetite, zircon
and apatite from the most mafic end member of
the series. Ni and Sr variations, as well as MnO,
are strongly influenced by the post-magmatic
alterations. The Rb/Sr ratio increases with differ-
entiation (the average values are 0.30 for unit 1,
0.50 for unit 2, and 1.40 for unit 3 dykes), which
is indicative of the fractional crystallization of
plagioclase in the magmatic evolution.

The SiO2 concentration of dykes from unit 4
(53-63%) and unit 5 dykes (60-63%) are lower
than those from units 1 to 3 (Fig. 2). Unit 4 dykes
are slightly SiO2 oversaturated (<5% normative
quartz). Unit 5 dykes are strongly SiO2 over-
saturated (the average normative quartz is 15%).
Negative correlations between SiO2 and TiO2,
A12O3, FeO, Fe2O3, MgO, CaO, Y, Sc, Co, Cr, Zn
and positive ones with K2O, U, Th, Rb, Pb, Ta,
La, Nb are consistent with fractionation of clin-
opyroxene, hornblende, magnetite. The negative
variations of Ti with Zr and with the ratio FeOt ot/
MgO, and the invariably low TiO2 concentrations
at rather high A12O3 are typical characteristics of
arc magmas.

Spidergrams for incompatible elements, normal-
ized to ocean-ridge granite (ORG; Pearce et al
1984), show that LIL elements K, Rb, Th, Ta all
increase, while Ba, Sr, Zr, Sm, Y and Yb decrease
with fractionation (Fig. 3, Table 1). The LIL/HFS
ratios are high, characteristic of subduction-related
granitoids. The pronounced depletion of Ta and
enrichment of Nb (Fig. 3) is an interesting
geochemical signature for these dykes, represent-
ing not only typical arc-magma characteristics, but
also the influence of a specific mantle contribu-
tion. The subduction component of the geochem-
ical signature of the dykes increases from unit 1
to unit 3 (Th, Rb, K). The geochemical fingerprint
of units 4 and 5 (Fig. 3b) are comparable with
those for units 1, 2 and 3 (Fig. 3a).

Chondrite-normalized REE patterns (Fig. 4) are
in accord with an enriched mantle source. Con-
tamination in the formation of this type of
parental magma cannot be excluded within the
quartz monzodiorite porphyries (unit 1) and gran-
odiorite porphyries (unit 2) patterns (Fig. 4). In
the leuco-monzogranite porphyry and leuco-
quartz-syenite porphyry dykes (unit 3) a REE-

Fig. 3. Spider diagrams normalized to ocean-ridge
granite reference (Pearce et al. 1984). (a) The plot
contains data from dyke units 1, 2 and 3. (b) The plot
contains data from dyke units 4 and 5.The symbols are
the same as in Figure 2.

distribution typical for depleted remnant melts is
noted: low sum of REEs and low amount of LREE
and HREE normalized values. The progressive
depletion of REEs and the decreasing Eu anoma-
lies point to a common evolution with a gradually
increasing proportion of feldspars in the fractio-
nated assemblage.

Chondrite-normalized REE patterns of the
dykes from unit 4 and 5 are similar to those of the
ore-related dykes of units 1, 2 and 3 - moderately
enriched in LREE relative to HREE. The negative
Eu anomalies are very weak. The application of
the discrimination diagrams of Mullen (1983),
Pearce et al. (1984) and Wood et al. (1979)
indicates a general destructive-plate boundary and
calc-alkaline character of all dykes. In summary,
all geochemical features are similar to those in
arc-related suites and might reflect involvement of
specialized mantle sources, previously modified
by a subduction processes.
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Table 1. Representative geochemical analyses of the dyke units in the area of the Elatsite deposit

Units
Samples

Si02

TiO2

A1203

Fe203

FeO
MnO
MgO
CaO
Na2O
K2O
P2Os
H2O
LOI
Total
Cr
Ni
Co
Sc
Y
Nb
Zr
Hf
Cu
Zn
Mo
Sr
Ba
Rb
Ta
Pb
Th
U
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

1

E/8-b
Mz diorite

59.80
0.42

16.91
2.58
2.31
0.18
2.25
5.60
4.30
3.76
0.31
0.24
0.99

99.68
23
9
8.2
9.4

18.1
5.1

97
2.6

207.3
33.1

2.7
919
763

85
0.31

11.05
9.91
3.14

30.73
58.74

6.55
26.44

4.70
1.46
3.52
0.56
3.10
0.71
1.97
0.29
2.36
0.34

2

E/15-a E/43 E/41-g
Mz diorite Qz-mz Qz-mz

diorite diorite

61.50
0.87

15.32
2.00
4.51
0.35
3.00
4.54
3.44
2.60
0.25
0.21
1.26

100.57
56
21
17.0
19.6
28.5
13.7

206
5.4

50.5
80.2

3.1
374
784
117

0.95
21.52
15.25
4.45

39.22
72.06

7.97
28.16

4.75
0.96
4.07
0.66
4.39
0.88
2.16
0.41
3.97
0.39

65.71
0.51

14.46
1.32
4.49
0.39
2.12
2.68
4.30
3.58
0.25
0.17
0.82

100.08
77
45
12.4
12.8
19.5
10.9

142
3.7

42.1
53.5

8.7
329
664
102

1.03
23.02
12.78
4.12

35.95
62.26

6.61
25.08

4.57
1.15
3.61
0.64
3.54
0.72
1.96
0.26
2.11
0.28

69.03
0.40

13.44
0.60
4.05
0.44
1.27
2.35
3.61
4.40
0.17
0.07
0.60

100.43
72
41

8.3
7.4

16.6
11.4

115
3.3

34.6
39.3

9.7
231
634
175

1.12
18.63
18.69
7.84

32.70
54.35

5.69
20.15

3.74
0.92
2.92
0.46
2.64
0.62
1.58
0.27
1.91
0.34

3

E/16-v
Qz syenite

75.14
0.12

12.30
0.45
1.02
0.12
0.36
1.22
3.15
4.60
0.10
0.07
0.89

99.54
47
16

1.9
2.9

14.3
12.1
80

2.9
51.5
12.3
2.3

95
573
203

1.46
8.61

25.18
5.58

25.11
44.82

4.40
16.33
2.97
0.61
2.34
0.40
2.21
0.52
1.50
0.29
2.11
0.28

E/8-g
Syenite

75.84
0.17

12.07
0.44
0.70
0.06
1.10
0.42
3.06
5.32
0.09
0.07
0.29

99.63
3
4
1.5
2.8

10.2
7.4

74
2.9

140.8
11.8
2.8

94
226
164

0.80
8.55

18.71
4.72

23.45
39.29

3.88
11.90

1.90
0.24
1.61
0.27
1.46
0.31
0.97
0.20
1.41
0.24

4

E/42-g
Gabbro

51.94
1.13

16.54
3.20
6.64
0.51
4.73
5.86
2.78
3.53
0.31
0.21
2.27

100.02
65
19
26.3
36.3
33.6
10.2

173
4.4

44.8
90.5

4.3
396

1135
156

0.62
9.58
7.24
1.94

34.37
65.96

7.89
32.76

6.64
1.73
6.41
1.04
5.98
1.23
3.33
0.50
3.67
0.55

E/16-b
Diorite <

54.39
1.11

16.41
2.93
5.74
0.24
3.98
6.06
3.96
2.52
0.33
0.11
1.96

99.74
41
19
23.1
23.3
30.2
14.0

209
0.50

53.2
80.7
2.8

361
732
100

0.76
13.63
9.43
2.39

39.15
77.52
9.05

35.74
7.06
1.92
5.17
0.98
5.29
1.14
3.01
0.48
3.11
0.50

5

E/46-b
Qz diorite

60.64
0.63

14.87
1.51
6.28
0.48
3.28
4.78
3.36
2.63
0.24
0.12
1.32

100.13
108
58
17.9
19.0
24.0

9.4
159

4.1
62.3
75.0
13.3

411
760
90

0.76
20.01
10.38
4.16

32.50
61.26

6.96
27.93

5.55
1.39
4.51
0.67
4.20
0.84
2.52
0.34
2.47
0.36

E/19-b
Grano-
diorite

61.20
0.68

14.93
1.34
4.48
0.21
2.95
5.73
3.64
2.16
0.31
0.16
1.78

99.57
68
44
13.8
17.5
21.6

8.5
162

4.1
44.7
69.8
4.0

397
713

88
0.57

16.30
10.06
4.14

30.27
57.86

6.47
26.61

4.96
1.14
4.47
0.67
3.82
0.81
2.36
0.30
2.18
0.32

Mineralization and alteration

Mineralogical studies in the Elatsite deposit
started with the beginning of exploration and
became very active in the 1990's (Bogdanov 1987;
Petrunov et al. 1992; Petrunov & Dragov 1993;
Dragov & Petrunov 1996). Based on published

data (Petrunov et al. 1992; Popov et al. 2000a)
and pit mapping, Fanger (2001) distinguished the
following sequence of mineral assemblages,
named according to their most frequent and
characteristic minerals and given in a succession
of decreasing relative age:
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Fig. 4. Chondrite-normalized REE patterns of dykes
from units 1-5. (a) Data from units 1, 2 and 3; (b) data
from units 4 and 5. The symbols are the same as in
Figure 2.

Pre-ore stage
quartz Hh magnetite (qtz-mt)

Ore stages
magnetite + bornite + chalcopyrite
(mt-bn-cp)
chalcopyrite + pyrite (cp-py)
pyrite + quartz

Post-ore stages
carbonate + zeolite -f quartz (carb-zt-
qtz)
chalcocite + covellite + bornite (chalc-
cov-bn)
malachite + azurite + Fe-hydroxides

The qtz-mt stage is only observed in the
Vezhen granodiorite. It consists of black, fine-
grained veinlets. K-feldspar haloes indicate a close

relationship with potassic alteration and cross-
cutting relationships with other veins and dykes
document their very early formation, possibly
even in pre-Mesozoic times.

The magnetite-bornite-chalcopyrite stage oc-
curs locally in nests associated with rocks of
pervasive potassic alteration, comprising second-
ary biotite (after amphibole) and K-feldspar
(mostly in the matrix). A characteristic feature is
the presence of PGE minerals and visible gold in
the magnetite-bornite-chalcopyrite assemblage
(Petrunov et al 1992; Tarkian & Stribny 1999).
Fluid inclusion studies in quartz of this minerali-
zation stage show high salinities (over 50 wt%
NaCl equivalent) and homogenization tempera-
tures (7h over 500 °C; Strashimirov & Kovachev
1992).

The cp-py stage is the economically most
important mineralization event. It took place dur-
ing and after intense stockwork veining and is
associated with pervasive potassic alteration in-
cluding partial replacement of plagioclase pheno-
crysts. It is widespread throughout the ore body
and responsible for the main Cu grades. Chalco-
pyrite and pyrite can be disseminated in the rocks,
occur as small grains in the quartz stockwork
veins or in small sulphide-dominant veinlets.
Molybdenite was introduced at this stage, but also
precipitated abundantly in late (post-stockwork)
veins. Fluid inclusion studies show a Th between
470-450 °C and salinity around 50 wt% NaCl
equivalent (Fanger 2001).

The pyrite-quartz stage is best developed in
the marginal part of the mine, extending above
and beyond the Cu cut-off contour (0.15%).
Straight veins contain milky, vuggy quartz, pyrite
and sometimes white to yellow calcite. Pyrite can
also be found disseminated in the wallrock, in
haloes of feldspar-destructive (sericite ± clay
minerals) alteration overprinting potassic altera-
tion and stockwork veining. Th of associated fluid
inclusion shows a temperature range between
300 °C and 260 °C and a low salinity (Popov et al.
20006).

Quartz-calcite-zeolitemarks the end of hypo-
gene mineralization. This assemblage occurs in
fine veinlets and cavities, together with actinolite
needles. Zeolites include chabasite, stilbite, lau-
montite, heulandite which are associated with
green fluorite. Veins can be up to several centi-
metres thick and may contain some remobilized
sulphide masses comprising chalcopyrite, bornite,
chalcocite and covellite.

Secondary Cu enrichment due to weathering is
restricted to the upper-most parts of the mine and
then concentrated along faults. It formed minerals
like malachite, azurite, cuprite, tenorite, claudeite,
chalcophilite, and koettigite (Fanger 2001).
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Analytical techniques

The procedures for the whole rock isotopic analy-
sis of Sm, Nd, Rb and Sr are modified from those
reported by Richard et al. (1976) and further
detailed by von Quadt (1997). Nd isotopic ratios
were normalized to 146Nd/144Nd = 0.7219. Analy-
tical reproducibility was estimated by periodical
measurements of the La Jolla standard (Nd) as
well as the NBS 987 (Sr). The mean of 12 runs
during this work was 143Nd/144Nd = 0.511841 ±
0.000007, and 10 runs of the NBS 987 standard
show an 87Sr/86Sr ratio of 0.710235 ± 0.000006.
Whole-rock major oxides (Table 1) were analysed
in the Chemical Laboratory of the Department of
Petrology, Sofia University, as well at the ETH-
Zurich. Samples with large LOI (> 3%), signifi-
cant alteration, or with veins were avoided. Trace-
element analyses, including REE, were carried out
by Excimer Laser Ablation ICP-MS (Elan 6000)
of lithium tetraborate pellets (Gunther et al.
2001).

High-precision 'conventional' U-Pb zircon ana-
lyses were carried out on single zircon grains.
Selected zircons were air-abraded to remove mar-
ginal zones with lead loss, washed in warm 4 N
nitric acid and rinsed several times with distilled
water and acetone in an ultrasonic bath. Dissolu-
tion and chemical extraction of U and Pb was
performed following Krogh (1973), using minia-
turized bombs and anion exchange columns.
Blanks for the entire procedure were < 2 pg Pb
and 0.5 pg U. A mixed 205Pb/235U tracer solution
was used for all analyses. Both Pb and U were
loaded with silica gel and phosphoric acid on
single Re filaments and measured on a Finnigan
MAT 262 thermal ionization mass-spectrometer
using an ion counter system. The performance of
the ion counter system was checked by repeated
measurements of the NBS 982 standard solution.
The reproducibility of the 207Pb/206Pb ratio
(0.467070) is better than 0.05%. Mean age values
are given at the 2 sigma level. For common lead
measurements, ore minerals were dissolved in
HNOs and the Pb was cleaned twice with a HC1-
HBr process using 0.5 ml ion exchange resin. Pb
was loaded with silica gel and H3PO4 on single
Re filaments and measured with Faraday cups in
static mode.

Hf isotope ratios in zircon were measured on a
Nu Instruments multiple collector inductively
coupled plasma mass spectrometer (MC-ICPMS;
David et a/.2001). We checked if the high Zr
concentration leads to significant matrix effects,
which was not the case. During analysis, we
measured the 176Hf/177Hf ratio of the JMC 475
standard of 0.282141 ±5 (1 sigma) using the
179Hf/177Hf = 0.7325 ratio for normalization (ex-

ponential law for mass correction). The Hf isotope
data are summarized in Table 3. For the calcula-
tion of the £Hf values the following present-
day ratios (176Hf/177Hf)CH = 0.28286 and (176Lu/
177Hf)cH = 0.0334 are used, and for 90 Ma a
176Lu/I77Hf ratio of 0.0050 for all zircons was
taken into account.

U-Pb-geochronology and Hf isotope
geochemistry of the Cretaceous dykes

Isotope investigations of the Cretaceous dykes
hosting the mineralization of the Elatsite deposit
were made with two main purposes: to date the
ore-productive magmatism, and to better define
the possible source of the magmas. For the first
objective, the U-Pb zircon method was used. For
the second, isotope tracing by Sr-Nd-Pb in whole
rocks and Hf in zircon were selected.

Zircons were separated from three rock types
cropping out in the mine area: quartz monzodior-
ite porphyry ('big dyke', HOR 1390) representing
unit 1; diorite porphyry (LF 025) and granodior-
ite porphyry (AVQ 006) representing unit 2 of
dyke generation. Both samples of unit 2 carry
needle-amphibole and crop out in the eastern part
of the open pit, close to the contact between the
Vezhen granite and the schists of the Berkovitsa
group (Fig. 1). They cut the quartz monzodiorite
of the 'big dyke' (HOR 1390) with sharp con-
tacts. The amphibole-bearing dykes of unit 2 are
intruded in several pulses and cross-cutting rela-
tions are observed between them. LF 025 is still
K feldspar-altered and mineralized but belongs to
the earliest members of unit 2; AVQ 006 belongs
to the dykes of unit 2, post-dating the deposition
of economic ore and containing disseminated
pyrite.

Nine zircon grains of the monzodiorite por-
phyry dyke ('big dyke') were dated (Table 2). One
zircon grain (2324, Table 2, Fig. 5) has a bigger
proportion of inherited lead, pointing to an age of
554 Ma (Fig. 5). Two zircon points (2270, 2315)
are plotting on the concordia within their uncer-
tainties and define a mean 206Pb/238U age of
92.1 ± 0.3 Ma. We interpret that these concordant
grains most closely represent the time of intrusion
of the big dyke. The regression line through all
zircon analyses yields a lower intercept age of
92.3 ± 1.3 Ma and an upper intercept age of
554 ± 15 Ma. Based on a variable proportion of
inherited lead this calculation leads to higher
intercept errors. The abraded zircons contain a
wide range of U concentrations from 75.2 to
973.3 ppm, the Pb concentrations in the same
grains range from 5.397 ppm to 21.49 ppm. The
interpretation of the upper intercept age points to



Table 2. U-Pb zircon isotope data for porphyry dykes of the Elatsite deposit

Sample

HOR1390

2283
2284
2286
2287
2270
2315
2324
2519
2520
LF 025

2400
2398
2396
2401
2397
AVQ 006

5392
5393
5394
5396
5446
5447
5448
5449
5452

Weight (mg)

0.0055
0.0125
0.0095
0.0205
0.0185
0.0145
0.0096
0.0072
0.0049

0.0155
0.0232
0.0314
0.0136
0.0225

0.0070
0.0080
0.0081
0.0090
0.0041
0.0092
0.0051
0.0141
0.0073

*

prism
prism
prism
prism
prism
prism
prism
prism
prism

prism
prism
prism
prism
prism

prism.
prism
prism
prism
prism
prism
prism
prism
prism

*

abr.
abr.
abr.
abr.
abr.
abr.
abr.
abr.
abr.

abr.
abr
abr
abr
abr

abr.
abr.
abr.
abr.
n.abr.
n.abr
n.abr
n.abr
abr.

U (ppm)

849.5
973.3
673.1
495.7
517.9
865.5
75.2

301.2
223.1

124.2
174.4
187.6
181.8
195.9

352.6
420.0
161.1
203.1
268.4
106.1
185.3
132.7
219.9

Pb (ppm)

19.48
21.49
12.72
11.15
8.351
14.29
5.397
5.391
3.889

1.962
2.811
6.667
7.176
3.025

6.018
7.109
3.437
3.447
4.678
2.529
3.165
2.152
3.819

206 pb/204pb

193.3
268.4
233.6
157.1
506.1
469.9
128.9

1197
1073

1271
601.4
1378
56.55

2645

453.8
1158
157.1
411.9
413.6
410.3
420.5
616.5
394.9

206Pb/238U

0.01680
0.01760
0.01463
0.01537
0.01435
0.01443
0.04446
0.01655
0.01629

0.01442
0.01433
0.03211
0.01435
0.01428

0.01446
0.01522
0.01426
0.01414
0.01437
0.02013
0.01426
0.01424
0.01430

2 error

0.00008
0.00009
0.00007
0.00008
0.00007
0.00008
0.00026
0.00008
0.00008

0.00009
0.00009
0.00157
0.00008
0.00013

0.00009
0.00011
0.00009
0.00014
0.00008
0.00011
0.00007
0.00007
0.00008

207pb/235U

0.11577
0.12108
0.09778
0.10222
0.09472
0.09521
0.34696
0.11458
0.11149

0.09555
0.09562
0.24784
0.09545
0.09503

0.09595
0.10346
0.09602
0.09404
0.09618
0.14388
0.09613
0.09425
0.09456

2 error

0.00208
0.00099
0.00057
0.00133
0.00080
0.00143
0.00484
0.00108
0.00111

0.00084
0.00105
0.00141
0.00363
0.00090

0.00134
0.00107
0.00307
0.00197
0.00125
0.00230
0.00163
0.00123
0.00236

207pb/206pb

0.04997
0.04988
0.04848
0.04821
0.04788
0.04785
0.05658
0.05019
0.04962

0.04804
0.04838
0.05580
0.04823
0.04825

0.04811
0.04930
0.04883
0.04822
0.04855
0.05183
0.04889
0.04799
0.04796

2 error

0.00085
0.00031
0.00016
0.00053
0.00031
0.00062
0.00068
0.00039
0.00044

0.00031
0.00047
0.00015
0.00174
0.00061

0.00058
0.00034
0.00146
0.00087
0.00053
0.00078
0.00078
0.00053
0.00115

206pb/238U

107.4
112.5
93.6
98.4
91.8
92.3
280.5
105.8
104.2

92.3
91.7
204.4
91.8
91.4

92.5
97.3
91.2
90.5
91.9
128.5
91.3
91.2
91.5

207pb/235u 207pb/206pb

111.2
116.1
94.7
98.8
91.8
92.3
302.4
110.1
107.3

92.6
92.7
224.8
92.6
92.1

93.0
99.9
93.1
91.2
93.2
136.5
93.2
91.5
91.7

Apparent ages

193.7
189.5
123.1
109.2
93.1
92.0
475.5
204.0
177.2

101.3
118.2
449.5
111.0
111.5

104.7
162.3
139.7
110.1
125.9
278.1
142.6
98.7
97.7

*Rho.

0.46
0.66
0.81
0.50
0.65
0.48
0.52
0.58
0.54

0.70
0.58
0.88
0.48
0.96

0.53
0.74
0.44
0.52
0.45
0.45
0.37
0.49
0.44

*abr., abraded, n.abr, non abraded, prism., prismatic,: Rho, correlation coefficient 206Pb/238U - 207Pb/235U
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Fig. 5. U-Pb concordia diagram of the quartz monzodiorite rock HOR 1390 ('big dyke').

an input from rocks of Cambrian age. One
possible source could be magmatic and sedimen-
tary rocks of the Berkovitsa group (Haydoutov et
al. 1979), which are Cambrian in age and have
island-arc affinities. The £Hf values of the zircons
range from -2.48 to +5.6 (Table 3). Again, there
is a strong correlation between the incorporation
of an old lead component and low Hf ratios: the
zircon analyses with the highest proportion of an
old component have the lowest 6Hf value. The

Table 3. Hf zircon isotope data for porphyry dykes of
the Elatsite deposit

Sample

LF 025
2400
2401
2397
2396
2398

HOR 1390
2324
2270
2318
2287
2286

176Hf/177Hf

0.282909
0.282928
0.282873
0.282794
0.282852

0.282653
0.282881
0.282802
0.282856
0.282851

2 error

0.000004
0.000006
0.000010
0.000007
0.000006

0.000010
0.000008
0.000009
0.000010
0.000007

Hf

+4.84
+5.52
+3.57
+0.78
+2.82

-4.21
+3.85
+ 1.06
+2.97
+2.79

Hf T90Ma

+6.58
+7.29
+5.34
+2.51
+4.56

-2.48
+5.62
+2.79
+4.70
+4.53

concordant zircon data points show Hf values
between +4.70 and +5.62.

Four out of five zircon analyses of the dyke LF
025 are concordant within their uncertainties and
yield a mean 206Pb/238U age of 91.84 ± 0.31 Ma
(Fig. 6). We have decided to take the 206Pb/238U
mean age as the most likely intrusion age, and
there is no reason to try an isochron age calcula-
tion. Only one zircon grain (2396) shows a minor
proportion of inherited lead, pointing towards an
upper intercept age of c. 600 Ma (Fig. 6). The U
and Pb contents vary in a small range from 124 to
196ppm and from 1.962 to 7.176 ppm, respec-
tively. The best age estimate for the crystallization
of this porphyry dyke is suggested by the calcu-
lated (mean value) 206Pb/238U age of 91.84 ±
0.31 Ma (Ludwig 1999). The concordant zircon
crystals have cHf values between +4.56 and
+7.29, except for one zircon data point with a
small proportion of an old lead component, which
has an Hf value of +2.51. The strong correlation
between the incorporation of inherited lead and
the cHf values is also shown by zircons from
sample HOR 1390.

Seven out of nine zircon analyses of the post-
ore granodiorite porphyry dyke (AVQ006) are
concordant and yield a mean 206Pb/238U age of
91.42 ±0.15 Ma (Ludwig 1999). Three zircon
grains show a minor proportion of inherited lead.
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Fig. 6. U-Pb concordia diagram of the diorite porphyry rock LF 025; the mean age is calculated from the weighted
average of the 206Pb/238U ratios.

Similar to those from sample HOR 1390 (Fig. 5)
and LF 025 (Fig. 6), the upper intercept age of
464 Ma (Fig. 7) points to pre-Variscan crustal
material. Most zircon grains are prismatic to long
prismatic and have U contents ranging from 106.1
to 420 ppm and the Pb contents range from 2.152
to 7.109 ppm in the same zircons.

Isotope geochemistry of porphyries and
their magma sources

The Sr isotope analyses of whole rock samples for
the Elatsite deposit give initial (87Sr/86Sr)j ratios
between 0.70492 and 0.70571 (Table 4) and the
calculated NdT9o values are between -0.03 and
+2.27 (Table 5). The low negative Nd values
suggest a contribution of a mixed mantle-crustal
material, and are in agreement with the low Nd
model ages (Table 5). The upper intercept ages of
zircon discordia lines also give an indication of a
pre-Variscan crustal (Cm?) contribution.

The geochemical characteristics of the Cenoma-
nian dykes of Elatsite deposit suggest a mixed
mantle-crust source for the Late Cretaceous
magmas. Isotope analyses of Sr, Nd, and Hf
confirm this conclusion. All porphyritic rocks
within and around the Elatsite deposit reflect an
enriched mantle source in Cretaceous times,

mixed in varying proportions with crustal material.
For rocks that assimilated or mixed with the
mantle magma, we can infer mixed crust-mantle
to crustal characteristics: characteristic (87Sr/86Sr)j
values remain at 0.705 even after mixing of
mantle and crustal components and NoT9o values
range from 0.03 to +2.27. However, Hf values of
the concordant zircon vary between +5.4 and
+6.9, indicating a possible enriched mantle source
(Blichert-Toft & Albarede 1997) for the porphyry
intrusions, which otherwise is more typical for
MORE and OIB environments (Nowell et al.
1998; Vervoort et al. 1999). All other zircon
grains with inherited lead components as well as
lower eHf values point to typical crustal character-
istics of the assimilated magma.

Isotope investigation of alteration and
mineralization

K-rich minerals at Elatsite and their close relation-
ship with mineralization provides additional con-
straints on the timing of cooling history of the
system. We selected coarse-grained biotite and
potassium feldspar, precipitated in irregular veins
together with the early mt-bn-chp assemblage,
for study of Rb-Sr isotope systematics (Fig. 8).
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Fig. 7. U-Pb concordia diagram of the granodiorite porphyry AVQ 006. The mean age is calculated from the
average of the 206Pb/238U ratios.

Table 4. Rb-Sr isotope data for mineral and whole rock samples of the Elatsite deposit

Sample No

LF-142

LF-142

LF-040
LF-040
LF025
HOR 1390
E 8b
E43
AVQ 006

Minerals

Bi from Bi-Fs
nest
Feldspar from
Bi-Fs nest
Chabasite
Amphibole
Whole rock
Whole rock
Whole rock
Whole rock
Whole rock

Host rock/rock
type
Gd of Vezhen
pluton
Gd of Vezhen
pluton
Bi-Amph dyke
Bi-Amph dyke
Dr-porph
Q-Mz-Dr-porph
Mz- Dr-porph
Q-Mz- Dr-porph
Gd-porph

Rb (ppm)

624.8

239.8

53.59
12.06

110.1
95.67
81.01
88.64
89.77

Sr (ppm)

22.08

210.7

2749
21.89

609.1
714.2
936.9
422.6
975.9

87Rb/86Sr

82.72

3.294

0.00563
1.6729
0.5231
0.3874
0.2501
0.6069
0.2660

87Sr/86Sr

0.81161

0.70942

0.70693
0.70969
0.70559
0.70576
0.70543
0.70941
0.70611

2 a error (
10xE-5

0.8E-5

0.5E-5

0.8E-5
1.5E-5
1.3E-5
1.3E-5
3.0E-5
l.OE-5
0.6E-5

87Sr/86Sr),90

0.70583

0.70521

0.70693
0.70754
0.70492
0.70526
0.70511
0.70862
0.70577

Abbreviations: Q, quartz; Mz, monzonite; Dr, diorite; Gd, granodiorite; porph, porphyry; Bi, biotite; Fs, feldspar; Amph, amphibole

Table 5. Sm-Nd isotope data for mineral and whole rock samples of the Elatsite deposit

Sample No

LF025
HOR1390
E8g

Rock type

Dr-porph
Q-Mz- Dr-porph
Syenite-aplite

Sm
(ppm)

6.32
3.84
3.04

Nd
(ppm)

32.95
20.89
19.11

147Sm/
144Nd

0.1157
0.1111
0.09621

143Nd/
144Nd

0.512589
0.512704
0.512645

2 error

1.6E-5
0.6E-5
3.1E-5

( Nd)l90

-0.03
2.27
1.29

TDM

0.88
0.68
0.67

TCH

0.093
0.0
0.0

Abbreviations: Q, quartz; Mz, monzonite; Dr, diorite; porph, porphyry.
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Fig. 8. Rb-Sr isochron plot for the biotite and feldspar
from rock unit 2.

Biotite and feldspar define a two-point reference
line, whose slope corresponds to an age of
90.55 ± 0.8 Ma with an initial 87Sr/86Sr ratio of
0.705179. This age is lower than the youngest U-
Pb zircon age (91.42 Ma), but coincides with the
Ar/Ar age determination on biotite from the
Elatsite mine (Velichkova et al. 2001). The age of
90.5 Ma is interpreted as the closing time of the
Rb-Sr and Ar/Ar isotope system at around
300 °C, and not as the time of mineral forming.
This is an additional arguement, that the Rb-Sr,
K-Ar and Ar-Ar isotope methods are not suitable
for dating the high temperature ore-forming
stages.

Fluid inclusion measurements in quartz of the
mt-bn-chp paragenesis show a high salinity of
over 50 wt% NaCl equiv and homogenization
temperatures Th of about 5007 °C (Strashimirov &
Kovachev 1992). These observations point to a
magmatic origin of the fluids during the high-
temperature stages of ore formation at Elatsite
bracket by zircon ages, about a million years
before the cooling age of 90.5 Ma. The Sr initial,
which is not significantly affected by this time
difference, shows no notable influence of Sr from
the Palaeogene host rocks during the magmatic or
the ore-forming hydrothermal stage. Minerals of
the post-ore phyllic assemblage (Table 4) show

slightly higher 87Sr/86SrT90 ratios between 0.70520
and 0.70754. The enrichment of radiogenic 87Sr in
chabasite and amphibole of veins cutting a late
dyke (unit 5) reflect either an evolution of the
magma source or a growing influence of more
radiogenic Sr added by fluid convection through
basement rocks.

Lead isotope ratios are a sensitive tool to trace
the evolution of the lead-bearing minerals in ore
deposits and to determine the lead sources. We
have analysed pyrite and chalcopyrite from the
main ore stage (py-chp) and the post-ore qtz-py
stage. All 207Pb/204Pb ratios are in the range
15.634-15.663 (Table 6). The high values
(238U/204Pb) of 9.78-9.87 (Table 6) point to a Pb
evolution in source magmas dominated with re-
gard to Pb by continental crust (Stacey & Kramers
1975), and the trends of the measured 206Pb/
204pb_207pb/204pb ratios are best esplained by

relatively young upper-crustal contamination
(Kramers & Tolstikhin 1997).

In Figure 9, new Pb/Pb data for pyrites and
chalcopyrites of the Elatsite deposit are compared
with published Pb/Pb data of galena from Elatsite,
Chelopech, Medet and Assarel (Amov 1999).
These data show no evidence for a significant
mantle contribution of lead to the Cu deposits of
the Panagyurishte ore district. Samples from the
porphyry-Cu deposits of Medet and Assarel have
a slightly lower 206pb/204pb ratio compared with
Elatsite and Chelopech deposits, indicating com-
paratively low uranium concentrations in the Pb
source of these two magmatic-hydrothermal de-
posits. The higher 207Pb/204Pb ratios measured in
Pb-bearing minerals of Chelopech and Elatsite
could be explained by assimilation of larger
proportions of older crust (Kouzmanov et al.
2001). The involvement of granulitic lower crust
is unlikely since the 208Pb/204Pb ratios of all
samples show a common Pb evolution and no
elevated x values (232Th/204Pb).

Pyrite is formed at the lower-temperature stages
of ore mineralization, when mixing of the primary
magmatic fluids with meteoric water may be
significant. The influence of the meteoric water
and the infiltration trough the host rocks cannot be

Table 6. Results ofPb-Pb isotope measurements of ore minerals

Nr Mineral 206pb/204pb 2 error 207Pb/204Pb 2 error 208Pb/204Pb 2 error -value

2382
2383
2384
2385
2386

cp
cp
py
py
cp

18.5374
18.6015
18.5689
18.6184
18.6370

0.0032
0.0036
0.0023
0.0055
0.0029

15.6382
15.6342
15.6370
15.6557
15.6630

0.0033
0.0037
0.0019
0.0072
0.0038

38.6680
38.6857
38.6373
38.6691
38.7167

0.0125
0.0069
0.0035
0.0220
0.0100

9.82
9.78
9.80
9.87
9.90

Abbreviations: cp, chalcopyrite, py, pyrite.
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Fig. 9.
 206

Pb/
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Pb v.
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Pb diagram of ore minerals from the Elatsite deposits, including

published Pb-Pb isotope data from Amov (1999).

quantified but is clearly not the main reason for
the crustal characteristics of lead in all late
Cretaceous ore deposits of the Central Srednogorie
zone.

In contrast to the Pb, the few isotope data for
Sr-bearing minerals (Table 4) indicate a mixed
mantle-crust source for the Sr. The situation may
be different in the case of other elements, such as
Au, Cu or PGE, whose geochemical behaviour
differs from that of Sr and Pb.

Discussion: dating of porphyry-copper
mineralization

The high-precision U-Pb zircon data demonstrate
that the whole time span of the ore-producing
magmatism in the region of Elatsite deposit
extended over a maximum duration of c. 0.87 Ma,
starting at 92.1 ± 0.3 Ma ago with the pre- to syn-
ore quartz monzodiorites of the 'big dyke' (HOR
1390, unit 1) and finishing at 91.84 ±0.31 Ma
according to 206Pb/238U age of zircons from the
granodiorite porphyry dyke (LF 025, unit 2).

Considering the uncertainties of the individual age
determinations, a maximum lifetime of the por-
phyry system of 0.87 Ma is estimated. The high
temperature ore mineral assemblage (mt-bn-cp,
PGEs and with potassic alteration) is confirmed
by the two overlapping (within errors) dates of
92.1 ±0.3 Ma and 91.84 ± 0.31 Ma; this means
the high-temperature ore forming process includ-
ing PGE mineralization is constrained to within
0.87 Ma. The latest dyke of unit 2 with an age of
91.42 ±0.15 Ma contains only low-temperature
ore minerals of the py-qtz assemblage, and fluid
inclusions in quartz show a temperature range
between 260 and 300 °C and a low salinity
(Strashimirov & Kovachev 1992). The magmatic-
hydrothermal system responsible for the main
high-temperature Cu-Au deposition at Elatsite
therefore collapsed after about 91.84 Ma. At about
90.5 Ma, the whole complex was cooled down to
temperatures around 3007 °C based on new Rb-Sr
and earlier K-Ar data. In the absence of detailed
tectonic investigations, we speculate that regional
uplift was the reason for termination and closure
of these isotopic systems, consistent with con-
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glomerates and sandstones formed in continental
basins south of the Elatsite deposit during Turo-
nian times (Moev & Antonov 1978). The multi-
phase dyke intrusions account for a rather long-
living magmatic-hydrothermalsystem, even
though individual events of dyke emplacement
and hydrothermal mineralization were probably
much shorter. Generally, at depths of about 3-
5 km where typical porphyry-style deposits are
formed, a short time of about 10000 years is
sufficient to cool single intrusive stocks (Cathles
1981), and considerably less in the case of dyke-
shaped bodies.

This study shows the power of U-Pb zircon
dating of porphyry-copper deposits, in comparison
with K-Ar and 40Ar/39Ar isotope methods com-
monly used for dating ore deposits (K-Ar; Ar/
Ar;Richards et al 1999; Arribas et al. 1995); the
Rb-Sr system was used additionally by some
authors (Kostitsyn 1993, 1994). The latter meth-
ods are suitable for young deposits and enable
precise dating of the latest epithermal phases of
mineralization based on widespread alteration
minerals such as sericite, biotite, illite, adularia
and alunite. A distinct advantage of 40Ar/39Ar
dating is the high precision, especially for small
differences measured in a single batch of samples
(e.g. Arribas et al. 1995). However, neither 40Ar/
39Ar nor Rb-Sr can reliably date the early high-
temperature history of porphyry systems, above
the blocking temperatures of the commonly dated
minerals. In addition, in fluid dominated systems,
an exchange of elements and isotopes is expected
even at lower temperatures. For dating the ore-
productive magmatism including high-temperature
potassic alteration, U-Pb dating of kinetically
robust igneous zircons, from magmatic rocks in
unambiguous geological relationship with hydro-
thermal veins and alteration stages, arguably offers
the most reliable dating method, which is in most
cases very precise (Schaltegger 2000). Only Re-
Os dating of molybdenite offers a comparably
robust and precise geochronometer for the timing
of porphyry-copper mineralising events (Raith &
Stein 2000). Absolute timing of the entire se-
quence of ore-forming processes generally re-
quires the combined use of several isotopic
methods, in conjunction with careful field obser-
vation to determine the relative sequence of
tectonic, magmatic and hydrothermal events.
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40Ar/39Ar geochronology of magmatism and hydrothermal activity
of the Madjarovo base-precious metal ore district, eastern

Rhodopes, Bulgaria
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Abstract: The Madjarovo volcanic complex and ore district comprise alteration styles from
potassium silicate, advanced argillic and sericite alteration to adularia-sericite alteration/
mineralization with a close and unambiguous spatial relationship to specific magmatic events.
New 40Ar/39Ar laser fusion and incremental heating experiments on nine sanidine, biotite,
adularia, K-feldspar, and alunite samples constrain the ages and time span of lavas and tephras
comprising the complex and their relationship to the hydrothermal activity. These results
demonstrate that high-K calc-alkaline to shoshonitic volcanic activity began c.32.7 Ma and
terminated c.500 ka later with the extrusion of quartz latite lavas at 32.2 Ma. The final stage of
volcanism was accompanied by intrusion of compositionally similar monzonite stocks and
trachytic dykes (c.32.2-32.1 Ma) and associated barren advanced argillic and sericite alteration
(lithocap) and adularia-sericite base/precious metal vein mineralization. A probable thermal
event at c. 12-13 Ma disturbed the ages of alunite and sericite-bearing alteration at low
stratigraphic levels. However, field relations combined with a plateau age of 32.1 ± 0.2 Ma
from adularia in low-sulphidation veins that cross-cut lithocap indicate that hydrothermal
activity, including base- and precious-metal vein deposition, was coeval with the youngest
magmatic activity.

Although most recent models of epithermal sys-
tems emphasize close spatial association among
volcanic and plutonic events, alteration, and de-
position of ore (Hedenquist & Lowenstern 1994;
Sillitoe 1993, 1995), only rare combinations of
geological events provide examples where rela-
tionships between igneous rocks, porphyry and
epithermal systems (both high and low sulphida-
tion) are exposed. This is mainly because young
epithermal systems are poorly exposed, whereas
older deposits are eroded or deformed (Hedenquist
& Arribas 1999; Cooke & Simmons 2000). Most
economic epithermal ore deposits are Tertiary and
conventional K-Ar dating cannot precisely con-
strain the timing of magmatism, alteration, and
mineralization. At the 95% confidence level the
precision of 40Ar/39Ar age determinations of K-
rich minerals is typically better than ± 0.5%, thus
for the Oligocene materials of this investigation
differences in age of about 200 ka may be distin-
guished (e.g. Marsh et al. 1997; Singer & March-
ev 2000).

Mining at Madjarovo ore district in Bulgaria is
believed to have commenced during Thracian

times, with most development beginning in the
1950s. More than 10 million tons of base metal
ore have been mined; another 6.5 million tons of
base metal reserves and low-grade ore still exist.
However, because of changes in the Bulgarian
economy and a decrease in ore grade with depth,
mining for base metals has ceased. Jambol Ex-
ploration Organization undertook an extensive
gold exploration programme of the upper parts of
the base metal veins between 1988 and 1996.
Eight major veins contain reserves of c. 2 million
tons grading 3.9 g t-1 Au, but a 1995 feasibility
study by Euraust Mineral Developments indicated
that the deposit is not economic for Au.

We chose to focus on the Madjarovo ore district
because the Arda River has dissected the whole
volcanic complex and ore district, exposing the close
spatial relationships between porphyry monzonite
stocks and dykes in the central part of the complex
and potassic, barren acid-sulphate (advanced argil-
lic) and adularia-sericite (low-sulphidation) altera-
tion and accompanied base/precious metal
mineralization. This geological setting provides an
excellent opportunity to constrain the timing and

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 137-150.
0305-8719/02/S15.00 © The Geological Society of London 2002.
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duration of magmatic and hydrothermal events using
40Ar/39Ar methods. Our new age determinations
support a close connection between magmatic
events and hydrothermal alteration and potential
contemporaneity of the contrasting fluids responsi-
ble for barren advanced argillic/sericitic alteration
and adularia-sericite alteration/mineralization.

Geological setting

Regional setting

The Madjarovo ore district of southeastern Bulgar-
ia is situated approximately 200 km SE of Sofia
(Fig. 1) in the centre of the Oligocene Madjarovo
volcano. The volcano itself is the easternmost
volcanic structure on the Bulgarian territory of an
Eocene-Oligocene continental magmatic belt that
extends c. 500 km from Serbia and Macedonia to
NW Turkey (Fig. 1). The magmatic belt resulted
from post-Palaeocene-Eocene extension that fol-
lowed Upper Cretaceous collision of the Serbo-
Macedonian and Rhodope Massifs with the Pela-
gonian microplate (Ricou 1994). The eastern part
of this belt is occupied by the Rhodope Massif,
which is comprised of Precambrian to Mesozoic
metamorphic rocks. Palaeogene magmatic rocks
consist of calc-alkaline to shoshonitic intermedi-
ate, acid and subordinate basic volcanic rocks and
their intrusive equivalents (Ivanov 1968; Innocenti
et al. 1984; Harkovska et al. 1989; Del Moro et
al. 1990; Christofides et al. 1998; Marchev et al

19980; Yanev et al. 1998), showing a distinct
south to north enrichment (from Greece to Bulgar-
ia) in K2O and LILE. Minor alkali basalts have
been described in the southeastern part of the
Eastern Rhodopes (Marchev et al. 19986). The
Palaeogene magmatism was accompanied by the
formation of small Cu-Mo and abundant epither-
mal deposits (Mavroudchiev et al. 1996; Arikas &
Voudouris 1998), which form the Rhodope metal-
logenic province (Stoyanov 1979).

District geology

The Madjarovo volcanic complex covers 120 km2.
New geological mapping at 1:10000 is sum-
marized in Figure 2. Pre-Tertiary rocks, that crop
out south of the Chernichevo Fault, are overlain
by Upper Priabonian conglomerate, sandstone and
limestone. A tephrostratigraphic marker, com-
posed of pumice and ash-fall tuff of unknown
source, named the Reseda Tuff (Ivanov & Kopp
1969), overlies these sediments and underlies the
Madjarovo volcanic complex. The Arda river,
exploiting a large east-west fault (Arda zone),
exposes the deep stratigraphy of the volcano.
Volcanism was predominantly fissure-fed and
dominated by large sheet-like lava flows and
subordinate epiclastic rocks that formed a shield
volcano (Ivanov 1960). The unaltered mafic to
intermediate volcanic rocks (Marchev et al. 1989)
are shoshonitic to high-K calc-alkaline rocks
dominated by latites. Burchina quartz latites are

Fig. 1. Location of Eocene Madjarovo volcanic complex within the Palaeogene intrusive and volcanic belt, Rhodope
Mountians. Inset shows the Palaeogene Macedonian-Rhodope-North-Aegean Volcanic Belt.
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Fig. 2. Simplified geological map of the Madjarovo ore district, showing sample locations and their preferred ages.
Source: unpublished mapping by P. Marchev, 1989-1995.

the youngest volcanic rocks. They are overlain by
another tephrostratigraphic marker, Borovitsa
rhyolite tuff, which is an outflow tuff originated
from Borovitsa caldera located 20 km WNW of
Madjarovo (Singer & Marchev 2000).

On the basis of petrology and Sr and O isotope
compositions (Marchev & Rogers 1998), three
units have been divided within the Madjarovo
complex. The first two (Lower and Middle unit)
start with thick (up to 150 m) latites and end with
basalts. Less voluminous intercalated flows of
basaltic andesites, shoshonites and andesites show
petrographic and isotopic evidence for large-scale
magma mixing between end-members (Raicheva
et al. 2001). The third unit includes three lavas
ranging from high-K high-Al basalt through latite
and quartz-latite.

Early volcanic rocks are intruded by numerous
monzonitic stocks and rare gabbroic and syenitic
bodies, similar in composition to the Upper unit.
It is presumed that the monzonite stocks coalesce
at depth (Mavroudchiev 1959). The largest mon-
zonitic body, Harman Kaya, and trachytic dykes
of identical composition crop out in the central
part of the complex over 40-50 km2. A gravity
minimum and magnetic anomaly beneath the
centre of the complex have been interpreted as a
syenitic pluton between depths of 1 and 4 km

(losifov et al.\981). Intrusion of monzonite-tra-
chyte magma was accompanied and followed by
destruction of the central part of the volcano.
Gergelchev (1914) postulated the existence of a
caldera structure coinciding in size with the
pluton, but the results of extensive drilling and our
field observations did not confirm this interpreta-
tion.

Four major fault systems, striking east-west,
NW-SE, north-south and NE-SW (Atanasov
1959; Velinov et al. 1977), accommodate the
feeding dyke swarms for the lavas, sub-volcanic
intrusions and the base/precious metal veins and
alteration, suggesting that these structures con-
trolled volcanism and subsequent mineralization.
The most prominent structures are the east-west
Chernichevo fault delimiting the metamorphic and
volcanic rocks in the southern part of the volcano
(Fig. 2), and the east-west Arda structural zone.
A series of faults between them bound blocks
tilted to the NNE and decreasing in altitude north-
ward with total displacements of up to 600-
700 m. The richest veins (e.g., #2, 6, 8; Fig. 2)
also represent faults with displacement up to
200m (Atanasov 1959). They show abundant
evidence of brecciation and recementation, sug-
gesting movement during ore deposition. However,
preservation of the epithermal zonation in the
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elevated southern and down-dropped northern
halves of the complex suggests that the current
structure most probably developed synchronously
with trachyte/monzonite intrusions and that ore
deposition post-dated most deformation.

Alteration

Alteration in the Madjarovo ore district is docu-
mented by Radonova (1960), Velinov et al.
(1977), Velinov & Aslanian (1981), Velinov &
Nokov (1991) and Marchev et al. (1997). Current
knowledge of hydrothermal alteration is sum-
marized in McCoyd (1995) and herein. The
epithermal system generated acid-sulphate and
adularia-sericite alteration (Velinov & Nokov
1991) and subjacent K-silicate alteration (Marchev
et al. 1997). Skarns were discovered by drilling
near the Harman Kaya and Patron Kaya monzo-
nite stocks (Breskovska et al. 1976, Figure 2).
McCoyd (1995) subdivided the epithermal altera-
tion into advanced argillic, sericitic, propylitic,
quartz-sericite and adularia-sericite; these altera-
tion zones are described below.

K silicate alteration occurs adjacent to two small
monzonite stocks in the Arda zone, Patron Kaya
and Kjumiurluka (the latter not shown in Fig. 2).
It comprises hydrothermal biotite, K-feldspar,
albite and quartz. The altered rocks contain
disseminated pyrite with rare Cu-bearing (chalco-
pyrite) mineralization.

Propylitic alteration is developed around K-sili-
cate and sericite alteration over c. 10 km2 in the
central part of the district. This alteration was
originally designated as pre-ore regional propyliti-
zation (Radonova 1960). Propylitic alteration also
developed surrounding fracture-controlled base/
precious metal vein mineralization. The propylitic
assemblage consists of all or some of the follow-
ing minerals: chlorite, epidote, albite, carbonate
and pyrite.

Sericite alteration consisting predominantly of
muscovite+quartz accompanied by minor pyrite
and dickite, this alteration affected the uppermost
Harman Kaya monzonite and its wall rocks (Fig. 2).
Sericite alteration forms envelopes around zones of
advanced argillic alteration, together forming a
lithocap (Sillitoe 1995), which probably at depth
passes into K-silicate alteration. A large number of
base-metal veins occur within the sericitic altera-
tion zone and Harman Kaya monzonite intrusion
but the ore grade in the veins diminishes and visible
mineralization is not present. This area was deter-
mined by Breskovska et al. (1976) to be unsuitable
for vein type mineralization.

Advanced argillic alteration comprising kaolinite,
pyrophyllite, alunite, diaspore and zunyite
(Velinov & Nokov 1991; McCoyd 1995), this
alteration is in two east-west trending zones in
the southern half of the district with alunite
alteration occurring at the highest elevation (Fig.
2). The phase assemblage indicates a temperature
of c. 270 °C, and S isotope geothermometry using
an alunite-pyrite pair suggests temperatures of
300-310°C. Alunite veins located within this
alteration are up to 30 cm thick, several metres
long, comprise coarse-grained crystals to 150 um,
and strike N130°E. SEM analysis (McCoyd 1995)
showed that it consists of woodhousite 4- svanber-
gite + alunite. The upper part of the intrusion was
silicified locally.

Quartz-sericite alteration is associated with the
deeper portions of the base-metal veins, but is also
found at higher levels. It is strongly fracture-
controlled and forms envelopes around quartz
veins. Typically, the width of the zone is a few
tens of centimetres but can be up to several metres
around larger veins. Quartz and sericite predomi-
nate but illite and smectite and disseminated pyrite
also occur. Sericite replaces feldspar and also
occurs in the groundmass, whereas quartz occurs
as veinlets near the main vein deposits.

Adularia-sericite alteration is typical in the upper
levels of the palaeo-volcano, it extends up to
120m on either side of the veins (Fig. 2). It
developed either as a halo around large open veins
or comprises the brecciated zones. The most
intensely altered rocks consist exclusively of a
fine-grained aggregate of quartz and adularia.
Chemical analyses indicate up to 13wt% K2O,
suggesting that about 80-85% of the rock is
adularia.

Min era liza tion

The base metal-Au mineralization at Madjarovo
is located in the four major fault systems (Fig. 2).
Of nearly 150 quartz-sulphide veins that have
been identified, 50 veins are economically signifi-
cant. Vein widths vary from half a metre to thirty
metres and the largest of these are up to 3 km
long (Fig. 2). Brecciation is typical of the narrow-
est veins whereas the larger veins are massive and
internally banded.

Zoning similar to current models of epithermal
deposits, with base metals precipitating below
precious metals (Buchanan 1981; Berger & Eimon
1983) was suggested by Atanasov (1962). The
mineralized interval persists to 1500m below the
present surface with the precious metal minerali-
zation located in the uppermost 150-200 m. Nu-
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merous (>90) primary minerals form the deposit.
The predominant sulphides are pyrite, chalcopyr-
ite, Fe-poor sphalerite and Ag-bearing galena with
minor Se, Bi, Ag, Sb, As sulfosalts and native Au
and Ag (Breskovska & Tarkian 1993). Quartz is
the dominant gangue mineral with lesser amounts
of barite, chalcedony, jasper and calcite. The
paragenesis is complex and six stages of miner-
alization have been identified (Atanasov 1962;
Breskovska & Tarkian 1993). Nokov & Malinov
(1993) report findings of molybdenite and hypo-
gene wulfenite in some veins.

Fluid inclusion studies (Breskovska & Tarkian
1993; Nokov & Malinov 1993; McCoyd 1995)
have shown that quartz associated with main stage
Pb-Zn mineralization was deposited at 240-
270 °C from neutral low salinity fluids (3-5 eq.
wt% NaCl). Barite associated with the precious-
metal mineralization was deposited from similar
fluids. Although there is no direct evidence, given
the estimated geothermal gradient and occurrence
of hydrothermal breccias and adularia, boiling was
possible (McCoyd 1995).

Geochronology

Conventional K-Ar dating at Madjarovo broadly
constrained the ages of various igneous rocks
between 33.5 Ma and 31.0 Ma (Lilov et al. 1987).
Similarly, Rb-Sr mineral isochrons from the low-
ermost and uppermost latitic lava flows compris-
ing Madjarovo volcano were 31.6± 1.2 Ma and
32.3 ± 0.6 Ma, respectively (Marchev & Rogers
1998). Arnaudova et al. (1991) reported a K-Ar
age of 33-32 Ma for an adularia sample from the
adularia-sericite alteration. A similar age (32.6 ±
1.2 Ma) was obtained by McCoyd (1995) for the
vein alunite from the advanced argillic alteration.
However, two sericite separates of sericite altera-
tion and one from the quartz-sericite alteration at
the southeastern end of vein #2, obtained by the
same author, yielded much younger ages (13.0 ±
0.5 Ma-13.7± 0.6 Ma) and (12.2 ± 1.0 Ma, re-
spectively. These data, along with the newly
obtained 40Ar/39Ar data, will be discussed in a
later section.

40Ar/39Ar analytical techniques

To define more precisely the timing of igneous
and hydrothermal events we undertook40Ar/39Ar
experiments on sanidine, biotite, adularia, K-feld-
spar and alunite from nine samples of volcanic,
intrusive and hydrothermal rocks using a CO2

laser probe. Minerals were separated from 100—
250 micron sieve fractions using standard mag-
netic, density, and handpicking methods. Five
milligrams of each mineral were irradiated at

Oregon State University for 12 or 50 hours along
with 27.92 Ma sanidine from the Taylor Creek
rhyolite (Duffield & Dalrymple 1990) as the
neutron fluence monitor. Isotopic measurements
were made of the gas extracted by either totally
fusing individual crystals of < 0.1 mg, or by
incrementally heating larger 2-3 mg multi-crystal
aliquots using a defocused CO2 laser beam. The
isotopic composition of gas from each fusion or
heating step was measured using an MAP 216
spectrometer at the University of Geneva. Six to
eleven total fusion measurements were pooled
together to calculate a weighted mean age and
uncertainty. Incremental-heating results are gener-
ally given as weighted mean plateau ages. Analy-
tical procedures, including mass spectrometry,
procedural blanks, reactor corrections, and estima-
tion of uncertainties are described by Singer &
Marchev (2000). All uncertainties are ±2

Samples and results

The results of laser total fusion and incremental
heating experiments are summarized in Table 1
and age spectra of the latter are illustrated in
Figure 3. The locations of the samples and their
preferred ages are shown on the geological map
(Fig. 2). The significance and preferred age
determined for each sample are as follows.

Reseda Tuff Sample M96-5 is from the Reseda
Tuff. Although heavily zeolitized, phenocrysts of
sanidine, plagioclase, biotite, sphene and zircon
are unaltered and suggest that the source magma
was a low-silica rhyolite. Total fusion analyses of
six sanidine crystals from a pumice fragment in
the upper part of the tuff yielded a weighted mean
age of 32.44 ± 0.23 Ma.

Lowermost Arda latite lava flow Sample M96-8 is
from the periphery of the complex (Fig. 2) where
the lava overlies Reseda Tuff. It contains pheno-
crysts of plagioclase (An77.5-51), augite, orthopyr-
oxene, titanomagnetite, biotite, and minor
amphibole and apatite. The weighted mean of
eight total-fusion measurements of biotite yielded
an age of 32.66 ±0.15 Ma (Table 1). Sample
M92-46 is from the central part of the volcano
(Fig. 2) about 50 m from the Patron Kaya mon-
zonite stock. Potassium alteration associated with
the stock comprises fine-grained biotite, K-feld-
spar, albite and quartz pervasively replacing
groundmass, plus calcite and chlorite replacement
of pyroxene, leaving relict phenocrysts of plagio-
clase and biotite. Disseminated pyrite and rare
chalcopyrite accompany these silicate minerals.
Seven of eight total-fusion measurements of un-
altered biotite phenocrysts yielded a weighted
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Table 1. Summary of 40Ar/39Ar geochronological data for laser fusion and incremental heating experiments on
adularia, biotite and sanidine from Madjarovo, Bulgaria

Sample

M96-11

M96-11P1

M97-02

M96-4

4-69
M92-46

M96-8

M96-5

Mineral

Adularia

Adularia

Adularia

Sanidine

Sanidine
Biotite

Biotite

Sandine

Description

Low-sulphidation
alteration, vein 6
Low-sulphidation
alteration, vein 6
Low-sulphidation
alteration, vein 2
Stratigraphically
highest
quartzlatite
Trachyte dyke
Stratigraphically
lowest latite
Stratigraphically
lowest latite
Reseda Tuff

Total

Number of
fusions

7 of 9

7 of 7

1 1 of 1 1

7 of 9
7 of 8

8 of 8

6 of 6

fusion

Weighted mean
age (Ma)

3 1.78 ±0.23

31.91 ± 0.40

32.16 ±0.08

32.06 ±0.13
32. 69 ±0.21

32.66 ±0.15

32.44 ± 0.23

Incremental
heating

'Plateau age1

32.57 ±0.14?

31. 12 ±0.35?

32.09 ±0.21

32.23 ±0.19

32.72 ±0.23

Ages are calculated relative to 27.92 Ma Taylor Creek sanidine (Duffield & Dalrymple 1990). ± 20 errors.

mean age of 32.69 ± 0.21 Ma (Table 1), whereas
a ten-step incremental heating experiment gave a
concordant spectrum and a plateau age of
32.72 ± 0.23 Ma that is indistinguishable from the
total fusion age (Fig. 4). Neither age is indistin-
guishable from that of biotite M96-8, moreover
the age of Arda latite and Reseda Tuff overlap,
suggesting a rapid growth of Madjarovo volcano
concomitant with eruption of the tuff.

Uppermost Burchina quartz latite lava flow Sam-
ple Md96-4 is from the uppermost Burchina
quartz latite that contains phenocrysts of pla-
gioclase (An 58.5-41.2), sanidine (Or75.1-72.4),
clinopyroxene; orthopyroxene rimmed by clino-
pyroxene, biotite, and titanomagnetite, plus zircon
and apatite. Eleven total-fusion measurements of
sanidine gave a weighted mean age of
32.16 ±0.08 Ma (Table 1). The plateau age of
32.23 ±0.19 Ma from a concordant five-step in-
cremental heating experiment is indistinguishable
from the total fusion age. Although these ages are
in excellent agreement with the 32.3 ± 0.6 Ma
clinopyroxene-plagioclase-biotite-sanidine Rb-
Sr isochron of Marchev & Rogers (1998), our
preferred total fusion age is nearly an order of
magnitude more precise.

Trachytic dyke Sample 4-69 is from a trachytic
dyke similar in composition and probably coeval
with the Harman Kaya monzonite and spatially
associated with younger mineralized veins dis-
cussed below. Sanidine phenocrysts up to 2.5 cm

are common and seven of nine total-fusion meas-
urements yielded a weighted mean age of
32.06 ± 0.13 Ma, that is younger than the Arda
latite, but indistinguishable from the Burchina
quartz latite age.

Harman Kaya monzonite stock Although sample
M89-150 is from the least altered part of the
largest monzonite stock (Fig. 2), it is propilitized
and dated K-feldspar crystals (up to 2.5 cm) are
partly replaced by minor sericite and clay. The 13
step age spectrum is discordant with apparent ages
increasing gradually from about 29.85 ± 0.60 Ma
in low-temperature steps to the highest tempera-
ture step at 31.71 ± 0.26 Ma (Fig. 3). The oldest
apparent age approaches that of the younger lava
flows and the trachyte dyke. Eight total fusion
ages (not shown) range from 30.51 ± 0.64 Ma to
32.24 ± 0.56 Ma with the older of these ages also
similar to those of the younger lavas. Given the
alteration and discordant age spectrum suggestive
of minor loss of radiogenic argon, we take the
older age of 32.24 ± 0.56 Ma with caution as our
best estimate of time elapsed since rapid cooling
of this shallow intrusion.

Adularia-sericite epithermal alteration/minerali-
zation Samples M97-02 and M96-11 are from
prominent alteration zones associated with low-
sulphidation base-metal-Au veins. M97-02 is
from altered latite 2 m from the northern margin
of the 25 m wide vein #2 (Fig. 2). Adularia that
we measured is a replacement of plagioclase and
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Fig. 3. Age spectra from incremental-heating experiments on sanidine, biotite, K-feldspar, adularia and alunite
samples from Madjarovo.
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Fig. 4. Summary of preferred ages based on 40Ar/39Ar incremental heating and laser fusion results of this study. * K-
fs age interval of monzonite based on the total fusion experiments. * * K-Fs age of the highest temperature age of
incremental heating experiment. The alunite age is a minimum based on the highest age steps in the age spectra of
Figure 3. Abbreviations: TFWMA, total fusion weighted mean age; IHPA, incremental heating 'plateau' age

contains minor sericite. M96-11 is from the
breccia in Chatal Kaya vein #6, (Fig. 2) that
comprises angular clasts of strongly adularized
and silicified shoshonite lava, cemented by vein-
lets of quartz and ore minerals. The adularia
occurs as four textural types: (1) replacement of
large plagioclase phenocrysts intergrown with
minor sericite (M96-1 1 pl), (2) plagioclase micro-
phenocrysts replaced by adularia with no sericite,
(3) mixture of fine-grained quartz and adularia
replacing the groundmass and (4) in veins and
cavities intergrown with quartz as coarse-grained
rhombs 30-300 um long with minor sericite
(M96-11). Total fusion ages of M97-02 and M96-
11 are indistinguishable: 31.91 ± 0.40 Ma and
31.78 ±0.23 Ma, respectively (Table 1). Incre-
mental heating of sample M97-02 yielded a nearly
concordant age spectrum with four steps contain-
ing 76.1% of the 39Ar giving a plateau age of
32.09 ± 0.21 Ma (Fig. 3). These ages overlap that
of associated trachytic dykes (32.06 ± 0.13 Ma;
Table 1) and are consistent with field observations
that magmatic and hydrothermal activity were
channelized along the same structures. Experi-
ments on M96-11 and M96-ll pl gave discordant
age spectra, the former similar to that of the
Harman Kaya K-feldspar (Fig. 3), with apparent
ages increasing from 27-30 Ma at lower tempera-
ture to a maximum age of 33.8 Ma, suggesting

that the sample experienced partial 40Ar loss.
Seven of ten steps from M96-11 defined a plateau
of 32.57 ± 0.14 Ma, but this is older than the
40Ar/39Ar age obtained from the host trachytic
dykes (32.06 ± 0.13 Ma) and the plateau age
(32.09 ±0.21 Ma) of sample M97-02 (Fig. 3).
Because of this discrepancy, we believe that this
age is slightly too old. We believe that the plateau
age from M97-02 adularia (32.09 ± 0.21 Ma)
gives the best estimate of time elapsed since
formation of the adularia-sericite mineralization.

Vein alunite-advanced argillic alteration Sample
M96-6 comprises coarse-grained alunite with sub-
ordinate woodhousite and svanbergite from a
small vein located 200 m east of the Harman Kaya
monzonite. Replicate incremental heating experi-
ments produced similar strongly discordant age
spectra with apparent ages increasing from c. 13-
15 Ma at low temperature to maximum ages of c.
30.4 Ma (Fig. 4). These age spectra suggest a loss
of radiogenic argon possibly due to later re-
heating, or weathering. Thus, even the maximum
age of c. 30.4 Ma is probably only a minimum for
the time since deposition of alunite. A sample of
alunite from the same locality was measured by
conventional K-Ar methods (McCoyd 1995) and
gave an imprecise age of 32.6 ± 1.2 Ma (20 ) .
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Discussion

Thermal event at 12-13 Ma

The age of the first low-temperature step (13.65 ±
0.5) of the strongly disturbed 40Ar/39Ar age spec-
trum of the Madjarovo alunite coincides with the
ages of several other samples from Madjarovo and
neighbouring areas: (1) 13.0 ± 0.5 Ma and
13.7 ±0.6 Ma ages of two sericite separates of
sericite alteration and 12.2 ± 1.0 Ma of the sericite
from the quartz-sericite vein alteration obtained
by McCoyd (1995) using the K-Ar method, (2)
12 Ma Rb-Sr isochron age of a biotite-muscovite
gneiss from the lower sedimentary-volcanoclastic
part of the Reseda Tuff (Pljusnin et al 1988).
Thus, it appears that sericite and alunite experi-
enced partial 40Ar loss at about 12-13 Ma, record-
ing a thermal effect that is distinct in time from
the magmatic and hydrothermal activity of Mad-
jarovo volcano. It deserves noting that earlier,
Kasukeev et al. (1979) recorded an identical
thermal event (12±4-16±5 Ma) in the mica-
bearing pegmatites from Kamilski Dol, an area
about 20 km east of Madjarovo, using the fission
track method. Disturbed ages of adularia M96-11
also seen to reflect this thermal event. The only
important difference between adularia samples
M97-02 and M96-11 is their position with respect
to metamorphic basement. Sample M97-02, is
located approximately 500-600 m above the meta-
morphic basement, whereas sample M96-11 is less
than 50 m above the metamorphic basement. All
the other samples showing disturbed 40Ar/39Ar age
spectra or younger ages (e.g. McCoyd's sericites
and Pliyusnin et a/.'s biotite-muscovite gneiss
from the Reseda Tuff) are taken either close to or
directly from the metamorphic basement, suggest-
ing that the 40 Ar loss is not consistent with
supergene processes.

The closure temperatures for argon diffusion in
muscovite and sericite depend mainly on the tem-
perature and to a lesser extend on the cooling rate,
being higher for rapid cooling and lower for slow
cooling (Dodson 1973). Snee et al. (1988) esti-
mated a muscovite argon closure temperature of
about 325 °C under conditions of rapid cooling
and short reheating and a temperature of about
270 °C during slow cooling or extended reheating.
The biotite 40Ar/39Ar ages indicate that there was
no heating above 300 °C. The low-temperature
release can be facilitated by the fine-grained size
of the sericite. However, although this may be
applicable to the sericite in the quartz-sericite
alteration it is not thought to apply to the coarser-
grained muscovite in the metamorphic rocks. In a
study of fluid disturbed ages in metamorphic rocks
Miller et al. (1991) state that a convecting fluid at

approximately 275 °C may have caused the loss of
radiogenic argon from samples of muscovite with
the amount lost dependant upon the length of time
the mineral remained at this temperature.

Our preferred explanation for the age difference
between disturbed and non-disturbed rocks at
Madjarovo is a partial resetting of K-Ar isotope
system in the muscovite and alunite that occurred
12-13 Ma ago as the result of endogenous pro-
cesses.

Duration of magmatic and hydrothermal
activity

Our 40Ar/39Ar data constrain the duration of mag-
matic activity and the timing of principal mag-
matic/hydrothermal events in the complex.
Volcanism began shortly after emplacement of the
Reseda tuff at 32.44 ± 0.23 Ma. The biotite single-
crystal ages of 32.66 ±0.14 Ma and 32.69 ±
0.15 Ma (Table 1) from the lowermost latite lava
combined with the plateau age of 32.72 ±0.12 Ma
(Fig. 3) are indistinguishable at the 95% confidence
level from the underlying Reseda Tuff, implying
that the two events were closely spaced in time.
The ages of 32.23 ± 0.19 Ma and 32.16 ± 0.08 Ma
(Fig. 3, Table 1) from the uppermost lavas agree
with the 32.16 ±0.15 Ma age of the Borovitsa
pyroclastic flow that covers these lavas (Singer &
Marchev 2000). The last volcanism was accompa-
nied or followed by the intrusion of the Harman
Kaya stock and trachytic dykes c.32.2?-
32.06 ± 0.13 Ma. Association of the stock with
this volcanism is supported by their similar Sr and
Nd isotope ratios (Marchev et al. 2002).

Thus, magmatic activity took place over a
period of not more than 900 ka, most probably
c.500 ka which falls well within the lifespan of
well-documented composite volcanoes in Japan,
the Cascades, and Southern Andes that were active
for 80 ka to 900 ka (e.g., Wohletz & Heiken 1992;
Singer et al. 1997).

Hydrothermal activity began with intrusion of
the monzonite stock (c.32.2? Ma) and trachytic
dykes (32.06 ± 0.13 Ma) and created the advanced
argillic (>30.4 Ma) and adularia-sericite altera-
tion/mineralization (32.09 ± 0.21), respectively.
The loss of Ar in the alunite did not allow dating
of the advanced argillic alteration. However, two
types of alteration spatially overlap in the central
part of the volcano with cross-cutting relation-
ships, suggesting that adularia-sericite postdates
the lithocap formation. The emplacement of tra-
chytic dykes at 32.06 ±0.13 Ma and subsequent
adularia alteration at 32.09 ± 0.21 Ma indicate
that the duration of both the advanced argillic, and
adularia-sericite systems was less than 250 ka.
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This includes time for the monzonite stock to
cool, solidify, and develop advanced argillic and
sericite alteration. Numerical modelling (Cathles
et al. 1997; Marsh et al 1997) indicates that a
shallow stock of this size would cool below the
closure temperature of dateable minerals in less
than lOO ka.

The Madjarovo epithermal system

Alteration and epithermal deposits traditionally
have been divided into acid sulphate or high-
sulphidation and adularia-sericite or low-sulphi-
dation (Heald et al. 1987; Hedenquist et al. 2000
and references therein). Hedenquist et al. (2000,
2001), partly based on the studies of John et al.
(1999) and John (2001), add another type, divid-
ing the low-sulphidation epithermal deposits into
intermediate-sulphidation and proper low-sulphi-
dation deposits. According to these authors, the
intermediate-sulphidation deposits are typically
hosted in arc-related andesites and dacites. Miner-
alization is Ag and base-metal rich with Mn
carbonates and barite as gangue and massive to
comb textured quartz. Sericite is a common altera-
tion and gangue mineral but adularia is rare.
Salinity of fluid inclusions is from 3-5 to 10-
20 wt% NaCl. Typical low-sulphidation deposits
formed in extensional settings hosted by rhyoli-
tic-dacitic or more alkaline rocks. They are Au-
rich with the sulphides (pyrite, pyrrotite, arseno-
pyrite, and high-Fe sphalerite) recording a low-
sulphidation state. Veins show crustiform textures
with dominated chalcedony, whereas adularia and
illite are common gangue and alteration minerals.
The salinity of the fluids is generally <1 wt%
NaCl.

Based on the high Ag content and barite,
sulphide mineralization (including the Fe-poor
sphalerite), zonation of the deposit, and salinity of
the fluids, the epithermal mineralization at Mad-
jarovo should be an intermediate-sulphidation
type. However, Madjarovo is distinguished in
having extensive adularia-sericite alteration, a
small amount of carbonate, extensional structures,
and shoshonitic volcanism, which are more typical
of low-sulphidation systems.

Comparison with other high-, low-, and
intermediate-sulphidation systems

Although Heald et al. (1987) argue that the
adularia-sericite and acid-sulphate environments
are mutually exclusive, a number of ore districts
preserve both. These deposits originated in differ-
ent arc settings: ocean island, e.g. the Plio-Pleisto-
cene Baguio volcano, Northern Luzon, Philippines

(Aoki et al. 1993) and Tavua Caldera, Fiji
(Setterfield et al. 1992), continental arcs, e.g.
Comstock Lode (Vikre 1989); Eocene Mount
Skukum Au deposit, Yukon Territory, Canada
(Love et al. 1998) and Oligocene Chala deposit,
Bulgaria (Singer & Marchev 2000). Most of these
(Comstock Lode, Baguio and Chala) fall in the
intermediate-sulphidation type of Hedenquist et
al. (2001). The intermediate-sulphidation Victoria
deposit, high-sulphidation Lepanto and Far South-
east porphyry Cu-Au deposits in Luzon, Philli-
pines are additional examples of a close spatial
and temporal association between these different
types of hydrothermal systems (Arribas et al.
1995; Hedenquist et al. 1998, 2001). Precise K-
Ar dating of K-silicate to sericite alteration in
Lepanto-Far Southeast revealed synchronicity of
these processes that occurred over less than
100 ka (Hedenquist et al. 1998, 2001).

High-precision K-Ar and 40Ar/39Ar dating sug-
gests that age differences between the acid-sul-
phate and adularia-sericite alteration types range
from 300 to 800 ka and possibly up to 1.6 Ma
(Setterfield et al. 1992; Aoki et al. 1993; Love et
al. 1998; Singer & Marchev 2000). The temporal
separation at Madjarovo was less than 250 ka and
probably less than 100-200 ka. In this respect
Madjarovo resembles the Far Southeast-Lepanto -
Victoria system, where the intermediate-sulphida-
tion Victoria deposit formed c. 150 ka after the
Far Southeast porphyry and the Lepanto high-
sulphidation deposit (Hedenquist et al. 2001).

Changes in alteration and mineralization styles
in several epithermal systems were accompanied
by shifts from intermediate to silicic magma
compositions (Bonham 1986; Sillitoe 1989;
McEwan & Rice 1991; Singer & Marchev 2000).

It appears that changes in alteration style at
Madjarovo were not related to different magma
compositions. The composition and age of mon-
zonite stocks and trachytic dykes are identical,
reflecting shallow emplacement of a single batch
of magma and its associated hydrothermal system.
However, a short time gap between intrusion of
trachytic dykes and emplacement of the low-
sulphidation mineralization could be enough for a
change in the composition of the source magma
towards more acid composition (Fig. 5).

The contributions from cooling magmas to low-
sulphidation epithermal systems may be restricted
to the heat needed to drive hydrothermal circula-
tion. Low-sulphidation hydrothermal systems typi-
cally form distal to intrusions and may apparently
persist up to 1.5 Ma after volcanism (Silberman
1985; Heald et al. 1987; Conrad et al. 1993;
Hedenquist & Lowenstern 1994). However, based
on precise 40Ar/39Ar measurements, Conrad &
McKee (1996), Henry et al. (1997) and Singer &
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Fig. 5. Model for the evolution of Madjarovo volcanic
complex, associated alteration and mineralization.

Marchev (2000) showed that high-grade adularia-
sericite deposits at Sleeper and Round Mountain,
Nevada and Chala, Bulgaria, were generated
lOO ka to 300 ka after emplacement of rhyolitic
magmas. Madjarovo deposits are similar, having
formed rapidly after trachytic magma intrusion.

A close spatial and temporal relationship be-
tween rhyolitic dykes and adularia-sericite altera-
tion/mineralization in the Spahievo Ore District,
Bulgaria was interpreted by Singer & Marchev
(2000) as reflecting a genetic connection. Simi-
larly, the association of monzonite/trachyte magma
and low-sulphidation vein mineralization at Mad-
jarovo is interpreted to favour a direct genetic
relationship. However, comparison of the Sr iso-
tope compositions of the monzonite intrusion and
gangue barite from the largest veins (Marchev et
al. 2002) make the Harman Kaya intrusion an
unlikely source for the low-sulphidation epither-
mal system. Thus, we propose that the fluids
forming the low-sulphidation mineralization at
Madjarovo were related to a magma that solidified

at a deeper level, perhaps 3-4 km depth, and that
the fluids were additionally contaminated by radio-
genic Sr from Rhodope basement rocks which
host the intrusions.

Model

Our model for the evolution of the Madjarovo
volcanic complex, its alteration and mineraliza-
tion, is outlined in Figure 5 and summarized here:

1 a shield volcano grew between 32.7 and
32.2 Ma;

2 magmatism continued 32.2-32.1 Ma with in-
trusion of monzonitic stocks and trachytic
dykes, as apophyses of a larger pluton
located at depths of 2-4 km (Fig. 5a);

3 intrusion of the latter magma was followed
by a period of rapid erosion and down-cutting
that removed 300-500 m from the south half
of the complex; the palaeosurface encroached
the top of the Harman Kay monzonitic stock;

4 the deeper crystallizing volume of the pluton
exolved a S- and Cl-rich fluid that separated
to form a low-saline acid vapour and saline
brine (e.g. Hedenquist & Lowenstern 1994;
Shinohara & Hedenquist 1997); acid vapour
ascended and reacted with the top of the
monzonitic stocks and their host lavas, there-
by forming barren lithocap zones; brines also
condensed to form K-alteration and minor
porphyry mineralization;

5 progressive cooling and fractionation of the
pluton produced more silicic (granitic or
granosyenitic) magma evinced as the quartz
latite lavas; separation, neutralization, and
dilution of this mainly magmatic fluid gave
rise to the low-sulphidation mineralization;
the time span separating intrusion of the
monzonite-trachyte magma, formation of
lithocap, and the low-sulphidation system
was most probably not more than 200 ka.
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Abstract: An integrated structural and petrological study shows that exhumation of high-P
rocks of the Rhodope occurred in several pulses. The structurally uppermost Kimi Complex
recording an Early Cretaceous high-P metamorphism was exhumed between about 65 and
>42 Ma. The Sidironero, Kardamos and Kechros Complexes that record Early Tertiary high-P
metamorphism (at least 19 kbar at 700 °C) were exhumed at >42-30 Ma. Exhumation occurred
with isothermal decompression. Strain episodes depict thrusting of medium/high grade above
lower grade high-P rocks, syn-thrusting extension and post-thrusting extension. Polyphase
extension created several generations of detachment zones, which, in sum, excise about 20 km
of material within the crustal profile. This reduction in crustal thickness is consistent with a
reduction of the present crustal thickness from more than 40 km to less than 30 km in the
eastern Rhodope. We mapped the post-thrusting Xanthi low-angle detachment system over
100 km, from its break up zone above the Sidironero Complex (Central Rhodope) into the
eastern Rhodope. This detachment shows an overall ESE-dip with a ramp and flat geometry
cutting across the earlier thrust structures. The Kimi Complex is the hanging wall of all syn-
and post-thrusting extensional systems. On top of the Kimi Complex, marine basins were
formed from the Lutetian (c. 48-43 Ma) through the Oligocene, during extension. Successively,
at c. 26 to 8 Ma, the Thasos/Pangeon metamorphic core complexes were exhumed. In these
times representing the early stages of Aegean back-arc extension, the Strymon and Thasos
detachment systems caused crustal thinning in the western Rhodope. Renewed heating of the
lithosphere associated with magmatism and exhumation of hot middle crust from beneath the
Sidironero Complex occurred. We focus on the geometry, timing and kinematics of extension
and contraction structures related to the >42-30 Ma interval and how these exhumed high-P
rocks. We interpret high-P rocks exhumed in this interval as a window of the Apulian plate
beneath the earlier (in the Cretaceous) accreted Kimi Complex.

Exhumation of continental material that has been (ii) 'Back-arc extension'. Drag on retreating
earlier buried to depths corresponding to 20 kbar subduction boundaries initiates profound extension
and more is associated with reduction of at least tectonics in continental areas above the subducting
60 km of material from above the high pressure plate (e.g. Royden 1993).
(high-P) rocks. Various tectonic mechanisms have (iii) 'Upward extrusion'. Detachment and ascent
been suggested, describing different mass move- of tectonic wedges from a continually subducting
ment paths that result in exhumation of high-P continental plate occurs on concurrently active
rocks. deeply rooted thrusts and higher level normal

(i) ''Late-/post-collisional extension'. The buoy- faults. Ascent is essentially controlled by buoy-
ant thick continental crust and/or the hot litho- ancy forces of the subducted material during
spheric mantle cause buoyancy forces and surface ongoing collision tectonics (e.g. Chemenda et al.
uplift; the uplifted thick continental domain exerts 1995).
a force on the surrounding and tends to extend Such processes may explain the close associa-
('collapse'). Surface uplift may also be caused by tion of extensional and contractional structures
convective removal of the cold and heavy litho- reported in several high-P terrains. However, each
spheric mantle (e.g. Platt et al. 1998). mechanism demands substantially distinct driving

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 1 5 1
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 151-178.
0305-8719/02/$ 15.00 © The Geological Society of London 2002.
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forces and mechanical properties of the litho-
spheric wedge. Thus, detailed structural, petrologi-
cal and geochronological investigations of high-P
metamorphic terrains are a key for understanding
the kinematics of large-scale mass movements
associated with exhumation of deep rocks.

In this article we present results of our inte-
grated structural and petrological research on
Alpine high-P rocks in northern Greece (Rhodope
Domain, Fig. 1). We will address the spatial and
temporal distribution of compression and exten-
sion tectonics, the role of both in the exhumation
history of high-P rocks and the magnitude of
displacements on the respective detachment/shear
zone systems.

Geological context and scope of work

Structural setting

Exhumation mechanisms of high-P rocks have
been intensely debated throughout the Mediterra-
nean Alpine Belt that extends from southern Spain
over Corsica, the western and eastern Alps, south-
ern Bulgaria/northern Greece, the Aegean into
Turkey (Fig. 1). From the Late Oligocene to
Recent, in southern Spain, Corsica and the Aegean
Sea, subduction of remnants of Triassic/Jurassic
oceanic lithosphere has triggered back-arc exten-
sion overprinting the structures related to collision
(Royden 1993). Importantly, high-P rocks were
exhumed both within such sites of back-arc exten-
sion (western Alps and Rhodope in southern
Bulgaria/northern Greece, Fig. 1), and also outside
such sites. In either case, exhumation is linked

with extensional structures. The Greek territory is
assembled by largely different tectono-meta-
morphic complexes from this suture zone.

The Rhodope Domain (Fig. 1) comprises Var-
iscan continental crust, Mesozoic metasediments
and remnants of oceanic crust (Burg el al. 1996;
Ricou et a/. 1998; Barr et al. 1999). In places,
grades of Alpine metamorphism exceed 19 kbar at
c. 7OOoC (Liati & Seidel 1996). Recently, Ultra
high-P metamorphism has been detected, indi-
cated, amongst other things, by the presence of
diamond inclusions in garnets of pelitic gneisses
(Mposkos et al. 2001). Probably Early Cretaceous
Ultrahigh-P and Early Tertiary high-P stages oc-
curred (Wawrzenitz & Mposkos 1997; Liati &
Gebauer 1999). This domain reflects Cretaceous
and Tertiary episodes of crustal thickening and
extension (Kilias et a/. 1997; Mposkos 1989;
Dinter et al. 1995; Burg et al. 1996; Barr et
al. 1999, and below).

The Rhodope Domain is located to the north of
the Aegean basin: a major back-arc structure in
the Mediterranean, sited behind the Dinaric-
Hellenic thrust belt (Royden 1993; Fig. 1). From
the central Rhodope (Bulgarian part) to the Ae-
gean Sea, and the Turkish boundary (eastern
Rhodope) the crustal thickness has been reduced
from above 50 km to below 30 km, as estimated
from gravimetric data (Makris 1985).

Previous ideas

Early ideas considered the Rhodope Domain as a
pre-Alpine (Variscan or older) 'stable block' be-
tween the Dinaric-Hellenic and the Carpathian

Fig. 1. Position of the study area within the Mediterranean Alpine Orogen. The box indicates the location of Figs 2,
3 and 7.
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thrust belt ('Zwischengebirge' of Kober 1928).
Since the discovery of Alpine high-P metamorph-
ism, the tectonic setting has been discussed con-
troversially.

(i) According to Burg et al. (1996) and Ricou et
al. (1998) the Rhodope Domain consists of super-
imposed 'mixed' (continental and ophiolithic) and
continental units ('Drama continental fragment')
that both accreted/collided with Europe during the
Cretaceous, along the 'Axios (Vardar) suture zone'
situated to the east of the Pelagonian Zone (Fig. 2,
insert map).

(ii) According to Dinter (1998), the western
Rhodope Domain is composed of parts of the
Apulian continental plate (his 'Rhodope Meta-
morphic Core Complex') exposed as a tectonic
window beneath an Early Tertiary accretionary
complex.

The nature, timing and kinematics of tectonic
movements causing exhumation of the Rhodope
Domain have also been the subject of controver-
sial discussion: Burg et al.(1995) and Ricou et
al. (1998) interpret the dominant structures as to
reflect Cretaceous collision and upward extrusion

Fig. 2. New tectonic subdivision of the Rhodope Domain and location of major detachment systems. Locations of
profiles (Fig. 12) are also indicated.
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Table 1. Geochronological data

K-Ar Hbl

K-ArMs
K-ArBi

Rb-Sr whole rock
Rb-Sr white mica

Rb-Sr Bi

Sm-Nd Grt

U-Pb Zr

U-Pb Mo
U-Pb Ttn

Section I

Vertiskos Complex

93 ± 3-123 ± 3

'Variscan'
88 ± 3-115 ±4

'Variscan' (orthogneiss,
pegmatoids)

Kimi Complex

65 ± 3 (pegmatoid)

119 ±2 (g r t -
pyroxemte)

Kerdilion Complex

48 ± 3-56 ± 3
32 ± 3-39 ± 3

5 1 ± 1 (Thasos Upper
Unit)

39 ± 1 (Thasos Upper
Unit)

Section II

Upper Sidironero Complex

37 ± 1-41 ± 1 (amphibolite)
38 ± 1 (Kentavros Metagranitoid)

35 ± 1

294 ± 8 (orthogneiss)
42 ± 1 (eclogite)

40 ± 1 (migmatite)

Lower Sidironero
Complex

45 ± 1 -47 1
(amphibolite)

57 ± 1-95 ± 1
Declogitogen. amphib.')

37 = 1

of high-P rocks. This was followed by Oligocene/
Miocene extension. In Dinter's (1998) view, Apu-
lian rocks were exhumed by Miocene extension in
the Aegean back-arc, following Early Tertiary
thrusting and thickening.

Scope of work

We have carried out structural and microstructural
investigations of the high-P rocks of the Greek
part of the Rhodope Mountains (Fig. 2) in order to
elucidate the mass movements associated with the
exhumation of high-P rocks. Our investigations
particularly focus on the geometry, kinematics and
timing of multiple generations of normal detach-
ment systems. The Rhodope Mountains were
selected as a study area, because they preserve the
tectono-metamorphic imprint of a long-lasting
geodynamic history including Late Oligocene-
Miocene back-arc extension (Dinter et al. 1995;
Wawrzenitz & Krohe 1998), and exhumation of
high-P rocks prior to Aegean back-arc extension
(Burg et al. 1995). The Rhodope Mountains expose
the structural setting of high-P rocks over large
distances, contrasting to the central Aegean Sea
(Fig. 1), where high-P rocks occur isolated on the
Cyclades' islands (Vandenberg & Lister 1996).

We newly introduce large-scale discrete low-
angle detachment systems, which we mapped
using the 1:50 000 scale geological maps of IGME
(Institute of Geological and Mining Exploration of
Greece), in the following referred to as the Xanthi,
West Kardamos, East Kardamos and Kechros
normal detachment fault systems (Fig. 2). We give
detailed descriptions of these systems and particu-
larly address the following questions:

1 what are the temporal and spatial relation-
ships of these extensional structures to con-
tractional structures?

2 how do the various geochronological data
constrain absolute ages of inferred deforma-
tion increments?

3 how are the inferred deformation increments
related to the P-T path of the tectonic
complexes?

General tectonic subdivision

In the eastern Rhodope Mountains, the high-P
metamorphic terrain is overlain by the supracrus-
tal eastern Circum Rhodope Zone (eastern CRZ;
Fig. 2), comprising various ophiolitic sequences.
K-Ar hornblende ages and apatite fission track
ages both ranging between 150 and 160 Ma (re-
view in Bigazzi et al. 1989; Hatzipanagiotou et
al. 1994), indicate cooling at shallow crustal levels
no later than in the late Jurassic. Associated
phyllites, marbles, albite gneisses and greenschists
were weakly metamorphosed to temperatures be-
low c.400 °C (chlorite zone), indicated by the
mineral assemblages Qtz-Ab-Phe-Kfs-Stp
(albite gneisses) and Qtz-Ab-Chl-Czo-Act
(greenschists; abbreviations after Kretz 1983 and
Bucher & Frey 1994). These remain undated.

We subdivide the underlying high-P meta-
morphic terrain into three crustal sections sepa-
rated by the large scale detachment faults. A
compilation of published geochronological data
(Table 1; see below for references) suggests that
each crustal section has a distinct geochronologi-
cal record (Table 1) and that geochronological
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Section II (continued)

Kardamos
Complex

K-Ar Hbl 42 ± 1

K-Ar Ms
K-Ar Bi 39 ± 1

Rb-Sr whole rock
Rb-Sr white mica

Rb-Sr Bi

Sm-Nd Grt

U-Pb Zr

U-Pb Mo
U-Pb Ttn

Kechros Complex

334 ± 5 (pegmatoid)
37 ± 1 (gneiss)

334 ± 3 (orthogneiss)

Post-Tectonic Plutons

30 ± 1 (Xanthi Pluton)
29 ± 1-33 ± 1 (Vrondou Pluton)

29 ± 1 (Xanthi Pluton)
30 ± 1-32 ± 1 (Leptokaria Pluton)

30 ± 1 (Vrondou Pluton)

Section III

Pangeon & Thasos Complexes,
Intermediate Unit

22 ± 1-23 ± 1 (Symvolon
Metapluton)

15 ± 1

26 ±2
23 ± 1

15 ± 1

'Variscan' (orthogneiss)
23 ± 1 (Symbolon Pluton)

Thasos Complex, Lower
Unit

18 ± 1
18 ± 1 (gneiss)

'Variscan' (pegmatoid)
12 ± 1-15 ± 1

'Variscan' (pegmatoid)

18 ± 1-25 ± 1

ages decrease downward, implying three major
episodes of exhumation/cooling of structurally
deeper sections. From the top to the bottom, the
three crustal sections are as follows.

Section I was exhumed before 48 Ma. It con-
sists of the high grade Kimi, Vertiskos and
Kotili-Melivia-Complexes (Fig. 2). This section
comprises migmatitic gneisses, intercalated mar-
bles and boudins of eclogite-amphibolites, meta-
peridotites and also leucocratic high-P/high-T
rocks (Burg et al. 1995). This section broadly
coincides with the mixed ophiolitic/continental
unit of Burg et al. (1996).

Section II is interpreted to have been exhumed
between 50 and 30 Ma. It consists of the Kerdi-
lion, Sidironero, Kardamos and Kechros Com-
plexes (Fig. 2) representing separate windows of
Section II in the west, central, and east Rhodope
respectively, beneath Section I. Predominant are
partly migmatitic para- and orthogneisses, marbles
and amphibolites containing intercalations of ul-
tramafic rocks and relics of eclogites in amphibo-
lites (Sidironero and Kechros Complex). Within
Section II, high-P mineral assemblages indicate
different maximum pressures and temperatures
ranging from low to high grade. Section II
incorporates Variscan crust. Variscan protolith
ages of granitoid gneisses and metapegmatites are
indicated by U-Pb SHRIMP data of single zircons
(294 ± 8 Ma) in the Sidironero Complex (Liati &
Gebauer 1999; Table 1), by conventional U-Pb
zircon data in the Kechros Complex (334 ±
5 Ma, Peitcheva & von Quadt 1995), and by a
Rb-Sr muscovite age of 334 ± 3 Ma in the
Kechros Complex (Mposkos & Wawrzenitz 1995,
cf. Table 1).

Section III is interpreted to have been exhumed
between 26 and 10 Ma and comprises the Thasos/
Pangeon Metamorphic Core Complex in the wes-
tern Rhodope (Fig. 2; Wawrzenitz & Krohe 1998).
This section occupies the lowermost tectonic posi-
tion, underneath the Kerdilion and the Falakron/
Sidironero Complex and consists of orthogneisses,
metapelites, huge marble complexes and mafic
rocks. Characteristic are a Late Oligocene/Mio-
cene medium-P low to medium grade metamorph-
ism and mineral relics of earlier high-P
metamorphism. Also, this section incorporates
Variscan crust as is revealed by U-Pb zircon and
monazite dates from orthogneisses, R-Sr mag-
matic muscovite dates and Sm-Nd magmatic
garnet data from a metapegmatite on Thasos
Island (Table 1; Wawrzenitz 1997).

CRZ and Section I of the high-P metamorphic
domain are overlain by Tertiary marine deposits
(Fig. 3). Two major pulses of sedimentation and
basin formation occurred. The first lasted from the
Priabonian, locally Lutetian (i.e. from 42-50 Ma
after Harland et al. 1990), through the Oligocene
and mainly created the eastern and central Rhodo-
pian basins. The second lasted through the Early/
Mid-Miocene and largely created the western
Rhodopian basins (Fig. 3). These two pulses
temporally coincide with the c. 50-30 Ma and the
26-12 Ma exhumation episodes of Sections I and
II, respectively (Table 1, Fig. 3).

Major low-angle detachment systems that sepa-
rate Sections I, II and III from each other were
formed during different episodes, respectively: In
the 26-10 Ma interval, the Strymon and Thasos
low-angle extensional detachment systems caused
exhumation of the Thasos/Pangeon metamorphic
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Fig. 3. Distribution of granitoid rocks and Tertiary basins in the Rhodope domain. Modified according to the
geological maps of IGME.

core complex (Section III, western Rhodope,
Figure 2), concurrent with detachments on the
Cyclades' islands (Sokoutis et al. 1993; Dinter
et al. 1995; Dinter 1998; Wawrzenitz 1997;
Wawrzenitz & Krohe 1998). Section II was al-
ready exhumed in the Eocene and Oligocene. In
this article, we describe for the first time in detail
the Eocene and Oligocene detachment sytems of
the Greek Rhodope Mountains: the Xanthi, wes-
tern Kardamaos, eastern Kardamos and Kechros
detachment sytems.These systems separate Sec-
tion II from a hanging-wall unit consisting of the
eastern CRZ and Section I (Fig. 2) and correlate
with crustal scale detachments known from the
Bulgarian Rhodope (cf. Burg et al. 1996).

Hanging wall complex: Section (I) of the
high-P metamorphic domain

The Kimi Complex is a high-T/high-P meta-
morphic complex generally situated in the hanging
wall of all Eocene and Oligocene detachment fault
systems in the eastern Rhodope. Geothermobaro-

metric studies on garnet-spinel pyroxenites (high-
P mineral assemblage is Grt-Cpx(Sp-Ol-Hbl),
former eclogites (Grt-Cpx(Jd25)- Qtz-Rt) and
metaperidotites (Grt-Cpx-Opx-Ol-Spl) estimate
15.5 kbar and 770 °C (Mposkos & Perdikatsis
1989; Wawrzenitz & Mposkos 1997; Mposkos &
Krohe 2000). All these rocks are boudins in
migmatitic gneisses that contain phengitic musco-
vite (up to 6.6 Si atoms p.f.u calculated for 22 O
atoms; Table 2, analyses 1 and 2). The P-T path
is associated with cooling during decompression
(Fig. 4; cf. Mposkos & Krohe 2000 for details on
the P-T path).

A Sm-Nd garnet-clinopyroxene-whole rock
age from the garnet-spinel pyroxenite yielded
c. l19 ± 2 Ma and is interpreted as crystallization
age under high-P conditions (Wawrzenitz &
Mposkos 1997). An eclogite strongly deformed at
granulite facies conditions also shows a U-Pb
zircon SHRIMP age of c. 119 Ma (Gebauer & Liati
1997). A R-Sr magmatic mica age of 65 ± 3 Ma
in a metamorphic pegmatite crosscutting the folia-
tion of the migmatites (Mposkos & Wawrzenitz
1995) is interpreted as the crystallization age of



Fig. 4. P—Texhumation paths of the different tectonic complexes of the Rhodope Domain (modified after Mposkos & Krohe 2000). The petrogenetic grid is based on appropriate
mineral parageneses and mineral compositions analysed in partially amphibolitized eclogites, metapelites, gneisses and ultramafic rocks. Reaction curves Ctd St + Grt + Chl,
St Ky + Chl + Grt, Grt + Chl + Ms St + Bi, St + M Ky + Bi + Grt, Ctd + Ky St + Chl, are from Vuichard & Ballevre (1988), St + Ms Grt + Sill + Bi is
from Powell & Holland (1990), Ab + Or + Qtz + W L, is from Johannes (1985), Cpx + Opx + Spl Hbl + Ol is from Jenkins (1981), Chl + Crn + Spl Spr + W is
from Ackermand et al. (1975), Pg + Qtz Ab + Al2SiO5 + H2O is from Chatterjee (1972), Msss + Ab + Qtz Kfss + Als + L is from Thompson & Thompson (1976), Pg

Jd50 + Ky + W is from Holland (1979). Isopleths Si 7, Si 6.8, 6.4 and Si 6.2 are from Massonne & Szpurka (1997). The triple point for the aluminosilicates is from Bohlen et
al.(1991). The reaction curve Chl + Czo + Qtz Grt + Hbl is calculated with the THERMO-CALC program. The remaining reaction curves were calculated with the GEO-
CALC program (Brown et al. 1988) and the database of Berman (1988), using analysed compositions of coexisting mineral phases. Abbreviations of mineral names after Kretz
(1983) and Bucher & Frey (1994).
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mica and hence as a minimum age for the
migmatitic stage (Mposkos & Wawrzenitz 1995).

In the eastern Rhodope, the overall thickness of
the hanging wall unit (Kimi Complex and CRZ)
does not exceed a few hundred metres. Both are
transgressively overlain by Lutetian/Priabonian
(48-42 Ma) conglomerates (IGME unpublished
maps, 1999). Thus, Late Eocene-Oligocene clas-
tic basins are situated almost immediately above
Section II that was still at great depths and
exposed to high temperatures at the time of
sedimentation. This means that extension on these
normal detachment fault systems cut out several
tens of km of crustal material between the crustal
Sections I and II.

Sidironero Complex (Section II):

Bounding detachment system

In the central Rhodope, the Xanthi Detachment
System separates the Kimi Complex from the
underlaying Sidironero Complex (Section II, Fig.
5a, b). This system consists of a discrete detach-
ment surface underlain by a 0.5-2 m thick cata-
clastic zone (Fig. 6a). It trends NE-SW and dips

25-45° SE (Fig. 2) and truncates at intermediate
to high angle the older mylonitic foliation, the
lithological layering, and the metamorphic profile
of the underlying Sidironero Complex. Microfab-
rics suggestive of dynamic recrystallization of
calcite in the cataclastic zone indicate that trans-
lation on the detachment occurred above c. 200-
250 °C. Deformation continuing at lower tempera-
tures is indicated by cataclastic calcite. In quartz-
feldspar rocks, cataclastic flow created an inter-
connecting system of narrowly spaced shear
fractures and microbreccias defining a weak
macroscopic cataclastic foliation (Fig. 6b). Lo-
cally, particularly around the Kentavros Grano-
diorite (Fig. 3), limited plastic elongation and
rotation recrystallization of quartz are present
(Fig. 6c).

Lineation trends show variations probably
caused by later folding and reactivation of the
detachment during the early Miocene. To the west
of Xanthi, in the Falakron marble, striations plun-
ging SSW at low angle on SE dipping planes (Fig.
7) are defined by elongated quartz segregations.
There, recrystallized calcite grains oblique to the
shear plane indicate top down-dip movement to
the SSW or dextral oblique normal faulting. To

Fig. 5. Xanthi detachment fault surface near the town of Xanthi. (a) The detachment surface behind Xanthi town -
viewed looking to the west - is bounded to low grade Falakron Series marble (lower part of Section II) forming the
large mountain range in the background. Relics of the upper plate (black arrows) containing eclogite amphibolites of
the upper plate (attributed to the Kimi Complex) are transgressively overlain by Eocene to Oligocene sediments. The
basin (left side of photograph) consists of Miocene to Pliocene deposits that in turn transgressively overly the Eocene
to Olicogene sediments, suggesting Neogene reactivation of segments of the detachment surface. The Oligocene
Xanthi granodiorite (mountains in the foreground) intruded into the detachment surface. White arrows show where
the detachment surface emerges from the eastern margin of the granodiorite. (b) Closer view on the detachment
surface (D) bounded to weak Falakron Series marble north of Xanthi town. White broken line indicates a corrugation
axis; D' is the part of the detachment surface in the corrugation synform. White arrows indicate eclogite amphibolites
of the upper plate Kimi Complex preserved in a corrugation synform.
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Fig. 6. Xanthi-detachment, microfabrics. (a) Outcrop of the Xanthi detachment surface D (3 km south of
Kenntavros). C denotes foliated cataclastic zone beneath the detachment surface. Arrow points into the direction of
movements of the hanging wall defined by long axis orientation of fractured fragments and secondary ('Riedel') shear
zones cross-cutting the detachment surface in the lower part of the photograph. Scale: ? ? (b) Foliated cataclasites
immediately beneath the Xanthi Detachment Surface (Echinos area) indicate totally brittle deformation. Narrow-
spaced cataclastic shear fractures, microbreccia (M) and probably pseudotachylites (P) cut across quartz fabrics
showing characteristics of dynamic recrystallization and static annealing (QZ). Note the straight boundaries between
P and M domains (arrows). Scale: long side of photo is 6 mm. (c) Low temperature shear zones beneath the Xanthi
Detachment Surface (area around the Kentavros Granodiorite); quartz shows plastic elongation and local rotation
recrystallization; plagioclase behaves rigidly. o-clasts of plagioclase show top to the right sense of shear indicating
eastward normal faulting in this area. Scale: long side of photo is 6 mm.

the east of Xanthi, a lineation trend is poorly
defined; striation/lineation trends, the configura-
tion of shear fractures and shear zones show (Fig.
6a) top down-dip movement predominantly to the
SSE, locally to the east (Fig. 7).

Previously, the Kimi Complex was considered
as a part of the upper Sidironero Complex, as both
are typified by a high-T-high-P metamorphism
(summarized as upper tectonic unit; e.g. Mposkos
& Liati 1993). However, we have separated the
two complexes (Mposkos & Krohe 2000) because:

1 the Kimi Complex was earlier (between 65
and 48 Ma) exhumed than the Sidironero
Complex indicated by the oldest transgressive

conglomerates (Lutetian) and the Rb-Sr
muscovite age of the pegmatites;

2 the Kimi Complex and the Tertiary sediments
are separated from the Sidironero-, Karda-
mos and Kechros Complexes by this detach-
ment system (Fig. 2);

3 the P-T-t path of the Kimi Complex sug-
gests an episode of cooling during exhuma-
tion/decompression (Mposkos & Krohe
2000), contrasting with that of the underlying
Sidironero Complex.

The structurally higher levels of the Sidironero
Complex record the highest P-T conditions dur-
ing high-P metamorphism in Section II. In the
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Fig. 7. Most important detachment surfaces and major kinematic data of mylonites formed in the 48-30 Ma and 26-
12 Ma intervals. Each kinematic indicator symbol summarises 5-20 measurements. Shear senses were determined in
the field and in oriented thin sections.

Thermes area (Fig. 2), migmatic orthogneisses
and pelitic gneisses enclose lenses of kyanite
eclogites indicating minimum peak pressures of
c. l 9 kbar and at least 700 °C (Liati & Seidel
1996, 'Thermes'-curve, Fig. 4b). Crystallization of
migmatites was within the stability field of silli-
manite + K-feldspar (Mposkos & Liati 1993).
This suggests near isothermal decompression from
the maximum depth (>19kbar) to depths corre-
sponding to c. 6-7 kbar (Mposkos & Liati 1993;
Mposkos 1998, Fig. 4b). Crystallization of musco-
vite in migmatitic pegmatites, showing the mineral
assemblage Ms + Bi + Kfs + Pl + Qtz, and the

low Si content of white mica (Si = 6.2, Table 2,
analysis 3) constrain subsequent cooling into the
stability field of Ms+Qtz below 6 kbar (using the
phengite barometer of Massonne & Szpurka 1997,
'Thermes' area in Fig. 4b). In migmatites, kyanite
was preserved through these stages probably as a
result of rapid decompression followed by fast
cooling.

In amphibolites underneath these migmatite
series ('Xanthi area', Fig. 2), hornblende
(Ko.26Na0.3Ca1.78Mg2.58Fe1.16Ti0.14Al2.61Si6.49 ca-
tions to 23 O) formed after the eclogite facies
metamorphism and produced An-rich plagioclase
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Table 2. Chemical Composition of white K-micas in gneisses and pegmatites from various tectonic complexes of the
Rhodope Domain.

Rock Kimi Complex Sidironero Complex Kardamos Complex Kechros Complex Pangeon Complex
type

Migmatitic Pegmatite Orthogneiss Orthogneiss Orthogneiss Orthogneiss
gneiss

Sample No. 1

SiO2

Ti02

A12O3

FeOtot

MnO
MgO
CaO
Na2O
K2O
Total

48.86
0.73

27.11
4.76
0.01
2.36
-
0.16

10.88
94.87

2

47.83
1.10

27.72
4.00
0.03
2.52
0.02
0.10

11.04
94.36

3

46.64
0.79

33.45
1.96
-
1.05
-
0.47

10.64
95.01

4c 5rim

51.71
0.28

23.99
5.04
-
2.76
-
-

11.40
95.18

46.89
0.56

31.52
4.00
-
0.59
-
0.84

10.26
94.66

6re

47.61
0.70

30.41
4.62
-
0.77
0.19
0.38

10.48
95.16

7c

49.74
0.96

26.51
3.70
-
2.96
0.21
-

11.41
95.49

8r

47.00
1.03

30.52
4.32
-
1.65
-
0.84

10.50
95.86

9c

48.33
0.80

27.73
5.00
-
2.23
0.13
-

11.56
95.78

lOr

46.38
0.77

30.63
4.75
-
1.57
0.33
-

11.35
95.78

l1c

48.35
0.66

27.96
4.96
0.14
1.99
0.10
-

11.52
95.68

12r

47.88
0.80

28.95
5.01
0.11
1.73
-
0.25

11.26
95.99

13c

51.41
0.22

26.12
3.06
0.21
3.30
-

11.70
96.02

14r

47.32
1.05

30.95
3.02
0.13
1.51
-
0.50

10.77
95.25

Cations based on 22 oxygen atoms
Si
Ti
Al
Fe3+

Fe2+

Mn
Mg
Ca
Na
K

6.598
0.074
4.314
0.425
0.112
0.001
0.475
-
0.042
1.874

6.489
0.112
4.423
0.423
0.031
0.003
0.509
0.003
0.026
1.910

6.228
0.079
5.265
0.186
0.033
-
0.209
_
0.122
1.813

7.010
0.028
3.833
0.120
0.452
-
0.558
-
-
1.972

6.344
0.057
5.027
0.178
0.274
-
0.119
-
0.220
1.771

6.420
0.071
4.833
0.228
0.293
-
0.155
0.028
0.099
1.803

6.690
0.097
4.203
0.204
0.212
-
0.593
0.030

1.958

6.279
0.103
4.806
0.421
0.062
-
0.328
-
0.218
1.790

6.507
0.081
4.400
0.399
0.164
-
0.448
0.018
-
1.986

6.227
0.078
4.846
0.501
0.033
-
0.313
0.048
-
1.944

6.520
0.066
4.443
0.378
0.181
0.016
0.399
0.014
-
1.981

6.423
0.080
4.576
0.425
0.136
0.012
0.345
-
0.064

1926

6.852
0.022
4.104
0.158
0.184
0.024
0.656
-
-
1.990

6.346
0.107
4.892
0.229
0.110
0.015
0.302
_
0.131
1.843

15re

49.26
0.94

28.09
3.23

2.53
-
0.27

10.95
95.27

6.601
0.094
4.436
0.227
0.135
-
0.504
-
0.071
1.873

Fe3+. Fe2+ are calculated for 8 tetrahedral and 4 octahedral cations. Porphyroclast: c,core; r, rim; re, recrystalized.

(An 67%) and clinopyroxene (Cao.9oMgo.74
Fe0.31Al0.09Si1.95O6) (Fig. 8b). According to the
experimental results of Spear (1981), the reaction
hornblende clinopyroxene + plagioclase oc-
curred above 700 °C in accordance with decom-
pression at high temperatures (Fig. 4b, 'Xanthi'-
curve).

The structurally lower levels of the Sidironero
Complex consisting of alternating metapelites and
orthogneisses (Albite Gneiss Series), plus marble
layers and thick marble of the Falakron Series
(Fig. 2), record significantly lower P— T conditions
of 11 kbar and 500 °C (Fig. 4b; 'Ab-Gneiss'). In
metapelites temperatures were within the stability
field of the mineral assemblage Grt + Ctd + Chl.
Minimum pressures are confined by the intersec-
tion between the Si = 7.00 isopleth of Massonne
& Szpurka (1997) corresponding to the analysed
maximum phengite component in albite gneisses
(Table 2, analysis 4c) and the reaction curve Ctd
+ Chl + Qtz Grt + H2O calculated from
compositions of Grt core (Grs0.24Prp0.05Alm0.69

Sps0.15), Ctd (Mg0.26Fe1.69Al4.03Si1.99 cations to 12
O) and Chl (Mg4.58Fe4.48Al5.48Si5.26 cations to
28O) in metapelites (Fig. 4b). Garnets from
metapelites show decreasing grossular composi-
tion and increasing Mg/Mg + Fe ration from the
core to the rim (Grt rim Grs0.06Prp0.17Alm0.75

Sps0.01, Grt) indicating a temperature increase
during (the earlier stages of) decompression. Gen-
erally in this work, the phengite barometer from

Massonne & Szpurka (1997) is applied to white
K-micas associated with the critical mineral as-
semblage Phen + Bi + Kfs + Qtz.

Strain associated with decompression

Within the Sidironero Complex, mineral assem-
blages of high-P metamorphism are essentially
relics preserved in boudins of (ultra) mafic rocks,
or as relict grains in quartzo-feldspatic mylonites.
Thus, the pervasive foliation planes, lineation
trends, grain scale fabrics, and shear sense indica-
tors postdate peak pressures and therefore poten-
tially depict the kinematics and deformation
mechanisms related to exhumation of high-P
metamorphic rocks. Typical mineral assemblages
reveal downward-decreasing P—T conditions
through the complex.

At the structurally higher levels of the Sidiro-
nero Complex, migmatites and, particularly the
strained rims of amphibolitized eclogite boudins,
amphibolites are deformed with microfabrics typi-
cal of high-T mylonites. Hornblende and the
coexisting post-eclogitic clinopyroxene of amphi-
bolites of the Xanthi area (see above) show
characteristics of dynamic recystallization (Fig.
8a, b) inferring deformation at high temperatures
during decompression. S-C fabrics defined by
elongated hornblende grains asymmetrically
aligned to the compositional layering indicate top-
to-SW movements during high-T shearing (Fig.
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8b). Through cooling, strain localized into biotite,
white mica and quartz rich domains; top to SE
sense of shear at that stage is indicated by
secondary shear zones.

In the Albite Gneiss Series, in the structurally
lower part of the Sidironero Complex, pre-myloni-
tic phengitic white mica grains from orthogneisses
and metapelites show decreasing Si content from
core to rim (Table 2, analyses 4c, 5r). The mica
grains recrystallized during deformation have a
low Si content (Si = 6.4-6.3, Table 2, analysis
6re) consistent with deformation/recrystallization
(Fig. 8c) during decompression to 5-6 kbar (Fig.
4b). In amphibolites, syn-deformational hornble-
nde oriented with long axes parallel to the linea-
tion, show compositional zoning from tremolitic
in the core (Na0.18Ca1.70Mg3.85Mn0.03Fe1.18Al0.76

Si7.49 cations to 23 O) to tschermakitic hornblende
in the rim (Na0.38Ca1.65Mg2.70Mn0.03Fe1.50Al2.14
Si6.52 cations to 23 O) in accordance with increas-
ing temperature during decompression. Thus, im-
portantly, deformation took place at increasing
temperature during decompression (albeit at gen-
erally lower temperatures than in the higher

Fig. 8. (a) Amphibolites (Upper Sidironero Complex;
5 km NE Xanthi). During decompression hornblende
(HBL) reacted producing An-rich plagioclase and
clinopyroxene (CPX). Scale: long side of photo is
2.3 mm. (b) Amphibolite (Upper Sidironero Complex,
5 km NE of Xanthi) deformed during decompression at
high temperatures. Diopside (CPX) was formed syn-
tectonically at the expense of hornblende; hornblende
crystals and diopside crystals in Cpx aggregates show
weak shape preferred orientation and S-C fabrics. Shear
sense is top right (SW directed overthrusting in the
outcrop). Scale: long side of photo is 6 mm. (c) S-C
fabric in pelitic gneiss (Albite Gneiss Series, Lower
Sidironero Complex, Xanthi area). Shearing is top to the
left corresponding to top to S-W overthrusting. Large
phengitic white mica fishes ( M l ) in S-domains
recystallize to fine grained less phengitic white mica
(M2) in C-domains, indicating deformation during
decompression. Quartz ribbons show dynamic
recrystallization. Scale: long side of photo is 6 mm.

Sidironero Complex) and continued during succes-
sive cooling (Fig. 4b). Within the lower Sidironero
Complex, shear sense indicators such as S-C
relationships and fishes of relic phengitic mica
also consistenly indicate top to SW (updip) shear-
ing.

We interpret formation of mylonites to be
associated with thrusting in the deeper crust (Fig.
7; cf. Dinter et al 1995; Burg et al. 1996; Kilias et
al. 1997, 'Nestos thrust' zone), and thus to have
formed before formation of the Xanthi detachment
system. Consistent with this are (i) shear senses
indicating updip SW movements, (ii) downward-
decreasing maximum pressures and temperatures
during high-P metamorphism (previous to mylo-
nite formation) within the Sidironero Complex
and (iii) downward decreasing temperatures during
the deformation/decompression stage, indicating
thrusting of hotter on top of cooler crustal sections
and/or cooling from below within the Sidironero
Complex. The Xanthi-detachment system cross-
cutting this mylonitic foliation brought the Kimi
Complex into contact with the high and low grade
parts of the Sidironero Complex. This system was
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clearly formed after juxtaposition of high grade
upon low grade units and after emplacement of
both at a shallow depth.

Kardamos Complex (Section II)

Bounding detachment systems

Detachment surfaces bounding the Kardamos
Complex show structural variations.

ft) The eastern Kardamos detachment surface
that separates the structurally higher (eastern)
parts of the Kardamos Complex from the Kimi
Complex (Section I) is underlain by a shear zone
a few hundred metres thick (Fig. 9) formed at
greenschist facies conditions. This detachment
surface trends at low angle to the orientation of
the foliation of such shear zones that shape a
gently NE-plunging dome structure (see below,
Fig. 7).

(ii) The western Kardamos detachment that
bounds the western Kardamos Complex (Section
II, Fig. 7) is, like the Xanthi detachment system, a
discrete detachment surface underlain by a 0.5-
2 m thick cataclastic zone. This detachment sur-
face and the cataclastic zone trend approximately
north-south, dip at low angle to the west and cut
across the mylonitic foliation, the lithological
succession and metamorphic profile of the foot-
wall Kardamos Complex. Thus, the western part

exposes the deeper levels of the Kardamos Com-
plex. Locally, the detachment surface is tightly
corrugated about east-west-trending axes.

P-T history: general

The structurally higher parts of the Kardamos
Complex, beneath the eastern Kardamos detach-
ment system, comprises migmatites, meta-blastic
gneisses, metapelites and metabasites that record
upper amphibolite facies metamorphism. In meta-
pelites, this is indicated by the mineral assem-
blages Grt-Ky-Bi (Fig. 4c). Retromorphic
staurolite and sillimanite coexist with muscovite
and biotite. According to the petrogenetic grid of
Vuichard & Ballevre (1988), coexisting Grt + St
+ Bi and St + Bi + Als and the absence of
chlorite in the metapelites indicates minimum
temperatures of 600-650 °C during this stage of
decompression (Fig. 4c). In metabasites, syn-
mylonitic mineral assemblages include plagioclase
(An20-25) and hornblende.

The western Kardamos Complex exposes struc-
turally lower parts beneath the cross-cutting wes-
tern Kardamos detachment. This part is composed
of a sequence of ortho- and paragneisses, metape-
lites (albite gneisses), metabasites and intercalated
marbles, which are overlain by the 'Papikion Mt.
Metagranodiorite' (Figs 2 and 3). Gneisses locally
preserve the high-P mineral assemblage Grt-Ky-

Fig. 9. Detachment surface (D) separating brecciated marbles of the upper plate Kimi Complex (A) from plastically
flowing marble of the eastern Kardamos Complex (B), 10 km NE of Komotini. The marble of the Kardamos
Complex contains quartz veins (qz) that were also plastically deformed and boudinaged subparallel to the extension
of the detachment surface. Boudinage asymmetry indicates dextral sense of shear (dextral oblique normal faulting in
the outcrop). Scale: (long side of photo is 9.4 mm.
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Zo-Chl-Pl (Ani19-25). The reaction Grt + Ky +
Qtz An calculated for the analysed mineral
compositions (Fig. 4c) yielded 13 kbar for garnet
core and 12 kbar for garnet rim compositions,
assuming 600 °C (Mposkos & Krohe 2000), indi-
cating garnet growth during decompression.

The retromorphic mineral assemblages are
Grt-Ms-Bi-Ab-Pl(15-20) ± Kfs-Qtz in pelitic
gneisses and Grt-Hbl-Bi-Czo-Ab-Pl(14-21)-
Qtz in metabasites characterizing the P- T condi-
tions during decompression. Albite (Ano-4) has a
rim of coexisting oligoclase (An14-21). Staurolite
that replaced garnet or kyanite coexisted with
chlorite, constraining the decompression path
within the garnet-staurolite-chlorite stability field
and limiting the peak temperature between 580 °C
and 620 °C (Fig. 4c). This suggests that decom-
pression was near isothermal but at lower tem-
peratures than in the stucturally higher part, and
thus downward-decreasing temperatures within the
Kardamos Complex (Fig. 4c).

Strain partitioning associated with
decompression

The Kardamos Complex also experienced shearing
during decompression. Mineral assemblages re-
cording maximum P-T conditions predate shear-
ing and are only locally preserved. Directions of
shear planes and lineations in mylonitic gneisses
vary over the Kardamos Complex due to a
complex tectonic history (Fig. 7). Detachment
surfaces bounding the Kardamos Complex show
structural variation.

Structurally higher part. Only in the uppermost
parts, within shear zones close to the eastern
Kardamos detachment surface, are pre-mylonitic
phengitic white micas preserved. In granodioritic
orthogneisses immediately beneath the detachment
surface, the maximum phengite component is
Si = 6.5 atoms p.f.u. (Fig. 10, sample K31, Table
2, analysis 9c). At c.300m beneath the detach-
ment surface it increases to Si = 6.7 atoms p.f.u.
(Fig. 10, sample K33, Table 2, analysis 7c). This
is interpreted as representing an increase in pres-
sure from 8 to 10 kbar (at temperatures of 600 °C)
over that short distance and is in accordance with
higher level extension. Pre-mylonitic phengites
tend to have accommodated to lower pressures
during deformation as is indicated by strongly
varying Si contents decreasing from the core to
the rim (Fig. 10, Table 2), thus corroborating
shearing during decompression. In shear zones
close to the detachment surface, deformation
continued through low temperatures (Fig. 11 a, b),
as is suggested by brittle behaviour of feldspar.

Fig. 10. Compositional variations of white K-micas in
granodioritic orthogneiss mylonites from the eastern
Kardamos carapace shear zone, in terms of Altot v. Si.
Deviation of the plotted analyses from the ideal
muscovite-celadonite composition indicates that part of
Al is substituted by Fe3- . Sample K-31 is from
immediately beneath the eastern Kardamos detachment
surface, and sample K-33 from 300 m beneath (K31) the
eastern Kardamos detachment surface. The range of Si
values indicates the presence of phengites and less
phengitic muscovites in each sample. Arrows show core
to rim compositions. In pre-mylonitic white K-micas and
in recrystallized flakes celadonite component tends to
decrease from the core to the rim. Close to the
detachment surface (sample K-31) cores of the pre-
mylonitic white micas show lower maximum seladonite
components.

This is consistent with extension-related juxtaposi-
tion of the cold Kimi Complex above the upper
Kardamos Complex.

In mylonites at distances of c. 500 m and more
from the eastern Kardamos detachment surface,
white K-mica is frequently intergrown with biotite
and has low phengite components. This suggests
decomposition of an older, pre-mylonitic, phengi-
tic mica during deformation. Thus, in this part,
the record of peak pressures has been almost
entirely erased during amphibolite-facies meta-
morphism. The formation of St and Sil (coexisting
with Ms and Bi) was coeval with shearing, indi-
cating syn-deformational temperatures above
600-650 °C (see above, Fig 4c). Characteristic in
metabasites are recrystallization of plagioclase
and hornblende that form elongated aggregates
subparallel to the stretching lineation. Deforma-
tion was outlasted by annealing, producing grain
growth and straight grain boundaries (Fig. l 1 c).

In all parts of the eastern Kardamos Complex,
the shear zone has a normal component. In the
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Fig. 11. (a) Quartz feldspar LT-mylonite in the carapace shear zone, a few metres beneath the eastern Kardamos
detachment surface; phengitic white mica (M) is preserved; feldspar behaves by brittle fracturing (arrow) and
plastically stretched quartz (Qz) shows a low degree of recovery/recystallization. Scale: long side of photo is 2.3 mm.
(b) Low temperature plastic strain of quartz in the carapace shear zone, a few centimetres beneath the eastern
Kardamos detachment surface; extreme elongation of grains and low degree of recovery/rotation recrystallization.
Scale: long side of photo is 9.4 mm. (c) Quartz feldspar high- T mylonite in the carapace shear zone, c. 300 m beneath
the eastern Kardamos detachment surface; relict phengitic white mica; feldspar shows dynamic recrystallization and
grain growth at low differential stresses and high temperatures (annealing). Scale: long side of photo is 2.3 mm. (d)
Albite gneiss mylonite in the structurally deepest (western) Kardamos Complex. Albite overgrew an internal foliation
defined by biotite and quartz aligned at high angle to the external foliation. Asymmetric strain shadows in albite clast
(arrows) indicate top-to-the-left sense of shear (SW-directed in the outcrop). Scale: long side of photo is 6 mm. (e)
Eastern Rhodope. Low temperature mylonite a few metres beneath the detachment surface separating the Kechros
from the Kimi Complex. Low temperature plastic strain of quartz (QZ) is indicated by strong elongation of host
grains and low degree of recovery/rotation recrystallization. Top left sense of shear is indicated by prism subgrain
walls oblique to the elongations of quartz ribbons (arrow) and phengitic white mica (M) forming fishes consistent
with SSW-ward translation of the hanging wall. Scale: long side of photo is 2.3 mm.
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southern limb of the dome the foliation trends
NE-SW, dips moderately SE and bears low angle
SW to SSW plunging lineations. Shear sense is
top to the SW indicating dextral oblique normal
faulting (Fig. 7). Further to the east, toward
Komotini (Fig. 7), the plunge of lineations
changes to south and ESE; top-to-the-south and -
ESE movements indicate normal faulting. In the
northeastern Kardamos Complex (in the NE-plun-
ging hinge of the antiform) the mylonitic foliation
swings to a north-south trend, dips at intermediate
angle to the east and bears east to ENE plunging
lineations. Shear senses indicate top down-dip
movements to the east and ENE, respectively (Fig.
7).

Structurally Lower Part. The retromorphic mineral
assemblages are Grt-Ms-Bi-Ab-Pl(15-20) ±
Kfs-Qtz (pelitic gneisses) and Grt—Hbl-Bi-
Czo—Ab—Pl(1 4—2 1)- Qtz (metabasites), which are
syn-mylonitic. During non-coaxial strain in the
mylonites of these lower parts albite-oligoclase
progressively overgrew an internal foliation de-
fined by biotite and quartz (metapelites) or horn-
blende (metabasites). This internal foliation is
aligned at c.30-80° to the external foliation and
rotates into the direction of the external foliation
at the rim of the grain, in accordance with a SW
sense of shear (Fig. 1 ld).

Beneath the cross-cutting western Kardamos
detachment surface, the mylonitic foliation shows
changing orientations. In the core of the Kardamos
dome, both the dip of the foliation and the plunge
of the lineation are to the NE. Toward the outer
part of the dome (SW Kardamos Complex; Fig.
7), the dip of the mylonitic foliation successively
changes to SE and the plunge of the lineation
changes to (S)SW. Yet, sense of shear invariably
indicates top-to-the-SW movements (cf. Burg et
al 1993, 1996; Ricou et al. 1998, Fig. 7). We
interpret this geometric pattern of the shear zones
as follows.

Shear senses indicating updip SW movements
in the core of the dome suggest deeper level
thrusting in the structurally lowermost exposed
metamorphic sequences. Consistent with this are
upward increasing syn-deformational temperatures
indicating cooling from below and/or thrusting of
hotter on top of cooler crustal sections. Variations
of the orientation of shear planes from the inner
(lower) toward the outer Kardamos Complex sug-
gest a continuous change from contractional to
(dextral oblique) transtensional and high level
extension (Fig. 7). This high level extension is the
dominant structure of the eastern Kardamos Com-
plex.

The gently west dipping western Kardamos
detachment cross-cuts all the shear zones and

developed after cooling of the western Kardamos
complex. Hence, this detachment surface is inter-
preted as both genetically unrelated to the mylo-
nites and younger than the eastern Kardamos
detachment system.

Kechros Complex (Section II):
metamorphism and deformation

In the eastern Rhodope, a discrete detachment
(Kechros-detachment) that is underlain by a shear
zone only about 50 m thick separates the Kechros
Complex from the Kimi Complex (Section I) and
the CRZ. This shear zone was formed at lower
greenschist facies and is oriented at low angle to
the detachment surface. Both, detachment and
shear zone, are flat lying and shape an open
antiform structure (Fig. 7).

The Kechros Complex representing the footwall
unit of this detachment system largely consists of
orthogneisses with intercalations of metapelites,
ultramafic rocks and eclogites. In eclogites,
the relict high-P mineral assemblage Grt +
Omp(Jd35-55) ± Ky + Tr + Hbl + Czo + Qtz +
Rt + Phe indicates minimum P-T conditions of
15 kbar (corresponding to a depth of about 53 km)
at c. 550 °C (Fig. 4b, Mposkos & Perdikatsis
1989; Liati & Mposkos 1990). Kyanite occurs as
inclusions in garnet cores, associated with clino-
zoisite and quartz, being formed during the pro-
grade path in an earlier stage of the high-P event.
In gneisses, the maximum phengite component of
white micas (Si = 7 atoms p.f.u.) reflects this
high-P event (Mposkos, 1989). Maximum P-T
conditions and the P-T paths are close to those of
the Albite Gneiss Series of the Sidironero Com-
plex (Fig. 4b).

Upper greenschist/lower amphibolite-facies me-
tamorphism at about 4-6 kbar overprints the high-
P metamorphism. This stage is indicated by
staurolite formation by chloritoid consuming reac-
tions (e.g. Ctd + Ky St + Chl: Ctd + Phen —
St + Ms + Chl and Ctd + Ms St + Bi),
inferring nearly isothermal decompression (Fig.
4b; Mposkos 1989; Mposkos & Liati 1993).

The Kechros Complex was pervasively de-
formed during earlier decompression, prior to
development of the detachment. This is indicated
by widespread post-deformational growth of St
and Chl in thick mylonites. Recrystallized white
mica grains aligned within the mylonitic foliation
are less phengitic than pre-mylonitic white micas.
Microprobe analyses of these micas from Orthog-
neisses (cf. Mposkos 1989, Table 2, Sample R 9A
core Si = 6.51, rim Si = 6.44 and Table 2
analyses llc, 12r) suggest that shearing occurred
during decompression to pressures of c.8-6 kbar.
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Foliation planes dip at low angle approximately to
the north; generally top-to-the-south and -SSW
shear senses occur (cf. Burg et al. 1996, Fig. 7).

In the younger shear zone directly beneath the
detachment surface, deformation continuing at
lower greenschist facies is indicated by green,
low-Ti biotite replacing garnet and muscovite and,
in metabasites, by actinolite and chlorite replacing
hornblende. Feldspar behaved brittly (Fig. lle).
Chloritoid is replaced by andalusite and chlorite.
Sense of shear is top to the SW (Fig. l le )
consistent with the orientations and shear senses
of the thick shear zones (cf. Burg et al. 1996, Fig.
6).

Importantly, the upper greenschist facies Ke-
chros Complex lies directly beneath the Kimi
Complex. This contrasts with central Rhodope,
where the Kimi Complex is situated directly above
the medium-high grade (high-Thigh-P) rocks of
the upper Sidironero Complex that in turn overlies
the upper greenschist facies albite gneisses of the
lower Sidironero Complex. This suggests that the
Kechros detachment system cuts out the medium-
high grade (high-Thigh-P) rocks of the upper
Sidironero Complex.

Geochronological record of Eocene-
Oligocene metamorphism

Upper and lower parts of the Sidironero Complex
differ in geochronological records: In the structu-
rally uppermost part (Thermes area, Fig. 2) of the
Sidironero Complex, a U-Pb SHRIMP zircon age
from partly amphibolitized eclogites gives 42 ± 1
Ma (Table 1; Liati & Gebauer 1999). These
zircons are interpreted as having crystallized at
eclogite facies, and thus dating the high-P stage
(Liati & Gebauer 1999) but may rather reflect a
minimum age for high-P metamorphism (see dis-
cussion). A U-Pb SHRIMP zircon age from an
adjacent migmatite of 40 ± 1 Ma is inferred to
reflect the migmatization age (Table 1; Liati &
Gebauer 1999). In this part, both K-Ar hornble-
nde ages (Liati 1986) and R-Sr-whole rock white
mica ages (Kyriakopulos pers. comm. 1999) range

between 37 ± 1 and 41 ± 1 Ma, setting a mini-
mum age for mylonitization.

In structurally deeper levels (but still above the
Albite Gneiss Series; northern Xanthi area, Figs, 2
and 3), a quartz vein yielded a slightly older U-
Pb SHRIMP zircon age of 45±1 Ma; this age is
interpreted as reflecting quartz vein formation
during dehydration at low temperatures (c.300 °C)
along the prograde P-Tpath (Table 1; Gebauer &
Liati 1997). However, in the structurally deeper
levels, K-Ar-hornblende dates of amphibolites
without relics of eclogites are significantly older,
yielding 45 ± 1 to 47 ± 1 Ma (beneath the marble
horizon, northern Xanthi, Table 1, Liati 1986, see
discussion). K-Ar biotite and white mica ages of
36 ± 1 and 37 ± 1 Ma indicate cooling below
350 °C and 300 °C, respectively (Table 1; Liati
1986) and are thus a maximum age of frictional
slip on the Xanthi detachment surface. This late
stage is also reflected by a zircon date from a
pegmatite cross-cutting the mylonitic foliation of
35 Ma ± 1 (Gebauer & Liati 1997).

In the Kechros Complex a mica sieve fraction
of large (>500 m) (largely pre-mylonitic) phengi-
tic white mica grains from a mylonitic orthogneiss
yielded a R-Sr age of 37 ± 1 Ma (Table 1,
Wawrzenitz & Mposkos 1997). In contrast to the
upper Sidironero Complex, P- T conditions of the
Kechros Complex did not exceed the stability field
of Ms + Qtz and the suggested 550 °C closure
temperatures of the R-Sr white mica systems.
Thus, Wawrzenitz & Mposkos (1997) interpreted
this date as a minimum age of high-P metamorph-
ism in the Kechros Complex. Moreover, c. 37 Ma
is a maximum age of mylonitization and juxtapo-
sition of the Kechros Complex next to the Kimi
Complex (Wawrzenitz & Mposkos 1997).

As no geochronological data from the Karda-
mos Complex existed, samples of white mica and
biotite from an orthogneiss of the eastern Karda-
mos Complex were analysed for K-Ar age deter-
mination by Geochron Labs (Massachusetts). K-
Ar ages of 42 ± 1 and 39 ± 1 Ma, were found,
respectively (Table 3), indicating cooling below
350-300 °C, significantly before the upper Sidir-
onero and Kechros Complexes. Thus, according to
these ages, the eastern Kardamos detachment

Table 3. K-Ar data of muscovite and biotite from the eastern Kardamos Complex

Age = l/ +( o+ 'o) [In [ +( o+ 'o)/( o+ 'o) X 40Ar/40K + 1]
Constants: =4.962 X 10-10 year; ( 0+ '0) = 0.581 X 10-10 year; 40Ar/40K = 1.1193 X l0-6g/g

Muscovite (80-200 um)
Biotite (80-200 (um)

40Ar/40K

0.002473
0.002316

Avge. 40Ar [ppm]

0.2234
0.2042

Ave. K [%]

7.570
7.394

40K [ppm]

9.030
8.820

Age [Ma]

42.1 ± 1
39.4 ± 1
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cooled prior to the footwall units of Xanthi 8.4-10.5 kbar (Altot in Hbl is 2.40-2.85 atoms
detachment. p.f.u.).

Granitoids associated with detachments

Most granitoid intrusions of the Rhodope Moun-
tains are spatially linked to detachment fault
systems (Fig. 3). The ages and intrusion depths of
these granitoids provide further constraints on
depths and time intervals over which the discrete,
brittle detachments were active.

The highly sheared Kentavros granodiorite,
about 10 km to the north of Xanthi (Fig. 2) is a
syn-detachment intrusion into the upper Sidiro-
nero Complex, immediately beneath the Kimi
Complex and the Xanthi detachment surface. K-
Ar hornblende ages of 38 ± 1 Ma (Table 1, Liati
1986) match the R-Sr white mica-whole rock
ages of the Sidironero Complex, indicating
concurrent cooling of the pluton and enclosing
metamorphic rocks. Hornblende geobarometry
(Schmidt 1992) yielded estimated pressures of
5.1-5.4 kbar (Altot in Hbl is 1.70-1.76 atoms
p.f.u. calculated for 23 O), corresponding to
intrusion depths of 14-15 km. This constrains the
depth of formation of the detachment in this area,
after 38 Ma.

The Xanthi granodiorite is a late or post-
detachment intrusion (Fig. 3). Mineral assem-
blages produced by contact metamorphism (Liati
1986), indicate an intrusion depth at less than
10 km (corresponding to 2.5-3kbar). K-Ar horn-
blende and biotite ages of 30 ± 1 and 28 ± 1 Ma,
respectively (Table 1), are probably close to the
intrusion age because the pluton cooled rapidly in
a cool environment as is indicated by contact
metamorphism of adjacent Eocene sediments.
These ages also provide a minimum time con-
straint for slip on the detachment surface.

To the north of Alexandroupoli (eastern Rho-
dope) late-post-kinematic granodiorites producing
contact metamorphism in the Kechros and Kimi
Complex (Fig. 3, Leptokaria granite) have R-Sr
biotite whole-rock ages of 30 ± 1 to 32 ± 1 Ma
(Table 1; Del Moro et al. 1988). Along with the
mineral ages of the gneisses of the Kechros
Complex, this indicates that slip on the detach-
ment in the Kechros and Xanthi areas occurred in
the same time interval, between 37 and 30-
32 Ma.

No geochronological data exist from the Papi-
kion meta-granodiorite, which separates the higher
and lower Kardamos Complex (Fig. 3). Intrusion
depth of the granodiorite estimated by hornblende
geobarometry (Schmidt 1992) is 14-19 km (4.9-
6.7 kbar; Altot in Hbl is 1.67-2.05 atoms p.f.u.);
mafic enclaves have significantly higher crystal-
lization depths of 23-29 km, corresponding to

Unroofing the Thasos/Pangeon Complex
(Section III; 26-10 Ma interval)

The Thasos/Pangeon Complex mylonites in the
western Rhodope (Dinter et al. 1995; Sokoutis et
al. 1993; Wawrzenitz & Krohe 1998; Fig. 2) were
formed during exhumation. They show predomi-
nant SW-NE-trending lineations with mainly top-
to-SW- and locally top-to-NE-directed shear
senses (Fig. 7). In metabasites the mineral assem-
blage Hbl-Ab(Anoi)- Pl(An32)- Grt-Czo-Chl +
Qtz-Rt-Ttn indicates epidote-amphibolite facies.
In orthogneiss mylonites, the Si content in white
K-micas decreases from the pre-mylonitic to the
recrystallized white micas from c.6.85 to 6.35
atoms p.f.u. (Pangeon Mountains, Table 2, ana-
lyses 13c, 14r). Pressures of 9 kbar were attained
at temperature of c. 490 °C. This is constrained by
the intersection? of the isopleth Si = 6.8 of
Massonne & Szpurka (1997) and the reaction
curve Chl + Czo + Qtz Grt + Hbl calculated
with the Thermocalc program, using the analysed
mineral compositions Grt (Grs0.38Alm0.52Prp0.06

Spso.o4), Hbl (K0.19 Na0.43 Ca2..00 Mg1.92 Mn0.04

Fe2+
2.14 Fe3+

0.36 Ti0.03 Al2.07 Si6.44 cations for
23O), Chl (Mg7.61Fe2.43Al4.59Si5.48 cations for 28
O) and Czo (Ps = 20%).

However, pervasive shearing and exhumation of
the Thasos/Pangeon Complex occurred during the
Miocene. R-Sr dates of white mica and biotite
between 23 ± 2 and 15 ± 1 Ma in the Pangeon
mountains (Table 1, Del Moro et al. 1990) and on
Thasos Island reflecting cooling and constrain in
part the age of deformation (Wawrzenitz 1997,
Wawrzenitz & Krohe 1998). Calc-alkaline grani-
toid intrusions interpreted as syn-deformational
(Symvolon granodiorite, Fig. 3) yielded U-Pb
titanite and 40Ar/39Ar hornblende dates of 22 ± 1
to 23 ± 1 Ma (Table 1; Dinter et al. 1995). On
Thasos Island the metamorphic grade increases
downward. Also the R-Sr dates of white mica and
biotite decrease downward from 23 ± 1 and
15 ± 1 Ma to 18 ± 1 and 12 ± 1 Ma, respectively
(Table 1). The later interval is interpreted as
extensional exhumation of a deeper crustal level
on a second detachment system ('dome bounding
detachment' in Figs 2 and 3; Wawrzenitz & Krohe
1998). According to Wawrzenitz (1997) and
Wawrzenitz & Krohe (1998), the Thasos meta-
morphic core complex was formed during early
Aegean back-arc extension. So far, no accurate
geochronological data exist to constrain the age of
high-f metamorphism of the Pangeon Mts.
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From c. 15 Ma until 8 Ma, low angle normal
(Strymon and Thasos) detachments associated
with mylonite zones were active (Dinter & Roy den
1993; Wawrzenitz & Krohe 1998). Early/Mid-
Miocene basins developed on the hanging walls of
these younger detachment faults. The basins are
interpreted to represent supra-detachment basins
of the Strymon and Thasos detachment systems
(Dinter et a/. 1995). The extent of such basins
increases toward the western Rhodope (Figs 2 and
3). The earlier exhumed metamorphic complexes
(including Sidironero Complex etc.) are in the
hanging-wall position of these detachments (Fig.
12a, b).

Discussion: kinematic and dynamic model

Geochronological constraints on the tectonic
evolution (<42 and 30 Ma interval)

In summary, Section II (Sidironero, Kardamos
and Kechros Complexes) is a part of a high-P
crustal domain that, within the 42-30 Ma inter-
val, experienced strong pervasive deformation
during decompression at temperatures of 500-
700 °C and during cooling. This history contrasts
with those of the over- and underlying complexes,
which show older and younger metamorphic
histories, respectively. At its top and bottom, this
crustal section is bounded by detachment systems
formed in the <42-30 Ma and 23-8 Ma inter-
vals, respectively (Fig. 12a-d). Exhumation of
the high-P rocks was concurrent with transgres-
sion in the Lutetian or Priabonian and basin
formation continued to the Late Eocene-Oligo-
cene, particularly in the eastern Rhodope. We
interpret this sedimentation as related to move-
ments on detachment systems bounding this crus-
tal section at its top.

According to Liati & Gebauer (1999), the
sequence of U-Pb SHRIMP zircon ages from
quartz vein, to eclogite and migmatite of the
Sidironero Complex brackets the subduction-
exhumation history of the entire Rhodope high-P
terrain within a short period of time between 45
and 35 Ma. However, the Rhodope high-P terrain
does not show a homogeneous P-T and exhuma-
tion history. Even among different parts of the
Sidironero Complex, P-T histories and deforma-
tion mechanisms vary. Such variations seem to
correlate with differences of geochronological data
that show a broadly downward-increase in age.
This sets important constraints on the reconstruc-
tion of differential mass movements in the <45-
30 Ma time span.

The uppermost migmatitic part of the Sidiro-
nero Complex (Thermes area) had already ex-
humed into the middle crust (stability field of

sillimanite) at c.40 Ma. This is shown by the
40 ± 1 Ma U-Pb zircon SHRIMP date constrain-
ing the age of migmatization. Pegmatoids asso-
ciated with migmatites contain muscovites that
show low phengite components. In deeper parts of
the higher Sidironero Complex, above the marble
horizon north of Xanthi (Fig. 2), R-Sr muscovite
ages and K-Ar hornblende ages, which both
range between 37 ± 1 and 41 ± 1 Ma (Table 1),
reflect a minimum age for recrystallization during
mylonitization associated with thrusting of this
part over the Albite Gneiss Series. In this part,
mylonitization was at high temperatures and suc-
ceeded migmatization and syn-migmatic deforma-
tion.

In the lower Sidironero Complex, beneath the
marble horizon north of Xanthi (Fig. 2), K-Ar
ages of hornblende from amphibolite mylonites
yielding 45 ± 1 Ma (Liati 1986) are interpreted as
dating (re)crystallization of hornblende during
mylonitization of the lower Sidronero Complex,
after high-P metamorphism. Mylonite formation
is interpreted to continue through cooling below
the supposed closure temperatures of the K-Ar
hornblende system of 550 °C. The c. 45 Ma
hornblende data are also a minimum age for high-
P metamorphism in the lower Sidironero Complex
as mylonitization developed after high-P meta-
morphism (registered by the Si contents of recys-
tallized white mica). Downward increasing ages
might reflect cooling of the footwall due to
thrusting on top of cold Falakron Series (Fig. 2;
Dinter 1998). The abrupt increase in hornblende
ages toward the lower Sidironero Complex also
suggests that thrusting continued along discrete
faults at temperatures lower than closure of these
isotope systems.

Frequently, excess Ar is observed in hornblende
of high-P metamorphic complexes. However,
when excluding samples that preserve distinct
textural remnants of the eclogite stage ('eclogito-
genic amphibolites' of Liati 1986), there is a clear
correlation of the higher ages with the lower part
(beneath the marble horizon north of Xanthi) and
of the lower ages with the high-grade higher part
of the Sidrionero Complex (Table 1). In the case
of excess argon, a scatter of various values
throughout the Sidironero Complex would rather
be expected.

The 45 ± 1 Ma U-Pb age of the quartz vein
from the lower Sidironero Complex (Liati &
Gebauer 1999) approximates the K-Ar hornble-
nde ages within this part. Thus, alternatively, this
age may be related to metamorphic reactions and
zircon crystallization associated with deformation
and hydration during decompression prior to cool-
ing. So far, the age of high-P metamorphism in
this part is poorly constrained.
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Fig. 12. Profiles through the Rhodope domain. Vertical scale is two times horizontal scale See Figure 2 for location
of profiles, Figures 2 and 3 for unit fillings and Table 1 for ages.

Kardamos Complex. PCooling of the (structurally
higher) amphibolite facies of eastern Kardamos
Complex below 350-300 °C at c.41-39 Ma is
interpreted to result from its emplacement beneath
the cold Kimi Complex on the extensional eastern
Kardamos detachment fault. Importantly, these
K-Ar data also show that extensional unroofing in
the higher Kardamos Complex was contempora-
neous with contractional deformation in the lower
Sidironero Complex. Besides, cooling, shearing in
low-T-mylonites, and frictional slip on detachment
systems in the higher Kardamos Complex roughly
occurred within the same time span as the high-T
deformation in the upper Sidironero Complex.
Presently, no geochronological data exist from the
underlying upper greenschist facies western Kar-
damos Complex.

Kechros Complex. A R-Sr white mica date of

37 ± 1 Ma is interpreted to reflect a maximum
age of mylonitization (Wawrzenitz & Mposkos
1997). In the analysed sample, syn-mylonitic
white micas indicate pressures (6-8 kbar) higher
than those indicated by the pegmatite muscovites
crystallized at 41 Ma in the upper Sidironero
Complex. This has the following implications:

1 mylonitization of the Kechros Complex is
younger (<37 Ma) than that of the Sidironero
Complex;

2 at c. 37 Ma, the Kechros Complex was at
greater depth than the Sidironero Complex;

3 high-P metamorphism of the Kechros Com-
plex may postdate high-P metamorphism in
the Sidironero Complex, i.e. the Kechros
Complex was part of a deeper crustal seg-
ment during exhumation of the Sidironero
Complex.
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Fig. 12. (continued)

Two-stage extension tectonics: kinematics of
syn- and post-thrusting extension (<42-
30 Ma interval)

Thrusting within the Sidironero Complex occurred
during decompression. This means continuous
removal of material from the top of (i.e. exhuma-
tion of) the Sidironero Complex in close associa-
tion, or even simultaneously, with thrusting. The
main removal mechanism was extension. This is
evident from preservation of a metamorphic hang-
ing wall consisting of pre-Late Eocene meta-
morphic rocks (Kimi Complex) and transgressive
Late Eocene to Oligocene marine (eastern Rho-
dope) sediments. Migmatites of the footwall Sidir-
onero Complex also have Late Eocene/Early
Oligocene ages (Fig. 12a-d). Thus, several tens of
kilometres of crustal material have been removed
along the contact of the Kimi and Sidironero
Complex, which is indicative for normal faulting.

Yet, kinematic reconstruction requires juxtaposi-
tion of these two complexes on two successive
detachment systems formed in two successive
extension stages for reasons summarized as fol-
lows.

Lutetian marine sedimentation (c.48 Ma) occurs
almost directly upon migmatites that were at the
time of deposition hotter than 700 °C. However,
transgression of marine sediments upon the Kimi
Complex predated formation of the Xanthi detach-
ment surface about 10 Ma (north of Xanthi).

The Xanthi detachment is associated with cata-
clastic deformation and clearly developed after the
migmatic stage of the Sidironero Complex. Thus,
the high grade high-P upper Sidironero Complex
must have been emplaced in the middle crust by
exhumation episodes older than the Xanthi detach-
ment.

We suggest that early extension (c.42-30 Ma),
coeval with thrusting of hot over cold meta-
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morphic rocks, excised a crustal section between
the Sidironero and Kimi Complex. However, at
the contact between these two complexes, in the
Xanthi area, no mylonites related to such earlier,
syn-metamorphic extension are recognized. There-
fore, these structures have probably been cut out
by the Xanthi detachment (Fig. 13). In our
structural interpretation (Fig. 13), the eastern
Kardamos system that is associated with shearing
represents an older detachment system that was
excised by the Xanthi detachment system between
the Kimi and upper Sidironero Complexes. The
eastern Kardamos detachment system is clearly
older than the western Kardamos detachment
(situated east of Xanthi-Echinos, see Fig. 13, see
above).

The structure of the western Kardamos detach-
ment surface is similar to that of the Xanthi
detachment (Xanthi area) that ramps through the
thrust structures, from the upper, high grade to the
lower, low grade Sidironero Complex (Fig. 13).
We interpret the western Kardamos detachment
fault as a satellite fault rooting into the Xanthi
master detachment fault. Both excise the Karda-
mos Complex between the Kimi Complex and the
deeper Sidironero Complex (or even deeper crus-
tal sections, Figure 13). In this interpretation (i)
the Kardamos Complex forms part of the hanging
wall of the Xanthi master detachment; (ii) the
deeper Kardamos Complex with hot rocks thrust
over cold is equivalent to the lower and upper
Sidironero Complex (symbolized in Figure 12 by
indentation of the specific signatures); (iii) the
higher Kardamos Complex contains syn-thrusting
extensional structures between Kimi and upper
Sidironero Complex cut out by the Xanthi detach-
ment (Fig. 13).

Xanthi Detachment System: large-scale
extensional ramp-fiat structure

According to geochronological data, the detach-
ment juxtaposing the Kimi Complex above the
Kechros Complex (eastern Rhodope), between 37
and 32 Ma, was coeval with formation of the
Xanthi detachment (Central Rhodope). However,
contrasting with the Xanthi detachment surface,
this detachment developed at greater depth with
shearing, being associated with cooling. We con-
sider this detachment as the eastern continuation
of the Xanthi detachment, which dips roughly to
the SE or ESE from the brittle upper crust into the
middle crust. This connected detachment system
thus extends over a length of about 100 km
showing a ramp and falt geometry (Fig. 12c). The
extensional ramp structure of the Xanthi detach-
ment is directly observed in the central Rhodope.

It is important to note that in the eastern
Rhodope, the Kimi Complex was transported
above the low grade high-P rocks of Kechros
Complex by detachment systems. This contrasts
with the central Rhodope, where the high grade
high-P upper Sidironero Complex is inserted be-
tween the Kimi Complex and the low grade high-
P lower Sidironero Complex. In our structural
reconstruction (Fig. 12b, c, d) the Xanthi con-
nected detachment system excised the hot high-P
rocks in the eastern Rhodope. Translation on this
detachment system removed about 20 km of crus-
tal thickness, the estimated thickness of the Kar-
damos and Sidironero Complexes, including
Albite Gneiss and Falakron Series, from above the
Kechros Complex. This is in coincidence with the
reduction of the present crustal thickness from the
central to the eastern Rhodope from about 50 km
to below 30 km, interpreted from gravimetric data
(Makris 1985).

Overall structural relationships and tectonic
history of the Rhodope Domain

Based on the geochronological data and structural
relationships already outlined, the tectono-meta-
morphic evolution of the Rhodope can be sum-
marized as follows (cf. Fig. 14).

(1) Section I, i.e. the Kimi Complex, and
probably also parts of the Vertiskos Complex and
the Melivia Kotili Complex (Fig. 2) occupying the
structurally high positions, show a pre-Eocene
metamorphic history. They are bounded at their
base by Late Eocene or Oligocene detachments
(Fig. 14). In the Kimi Complex, high-P meta-
morphism is Early Cretaceous. These complexes
represent a lithospheric fragment having continen-
tal crustal components and mantle fragments that
accreted the European continental margin in the
(Early) Cretaceous (cf. Burg et al. 1996).

(2) The retrograde P-T path of the Kimi Com-
plex, between c. 119 and c.65 Ma is characterized
by decompression to depths larger than 30 km
(medium-P stage), formation of migmatites and
metamorphic pegmatites, cooling, and continuous
hydration of former high-P rocks and granulites.
Hydration and exhumation at that time has been
linked to subduction of oceanic material beneath
the European plate margin that included the Kimi
Complex (Mposkos & Krohe 2000). A final stage
of exhumation occurred after 65 Ma, but before
the middle Eocene.

(3) The Sidironero, Kechros, Kardamos and
Kerdilion Complexes generally occur beneath
either Late Eocene (Kardamos and Vertiskos
detachments. Fig. 2) or Oligocene detachments
(Fig. 14). Geochronological data essentially indi-
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Fig. 13. Sketch illustrating the emplacement of the tectonic complexes in the central Rhodope. Two stage extension
tectonics emplaced the Kimi Complex and the Eocene sediments on top of the high grade Sidironero Complex:C
42-38 Ma: thrust emplacement of high grade high-P rocks (Section II) was accompanied by high level extension
associated with a broad shear zone on top of the migmatic rocks (eastern Kardamos detachment system), exhumation
of high grade high-P rocks and transgression of basins on the upper plate (Section I; Kimi Complex). Approx. 38-
32 Ma: post-contractional extension ('out of sequence') low angle normal faults cut through the earlier formed thrust
and extensional structures and emplaced Eocene sediments immediately above high grade high-P rocks migmatized
at the time of sedimentation. Approx. 26-10 Ma: Miocene metamorphic core complexes were formed between 26
and 10 Ma, substantially after the exhumation stage of high-P rocks.
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Fig. 14. Schematic structural relationships among different tectonic metamorphic complexes and basins, and the
geometry of various generation of extensional detachment systems. See Figures 2 and 3 for explanation of the unit fillings.

cate Early Tertiary metamorphic histories. High-P
metamorphism indicates maximum burial depths
of 53 km (15 kbar) in eastern Rhodope and over
68 km (min. P 19 kbar) in central Rhodope
(Thermes area) at temperatures of c. 550 °C and
c.700°C respectively. Nearly isothermal decom-
pression from the maximum depth up to depths of
<20 km infers rapid exhumation.

(4) In the Late Eocene/Early Oligocene, two
episodes of extension created two sets of detach-
ment systems.

(5) The older is clearly coeval with deeper level
thrusting of hot over cold high-P rocks (eastern
Kardamos detachment system, between 42 and
39 Ma) separating the Kimi Complex from the
eastern Kardamos Complex. This detachment is
probably linked with the detachment system separ-
ating the Vertiskos Complex from the Kerdilion
Complex (Fig. 14).

(6) The younger detachment is the Xanthi (-
Kechros) detachment system (37-30 Ma) that dis-
membered the thrust structures. This detachment
separates the Melivia Kotili and Kimi Complexes
from the Sidironero, western Kardamos and Ke-
chros Complexes (Fig. 14). It has a low overall
dip angle, shows an ESE dipping ramp-flat struc-
ture, cross-cutting into deeper crustal levels to the

east, and extends over about 100 km (Fig. 12, a-
d). Syn- and post-thrusting detachment systems
are both associated with exhumation of high-P
rocks.

(7) The crustal thickness excised by the Xanthi
connected detachment system is larger in the
eastern Rhodope than in the central Rhodope. In
the eastern Rhodope, this system emplaced the
upper plate Kimi Complex upon a structurally
much lower level of the previous thrust structure
(Kechros Complex, Figure 14). Hence, in the
eastern Rhodope, crustal thinning, inferred from
gravimetric data, occurred in the Oligocene on the
eastern dipping Xanthi-Kechros normal detach-
ment system (Fig. 14).

(8) Ages of detachment systems are constrained
from structural relationships and geochronological
data of sheared metamorphic rocks and granitoids
(Fig. 14). In the Lutetian/Priabonian and Oligo-
cene, simultaneous with detachment formation,
several pulses of sedimentation occurred. Trans-
gression of basins linked to both detachment
systems is generally upon Vertiskos, Melivia-
Kotili, and Kimi Complexes, forming the upper
plate (Fig. 14).

(9) After exhumation of high-P rocks in the
Sidironero/Kardamos and Kechros Complex, be-
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tween c. 23 and c. 8 Ma, the structurally lower-
most Pangeon/Thasos metamorphic core Complex
was exhumed along the Strymon and Thasos
detachment (Figs 13 and 14). This extension is
interpreted to reflect early Aegean back-arc exten-
sion (Lister & Forster 1996; Dinter & Royden
1993; Wawrzenitz & Krohe 1998). Apparently,
this stage was associated with lithospheric heating,
magmatism and pervasive plastic flow of the
middle crust, underneath the Sidironero Complex
(Figs 12a, b, 13 and 15). Probably this extension
reactivated upper crustal segments of the earlier
Oligocene detachment surfaces (Fig. 14) in the
northern Strymon Valley and area west of Xanthi
(Fig. 12a, b).

(10) In the western Rhodope, crustal thinning
inferred from gravimetric data (Makris 1985),
essentially occurred in the 26-12 Ma interval on
the Strymon-Thasos detachment systems that also
created the Miocene supra-detachment basins
(Figs 12 and 13). In the eastern Rhodope, the
structurally deep-seated footwall Kechros Com-
plex escaped Miocene heating due to earlier
exhumation and flexural upward bending beneath
the Xanthi-Kechros detachment system (Fig. 14).

Late Eocene to Miocene detachment formation
is linked with transgression of marine clastic
sediments and limestones, with calc alkaline mag-
matism that lasted from the Lutetian until at least
c. 23 Ma ago.

We interpret Sidironero, Kechros, and Karda-
mos Complexes (Section I) that were exhumed in
the <42-30 Ma interval as slivers of the extended
Apulian continental margin (Variscan basement,
sedimentary cover) and of oceanic material. These
collided in the Early Tertiary with the European
plate margin. During this collision the Kimi and
Vertiskos Complexes were probably already part
of the European plate. The Kimi and Vertiskos
Complexes substantially differ in P-T histories
and geochronological record from the Sidironero,
Kechros, and Kardamos Complexes (Section II);
geochronological data of these compelexes show
no indications of an Early Cretaceous metamorph-
ism, but the age of high-P metamorphism is
poorly constrained.

Correlation with the Bulgarian Rhodope

The tectonic complexes in the Greek Rhodope,
presented in this article, correlate with the tectonic
units of the Bulgarian Rhodope, which earlier
subdivisions did not allow. The Kimi Complex
correlates with the Krumovica Unit, and the Koti-
li-Melivia Complex probably with the Madan Unit
of the Bulgarian Rhodope (Burg et al. 1996; Ricou
et al. 1998; Z. Ivanov pers. comm. 1999). Upper
Sidironero, Kardamos and Kechros complexes

correspond to the Central Rhodopian Gneiss
Dome, Kecebir Dome and Biela Recka Unit in the
Bulgarian Rhodope, respectively. Xanthi, western
and eastern Kardamos detachment systems, and
also the detachment system bounding the Kechros
Complex, deeply extend into Bulgaria, where they
represent prominent structures (cf. Burg et al. 1996;
Ricou et al. 1998; Z. Ivanov pers. comm. 1999).

Conclusions

Our data show first that the predominant NE-SW
trend of stretching lineations in mylonites and top-
to-SW senses of shear were formed during princi-
pally different events and thus do not in general
reflect progressive thrusting (cf. Burg et al. 1993;
Burg et al. 1996; Ricou et al. 1998), secondly that
several phases of extension from the Late Eocene
to the Miocene had a major impact on the
metamorphic fabrics and on the large-scale struc-
tures of the Rhodope Domain (Dinter et al. 1995;
Wawrzenitz & Krohe 1998, this work) and thirdly
that a large proportion of tectonic contacts juxta-
posing various superimposed metamorphic com-
plexes are extensional. In the individual tectonic
complexes, the lineation trends of the mylonites
do in fact depict spatial partitioning of flow within
the crust and a succession of compression and
extension events. Syn-thrusting extension was
followed by post-thrusting extension. All these
different episodes contributed to exhumation of
high-P rocks and are genetically linked with
formation of basins on the hanging wall (down-
thrown) blocks of detachments.

Our kinematic/geodynamic model sketches out
that:

1 most parts of the west, central and east
Rhodope domain in Greece expose high-P
rocks that were exhumed in the Eocene/
Oligocene beneath a thin lid of material that
had been exhumed earlier;

2 except for this thin lid, the dominant perva-
sive structures and tectonic boundaries reflect
Early Tertiary tectonic processes (compres-
sion and extension);

3 low-angle detachments had already formed as
early as the Late Eocene, thus preceding
Aegean back-arc extension;

4 such older detachment systems connect to a
principal large-scale tectonic boundary that
caused exhumation of a high-P terrain in
their footwall, about 10-20 Ma before the
beginning of Late Oligocene/Miocene back-
arc extension;

5 the structurally deeper part is interpreted as
showing Early Tertiary high-P metamorphism
and was a part of the Apulian plate; its P-T
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history and geochronological record differ
from the higher part, reflecting the Cretac-
eous accretion/collision history.
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Abstract: The Ossa Morena and South Portuguese Zones of the Variscan Belt of Iberia are
interpreted to represent continental fragments that collided during the Variscan orogeny.
Oblique northward subduction of an oceanic realm beneath the Ossa Morena Zone and
subsequent collision induced thrusting and left-lateral transcurrent motion of crustal blocks and
formation of a variety of ore deposits in both terranes. Most of the mineralization is related to
dilational openings within thrusts and shear zones, extensional faults and pull-apart basins. A
discontinuous diachronous vertical section from exhalative to deep mesozonal hydrothermal
systems of Variscan age can be inferred. Volcanic-hosted massive sulphides are formed in third
order pull-apart basins, but deeper related extensional structures are the loci for epithermal Hg,
fluorite and Pb-Zn vein systems, Cu-Ni magmatic mineralization and iron-rich calcic skarns.
Dilational regions along major shear zones also host mesozonal gold-bearing quartz veins. The
overall Variscan mineralization pattern is inferred to be representative of an oblique collisional,
(transpressional) geodynamic regime.

A critical factor in the evolution of major metallo-
genic provinces and world-class ore deposits is the
existence of crustal discontinuities that allow the
shallow emplacement of magmas or facilitate
large-scale and long-lived convective hydrother-
mal circulation. Both processes are directly related
to the formation of mineral deposits since a heat
source and the circulation of large amounts of
hydrothermal fluids are prerequisites in ore form-
ing processes. Geochemical traps leading to spe-
cific ore precipitation are more local features that
can be found in most upper crustal environments.

Global geodynamic models have shown that ore
deposits were often formed in orogen-related
extensional environments, usually back arc set-
tings, or were related to late orogenic extensional
collapse and subsequent rift-related stages (e.g.
Mitchell & Garson 1981). However, less attention
has been paid to the role of extensional structures
related to oblique collision during the final stages
of continental convergence. Here, regional strike-
slip structures usually host extensional zones (ten-
sional fractures, transfer zones, pull apart basins,
etc.) that can be the loci of major hydrothermal

systems. Such cases have been described in
several ore belts, including those hosting porphyry
copper deposits (Davidson & Mpodozis 1991;
Mpodozis et al. 1994; Tomlinson 1994; Reutter et
al. 1996; Unrug et al. 1999), epithermal systems
(Tosdal & Nutt 1998), mesothermal gold veins
(Sanderson et al. 1991; Patey & Wilton 1993;
Miller et al 1994; Kerrich 1997) or shale-hosted
base metal deposits (O'Brien & Davies 1986).

The SW margin of the Variscan Belt of Iberia
shares many of the features of transpressional
orogenic belts (e.g. Ribeiro 1981; Sanderson et al.
1991). Despite its rather well known geodynamic
evolution (see Quesada et al. 1991; Egulluz et al.
2000 and references therein), little is known about
the influence of oblique tectonics on the formation
of the abundant ore deposits of the area. In this
review we present an overview of the more signifi-
cant ore deposits, which show an important struc-
tural control that is considered as critical to their
formation. The model includes different types of
mineralization formed at different crustal levels as
well the world class deposits of the Iberian Pyrite
Belt.

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 179-198.
0305-8719/02/$ 15.00 © The Geological Society of London 2002.
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Geodynamic setting and evolution of the
SW Iberian Variscan Belt

The SW Iberian Variscan Belt is part of the
Iberian (or Hesperian) Massif, i.e. the pre-Alpine
basement of the Iberian Peninsula, which crops
out in the southwestern Iberian Peninsula. The
Iberian Variscan Belt has long been subdivided
into zones parallel to the belt axis, mainly on the
basis of stratigraphic and palaeogeographic con-
siderations (Julivert et al. 1974; inset in Fig. 1).
The SW Iberian Variscan Belt comprises the Ossa
Morena Zone (OMZ) and the South Portuguese
Zone (SPZ) (Figs 1 and 2). Recent tectonic
models indicate that during the Cadomian orogeny
(late Proterozoic-early Cambrian) the Ossa Mor-
ena Zone was accreted to the southern margin of
the Central Iberian Zone, which is considered to
be an autochthonous terrane (Abalos et al. 1991;
Abalos & Eguiluz 1992, Ochsner 1993), shown in
Figure 3. The South Portuguese Zone was in turn
accreted to the Ossa Morena Zone during the
Variscan orogeny (Silva et al. 1990).

The geodynamic evolution of this part of the
Iberian Massif and the location of its precise
boundaries has been the subject of much debate in
the recent past. The cryptic Cadomian suture is
tentatively located somewhere to the north or
within the Badajoz-Cordoba Shear Zone, a first
order, 10-20 km wide, mylonitic corridor result-
ing from strong left-lateral shearing during Var-
iscan deformation (Burg et al. 1981; Abalos et al.
1991, Azor et al. 1993). The Variscan suture is
defined by the Pulo de Lobo Terrane and the Beja
Acebuches ophiolite (Silva et al. 1990; Quesada et
al. 1994). The Ossa Morena Zone is a complex
domain consisting of a Proterozoic-lower Cam-
brian basement and a Palaeozoic cover, reworked
during the Variscan orogeny. The basement shows
evidence of penetrative deformation, metamorph-
ism and ensialic magmatism, both metaluminous
and peraluminous, that on the basis of geochronol-
ogy can be attributed to the Cadomian orogeny
(e.g. Galindo et al. 1988; Ochsner 1993). The
lithological record consists of a lower sequence of
gneisses, black shales, sandstones and amphibo-

Fig. 1. Geological location of the deposits described within the Spanish part of the Ossa Morena Zone. Based on
Locutura et al. (1990). SOPC, Santa Olalla Plutonic Complex; BR, Brovales Pluton; BU, Burguillos Pluton; SM,
Santa Marta Stock. The inset shows the general zone division of the Variscan Belt of Iberia. The Pulo de Lobo Group
and the Beja-Acebuches Ophiolite are located between the Ossa Morena Zone and the South Portuguese Zone. The
Iberian Pyrite Belt is within the South Portuguese Zone.
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Fig. 2. Geological sketch of the Iberian Pyrite Belt showing the location of the major ore deposits. Modified from
Carvalho et a/. (1999).

Fig. 3. Interpretative cross section and map of the SW margin of the Variscan Belt of Iberia during Variscan times.
Modified from Silva et al. (1990) and Quesada (1992). (a) Plate convergence, subduction and minor oblique collision
and partial obduction during the late Devonian (pre-Fammenian);(b) Generalized oblique collision, lateral escape of
the South Portuguese Zone and formation of second order pull-apart basins and volcanic alignments in the Iberian
Pyrite Belt and Ossa Morena Zone during the late Devonian-Lower Carboniferous. Not to scale. SPZ, South
Portuguese Zone; IPB, Iberian Pyrite Belt; OMZ, Ossa Morena Zone; BCSZ, Badajoz-Cordoba Shear Zone; PLT,
Pulo de Lobo Terrane (including the Beja-Acebuches Ophiolite).

lites (see Quesada et al. 1991; Eguiluz et al. 2000
for a complete description) which is overlain by a
complex syn-orogenic sequence that includes calc-
alkaline volcanic and plutonic rocks, limestones

and siliciclastic sediments formed in an Andean-
type orogen (Sanchez Carretero et al. 1990). After
collision and extensional collapse of the orogen,
rifting begun and a shelf sequence was deposited
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unconformably above the Cadomian basement in
Early to Mid-Cambrian times. This stage reached
a climax during the mid-late Cambrian (Linan &
Quesada 1990) when intraplate alkaline magma-
tism, mainly transitional-alkaline, set in at 510-
500 Ma (Galindo et al. 1988; Ochsner 1993).
During the Ordovician, Silurian and Early Devo-
nian, the region was apparently a quiet shallow
water passive continental margin (Robardet &
Gutierrez Marco 1990). The Variscan deformation
in the OMZ resulted in widespread plutonism
synchronous with thrust-style deformation and
low grade metamorphism. A key feature of the
Ossa Morena Zone is the existence of long-lived
crustal-scale faults of WNW-ESE trend that have
conditioned the paleogeography at least since
early Cambrian times (Linan & Quesada, 1990).

Modern terrane analysis (Quesada 1998) envi-
sages that the South Portuguese Zone consists of
two exotic terranes that were sequentially accreted
to the Ossa Morena Zone. The northern Pulo de
Lobo Group (Fig. 2) is an oceanic terrane consist-
ing of sediments of an accretionary prism and an
ophiolite, the Beja-Acebuches Ophiolite, derived
from the partial obduction of a pre-Famennian
oceanic basin (Silva et al. 1990). The southern
terrane shows continental features and is made of
the Iberian Pyrite Belt and the SW Portugal
Domains (Oliveira 1983, 1990). The Pulo do Lobo
Group consists of several Devonian metamorphic
detrital formations, some of them including scarce
metavolcanics. The Beja-Acebuches Ophiolite
consists of a strip of rocks, 100 km long and about
1.5 km thick, showing the characteristics and or-
ganization of a typical ophiolite, i.e. metagabbros
(mafic granulites, flaser gabbros and amphibo-
lites), serpentinites, metabasalts and cherts
(Munha et al. 1986; Quesada et al. 1994). Both
the Pulo de Lobo Group and the ophiolite were
affected by a low pressure/high temperature regio-
nal metamorphism, ranging from lower greens-
chist to granulite facies. The Iberian Pyrite Belt
constitutes the central domain of the SPZ. It is
characterized by the presence of a subvolcanic to
volcanic, bimodal magmatic suite of late Famen-
nian to early late Visean age. Both the magmatism
and the massive sulphide formation took place in
an intracontinental rift or pull-apart basin environ-
ment. Late and post-Variscan magmatism is also
recorded in the form of small plutonic bodies (e.g.
Simancas 1983; Schutz et al. 1987; de la Rosa
1992; Stein et al. 1996; Thieblemont et al. 1998).
Conditions of metamorphism range from pre-
hnite-pumpellyite to lower greenschist facies, the
latter restricted to local shear zones. The geology,
geotectonic setting and palaeogeographic evolu-
tion of the Iberian Pyrite Belt are described in
more detail later. The SW Portugal Domain is

composed of anchimetamorphic monotonous sedi-
mentary rocks, deposited in a shallow marine
environment (Oliveira 1983). No magmatic rocks
have been reported here.

Oblique north-verging Variscan subduction of
oceanic crust beneath the OMZ took place from
the mid-late Devonian to the Visean (Dallmeyer
et al. 1993) with the situation merging into the
subduction of the SPZ under the OMZ during the
late Devonian to middle Westphalian interval.
Further continental collision produced the amalga-
mation of the Pulo de Lobo and South Portuguese
terranes to the southern margin of the OMZ and
the lateral escape eastwards of the South Portu-
guese Zone, with the formation of large left-lateral
strike-slip faults and shear bands (Fig. 2).

The Ossa Morena Zone

Variscan geological features

Initial Variscan transpressional deformation within
the OMZ was largely accommodated along dis-
crete mylonitic shear zones (thrusts and, mostly
left-lateral, steep NW-SE strike-slip faults). The
resulting pattern is one of domains formed by the
stacking of imbricate southward directed thrusts
that involve a Cadomian foliated basement and
the cover sequences (e.g. the Monesterio thrust.
Fig. 1; Apalategui et al. 1990). Thrust sheets
can display large-scale recumbent folding (e.g.
Vauchez 1975) at the leading edge of the thrusts.
In turn, these thrust domains are bounded by steep
strike-slip faults striking NW-SE, which define
the limits of several narrow longitudinal tectonic
domains (Apalategui et al. 1990).

Upon exhumation, progressive deformation was
accommodated by ductile-brittle and brittle faults
of NW-SE, north-south and NE-SW trend that
partially overprinted older tectonic lineaments. A
complex pattern of transpressional late Variscan
faults has been recognized by Sanderson et al.
(1991) in the southern margin of the Central
Iberian Zone near the boundary with the Bada-
joz-C6rdoba Shear Zone (Fig. 1). Here a domino
or bookshelf fault zone consisting of north-south
and NE-SW trending strike-slip right-lateral
faults rotated toward a NW-SE orientation due to
continued left-lateral motion along the shear zone.

An ensialic magmatic arc of I-type high-K calc-
alkaline plutonic rocks developed during Variscan
evolution. Available crystallization ages are still
few, but range between 352 ± 4 Ma and 332 ±
3 Ma (Dallmeyer et al. 1995; Casquet et al. 1998;
Pin et al. 1999; Montero et al. 2000). During
subduction, small intra-montane continental basins
filled with terrigenous sediments and coal seams
formed in pull-apart basins in northern OMZ. On
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the other hand, relics of an older marine platform
of Tournaisian age are found as small sedimen-
tary-volcanic inliers discordant with the meta-
morphic basement (Gabaldon et al. 1985).

A wide variety of ore deposits of different ages
and significance has been long recognized in the
OMZ (up to 20 ore deposits and several hundreds
of ore showings; Locutura et al. 1990, and
references therein). Most of them are of Variscan
age, formed in relation to the active magmatic arc.

Mineralization related to shear zones
(mesozonal mineralization)

Variscan deformation in the deeper structural
levels led to the formation of large-scale imbricate
thrusting and recumbent folding with a SW
vergence. One of the more remarkable structures
is the NW-SE-trending Monesterio Thrust which
separates two major tectonic domains (Fig. 1)
(Apalategui et al. 1990). Rocks within the thrust
zones often show significant gold enrichment,
particularly when they cross-cut late Proterozoic
black shales, amphibolites, quartzites, volcaniclas-
tic rocks and subvolcanic dacite-rhyolites of the
Cadomian syn-orogenic sequence. Some of these
rocks can contain significant gold and copper
anomalies that are interpreted as an older (pre-
Cadomian) palaeoplacer or exhalative mineraliza-
tion (Locutura et al. 1990).

The mineralized zones are found in steep NW-
SE to WNW-ESE and, to a lesser extent, north-
south- and NE-SW-trending brittle-due tile faults
and extensional zones, being especially intense at
their intersections (Canales & Matas 1992). The
major structures are coincident with the regional
shear zones and probably represent dilational
features within them. The NE-SW-trending struc-
tures are interpreted as extensional fractures whilst
the less common north-south-trending shear
bands and faults are probably synchronous anti-
thetic faults to the main shear zones. Mineraliza-
tion at tectonic intersections is probably the
consequence of major focused fluid flow. The
Variscan gold mineralization is hosted by irregular
halos of pervasive structurally controlled sericiti-
zation and chloritization in the deformed rocks.
The more altered zones show an intense texturally
destructive silicification with local tourmaliniza-
tion, albitization and K feldspar growth. The
mineralization occurs disseminated in these rocks
or in the cross-cutting quartz veins (Canales &
Matas 1992). The sulphide proportion is always
low and consists of arsenopyrite, pyrrhotite, pyrite
and chalcopyrite. Concentrations of magnetite can
be locally found (Canales, pers. comm.). Dramatic
changes of fluid pressure are to be expected at

these places. Hydraulic failure induced fluid se-
paration and concomitant precipitation of metals
transported by weak acids or bases (As, Au). Very
few works have dealt with this style of mineraliza-
tion, but preliminary studies show that they have a
great economic potential (Canales & Matas 1992).
They share many features with the mesothermal
gold-bearing sulphide-poor quartz veins, typically
formed in metamorphic belts (Kerrich & Wyman
1990; Hodgson 1993). The relationship with brit-
tle-ductile structures and the style of hydrother-
mal alteration and assemblage indicate that they
correspond to deposits formed at intermediate to
shallow depths (6-12 km; GebreMariam et al.
1995).

Epizonal Ni-Cu magmatic mineralization
related to strike-slip faults

The recently discovered Aguablanca Ni-Cu de-
posit (Fig. 1) is here interpreted as an example of
magmatic mineralization in which strike-slip fault-
ing resulting from oblique tectonics have played a
critical role in its genesis (Tornos et al. 2001).
The ore body forms two sub-vertical magmatic
pipes, which have been drilled down to 600 m
depth. Here, the (semi)-massive sulphides, mainly
pyrrhotite, chalcopyrite and pentlandite, cement
and support a magmatic breccia of heterolithic
fragments of fine-grained pyroxenitic and peridoti-
tic cumulates, gabbros-gabbronorites and minor
host rocks (Fig. 4e). This breccia is included in an
epizonal (0.5-1 kbar) diorite-gabbro intrusion,
the Aguablanca Stock, which is adjacent to the
regional-scale NW-SE Cherneca Fault (Fig. 5).
This stock is part of a larger composite, mainly
tonalitic, intrusive massif, the Santa Olalla Pluto-
nic Complex dated at 332 Ma (Montero et al.
2000). The Aguablanca Stock and the magmatic
mineralization have a superimposed pervasive
hydrothermal alteration with the magmatic assem-
blage retrograding to amphibole, chlorite, carbo-
nates, sericite and a wide variety of sulphides.
These late minerals host minor amounts of plati-
num group minerals (see Ortega et al. 2001).

The intrusion and mineralization are interpreted
as having formed in a two-stage process, probably
related to the development of extensional fractures
along the Cherneca Fault (Fig. 5). The first event
was the early intrusion, probably fault controlled,
of a primitive mafic magma and development of a
magmatic chamber in the upper crust. Assimila-
tion and contamination with the host, late Proter-
ozoic pyrite-rich black slates, took place. This led
to igneous differentiation and the formation of an
immiscible sulphide phase, which sank along with
the pyroxenitic cumulates. A further reactivation
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Fig. 4. Details of some of the mineralization referred to in the text, (a) Cambrian limestones replaced by silica and
cinnabar (cin: massive cinnabar; 1m: limestone; sl: silicified limestone. Location: Usagre. (b) Hydrothermal breccia
filled by sphalerite-rich lodes located in tensional gashes (sph: sphalerite; cc: calcite; Q: quartz). Location: Llera. (c)
Compositional banding resulting from replacement of a mylonitic rock (probably an igneous protolith) by plagioclase
+ magnetite + actinolite-tremolite and sulphides, enclosing magnetite + plagioclase fragments. Location: Colmenar
Mine, Jerez de los Caballeros. (d) Tension gashes in a magnetite and actinolite-tremolite skarn filled by late pyrite
and chalcopyrite. Location: Cala Mine, Cala. (e) Magmatic breccia with fragments of pyroxenite, gabbro and
gabbronorite supported by sulphides. Location: Aguablanca. (f) Sedimentary banding in exhalative massive sulphides
defined by alternating layers of coarse grained pyrite + siderite interbedded with turbidite-like layers of more fine-
grained sulphides. Location: Tharsis Mine, Iberian Pyrite Belt.

of the structure promoted the rise and final
emplacement of the unconsolidated magmas at
depths of about 3 km. Partially consolidated cu-
mulates and the sulphide magma were subse-
quently injected forcefully into open NE-SW
extensional fractures, leading to the formation of
the mineralized breccia near the northern margin

of the Aguablanca Stock and a few metres away
from the Cherneca Fault. This fault and minor
satellite extensional structures thus probably
played an important role in driving magma ascent
and controlling the location of the ore. S-C
composite foliations within the fault, the sense of
rotation of the regional cleavage near the Stock
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Fig. 5. Synthetical geological sketch of the Aguablanca Stock showing the relationship of the intrusion and the
magmatic mineralization to the Cherneca Fault and related structures. Modified from Tornos et al. (2001).

and the bookshelf-like geometry of antithetic
faults are consistent with a dominant left-lateral
strike-slip sense of movement. The NE-SW-trend-
ing breccia pipe is compatible with this kinematic
scenario.

Epizonal iron-rich calcic skarns adjacent to
granitoids and shear zones

A significant type of mineralization in the Ossa
Morena Zone is represented by the iron-rich calcic
skarns (Casquet & Tornos 1991). They form
several ore bodies with a total of 180 Mt of ore
originally in place with high iron grades, signifi-
cant Cu credits and locally high Au, Co, U and
REE contents. The skarns are usually developed at
the contact of Variscan plutons of gabbroic to
monzogranitic composition and limestones, calc-
silicate hornfelses and volcanic rocks of Lower
Cambrian age. They show a rather typical calcic
assemblage with prograde hedenbergite- salite
and minor grandite (± wollastonite) zones re-
placed by a retrograde skarn with actinolite-
hornblende and minor epidote, feldspars, quartz
and calcite. Minor early magnesial skarns are
locally found. The ore assemblage includes mag-
netite and low amounts of pyrite, chalcopyrite and
other sulphides (Fig. 4c). A special case is found
at the Monchi Mine (Fig. 1) where an unusual B-
rich mineral assemblage with abundant vonsenite

and axinite as well as significant amounts of
lollingite, cobaltite, monazite, allanite and urani-
nite is found in close association with the skarn
(Arribas 1962).

The exact origin of the skarn-related ores
remains controversial. The geological setting sug-
gests that iron might have been introduced from
nearby calc-alkaline magmas during the early,
high-temperature stage of the skarn development
(Casquet & Tornos 1991). However, the same
carbonate and volcanic rocks that host the skarns
include earlier stratabound (sub)-exhalative and
breccia-like magnetite deposits genetically related
to the Cambrian volcanism (Dupont 1979). The
relationships between skarn-type and the earlier
magnetite mineralization is not obvious, although
in some cases it seems likely that some skarn
magnetite might come from the remobilization of
the older magnetite. Systematic radiogenic isotope
geochemistry of magnetites and host rocks sug-
gests that any isotopic heritage is masked by the
magmatic/hydrothermal remobilization (Galindo
et al. 1995; Cuervo et al. 1996; Darbyshire et al.
1998).

A key feature in the formation of these deposits
is the relationship with major syn-magmatic
north-south- and NW-SE-trending faults which
seem to have played a significant role as shear
zones, channelling fluid flow and skarn location.
This relationship is particularly obvious at the El
Colmenar ore body (Fig. 6a). Here, different types
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of vein and massive skarn are found in the exo-
contact of the epizonal Variscan Brovales pluton
(340 ± 7 Ma; Montero et al. 2000) with lower
Cambrian marbles and siliciclastic sediments. The
contact is defined by a brittle-ductile to brittle
nearly north-south right-lateral fault zone
(Sanabria 2001). The fault is a conjugate to the
major NW-SE strike-slip faults and has undoubt-
edly played a major role in driving magma
emplacement and focusing fluid flow and skarn
formation. The role of faults in controlling skarn
formation is evident again in the Cala Mine, the
most important magnetite mine in the region,
which also shows an important structural control
(Fig. 6b). The ore body is found at the contact of
the Lower Cambrian marbles with the small
tonalitic Cala Stock (Casquet & Velasco 1978;
Velasco & Amigo 1981). The magnetite ore is
massive and occurs as two WNW-ENE-trending
bands, about 10 m thick, dipping steeply north-
wards. It replaced an earlier, mostly garnet, skarn
along fault planes. The sulphide minerals, mostly
chalcopyrite and pyrite, postdate the magnetite

and precipitated in extensional fractures (Fig. 4d).
Detailed mapping suggests that the Cala Stock
was intruded along a major left-lateral fault that
actually separates the Herrerlas and Cumbres-
Hinojales tectonic units. The intrusion probably
took place in a dilational zone within the fault,
probably a pull-apart structure. The stock is con-
sidered to be an offshoot of the nearby and larger
Santa Olalla Plutonic Complex, that was emplaced
at a depth equivalent to 1.5 kbar (Casquet 1980).
Fluid flow was channelled along the contacts with
the host rocks; skarn replacement with precipita-
tion of ores probably took place later, during late
extensional movement.

A remarkable example is represented by the
huge massive skaras found at the northern contact
of the Santa Olalla Plutonic Complex. These
skarns are almost barren and consist for the most
part of garnet with only a local hydrothermal
retrograde alteration (Casquet, 1980). The skarns
here are older than the main intrusive units of the
Santa Olalla Complex but are accompanied by
small precursor basic intrusives and larger granitic

Fig. 6. Tectonic setting of the Colmenar (a) and Cala (b) iron-rich calcic skarns.
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bodies that crop out along the aforementioned
Cherneca Fault. Again the picture emerges here of
a relatively long-lived hydrothermal and intrusive
activity that is fault controlled.

Volcanic-associated massive sulphides

Along the Badajoz-Cordoba Shear Zone (Fig. 1)
there are several Carboniferous syn-orogenic pull-
apart basins with WNW-ESE trend (Gabaldon et
al. 1985). However, volcanic-associated massive
sulphides are only found in the Benajarafe-Mata-
chel basin (Fig. 7). It is discontinuously exposed
basin about 20 km long that was originally part of
a larger but technically dismembered and par-
tially eroded basin containing Tournaisian to
Visean marine sediments. Its boundaries are de-
fined by WNW-ESE-trending left-lateral strike-
slip and normal NNW-SSE-trending faults. The
basin was filled with shallow marine siliciclastic,
carbonate and volcaniclastic sediments with local
terrestrial equivalents (Quesada 1983; Gabaldon et
al. 1985). Equivalent basins formed in back arc
settings are the preferred place for the formation
of stratiform volcanic-hosted massive sulphides
(e.g. Kuroko, Bathurst, Urals; Ohmoto 1996;
Barrie & Hannington 1999; Herrington 2000).
Despite this preferential setting, massive sulphides
are very scarce in the Ossa Morena Zone.

The mineralization is hosted by bimodal volca-
nic rocks. They consist of rhyolitic domes uncon-
formably covered by an up to 200 m thick
sequence of variegated epiclastic rocks including
mass flows and shales that are lateral to submarine
andesitic flows with some Cu-bearing sulphide
disseminations (Late Tournaisian to Lower Visean;
Gabaldon et al 1985; Sanchez Carretero et al.
1990). These epiclastic rocks are interpreted as
syn-tectonic deposits formed near a fault scarp. A

Fig. 7. Geological sketch of a sector of the Benajarafe-
Matachel basin showing the structural control on the
Nava Paredon massive sulphide ore body.

small, gold-bearing polymetallic (Zn-Pb-Cu)
ore-body (Nava-Paredon) is located at the contact
between the rhyolites and the epiclastic rocks
(Tornos et al. 2000). The mineralization occurs
within two different structures and at different
stratigraphic levels, inside the uppermost brec-
ciated rhyolites (hyaloclastites) and the epiclas-
tites, but always near the contact between the two
of them. The massive sulphides consist of sphaler-
ite, galena and pyrite with minor amounts of
chalcopyrite and traces of Ag-bearing tetrahedrite,
pyrrhotite, bismuthinite, boulangerite and elec-
trum. The mineralization is thought to have
formed by the replacement of the rhyolites and the
epiclastic sediments near their contact. The genet-
ic model involves the upwelling circulation of
deep fluids through a poorly defined feeder. This
fluid carried the metals, probably derived from the
leaching of the rhyolites and underlying basement.
Near the regional aquifers they probably mixed
with sulphur-bearing stratabound waters confined
to the major lithological contacts, precipitating
sulphides by fluid mixing (Tornos et al. 2000).
Related to this mineralization there are some
stratabound hematite-rich layers that are likely
exhalative equivalents into an oxidized shallow
marine basin.

The morphology of the basin and the orienta-
tion of the volcanic alignments can be easily
interpreted as directly related to left-lateral trans-
pressional tectonics. The faults controlling the
massive sulphide formation probably correspond
to synchronous tensional structures. In such a
system, hydrothermal activity was probably trig-
gered by the combination of high heat flow and
the development of large hydrothermal convection
cells.

Pb-Zn- (Ba) veins

The more historically significant mineralization of
the Ossa Morena Zone is the abundant Pb-Zn ore
located in veins within or near the Badajoz-
Cordoba Shear Zone (Figs 1 and 8). Hundreds of
veins were mined during the late nineteenth and
early twentieth centuries, representing at that time
the leading lead ore field in Europe. The miner-
alization occurs in short (<500 m), thick lensoidal
quartz-carbonate-bearing veins. In a few cases
the veins are hosted by shales and schists. How-
ever, they are abundant in the brittle rocks of the
Badajoz-Cordoba Shear Zone, including ultramy-
lonites, gneisses, quartzites and amphibolites.
Moreover, the veins are especially abundant close
to some minor epizonal granodioritic stocks in-
truded along this shear zone (e.g. Santa Marta
Stock; Fig. 8). The internal structure of the veins
is very uniform, consisting of open space fillings
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Fig. 8. Simplified geology of the central Badajoz-Cordoba Shear Zone showing the location and structural control of
the late-Variscan to post-Variscan Pb-Zn veins. Based onlGME (1994).

and abundant polyphase hydrothermal breccias
with fragments of altered host rocks supported by
quartz and carbonates with a cockade texture (Fig.
4b). The related hydrothermal alteration is very
subtle, only consisting of minor sericitization,
feldspathization and silicification. The sulphide
assemblage includes galena, sphalerite and chalco-
pyrite with minor pyrite, linneite, Ag-rich tetrahe-
drite, pyrargirite and pyrrhotite. Barite and fluorite
are very scarce. Fluid inclusion work (Chacon et
al. 1981) shows that the hydrothermal fluids were
low salinity waters with the quartz precipitating at
temperatures near 200 °C. Lead isotope composi-
tion suggests that the metals were scavenged from
the host rocks during late Variscan to early Alpine
times (Tornos et al. 1998). These veins share
many features with the adularia-sericite type of
epithermal systems, with the ore probably precipi-
tated by boiling of the fluids. The dominant trends
are N70-80°E, N110-120°E and NO-45°E. The
cross-cutting relationships with the regional folia-
tion, the brittle nature of the veins and the low
temperature of formation indicate that the veins
formed at shallow depths (<1 km) and that they
post-date the dominant tectonic fabric of the
Badajoz-Cordoba Shear Zone. The morphology
and orientation of most of the veins (ENE-WSW
and north-south to NE-SW) are consistent with

their formation along brittle extensional structures
(tension planes) during the waning left-lateral
movement of the shear zone (Late Carbonifer-
ous?). The WNW-ESE-trending veins seem to
have formed along minor pull-apart structures
within the shear zone. These structures also
locally channelled the intrusion of some grani-
toids, such as the Santa Marta Stock. These
intrusions were able to generate local high tem-
perature thermal domes that increased the fluid
flow and favoured mineralization.

Epithermal Hg

The Usagre area (central Ossa Morena Zone,
Figure 1) is characterized by the presence of a
thick sequence of Lower Cambrian black lime-
stones with some slate intercalations. These rocks
are intruded by hypabyssal felsic and mafic dykes
of late Variscan age that are related to the major
WNW-ESE faults. Hosted by the limestones, but
always closely associated with these WNW-ESE
trending structures, there are Cu, Pb, Sb, barite
and Hg prospects as well as an old Hg mine
(Usagre). The sulphide mineralization is replacive
on the limestones and always associated with a
pervasive silicification of the limestones that also
post-dates the dykes. The ore assemblage consists
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of cinnabar, pyrite, Hg-rich sphalerite, chalcopyr-
ite, Hg-bearing tetrahedrite, galena and local gold
with ankerite, barite and quartz (Fig. 4a). The ore-
forming event took place at temperatures between
250 and 320 °C and the fluids were saline brines
with 19-24 wt% NaCl equivalent (Tornos &
Locutura 1989). The cross-cutting relationship
with the dykes indicates that this mineralization is
the result of a late Variscan extensional event and
took place in an epizonal environment broadly
equivalent to that of the epithermal deposits.
Again, magmas and heat and fluid flow were
channelled along regional faults, leading to repla-
cements after limestones and open space filling.
Ore precipitation took place by fluid-carbonate
interaction and/or mixing with surficial, oxidized
waters.

Other mineralization in the Ossa Morena
Zone

Many other ore deposits within the Ossa Morena
Zone have a strong structural control. Beside the
widespread Fe, Cu, Zn-Pb, W-Bi and barite
veins, we also describe here some Sn-bearing
replacement deposits.

A tin-rich replacive mineralization has been
recently discovered in Oropesa, in the easternmost
Ossa Morena Zone (Fig. 1). The arsenopyrite-
cassiterite-bearing ore is hosted by pervasively
silicified slates, feldspathic sandstones and lime-
stones of late Carboniferous age. The mineraliza-
tion is located in a small pull-apart basin similar
to that hosting the massive sulphides of Nava
Paredon, the alteration and mineralization being
controlled by north-south normal sub-vertical
faults. Nearby Ordovician quartzites and shales
near the edge of the basin host north-south-
trending Sn-rich quartz veins which are inter-
preted as the feeder zones of the replacive miner-
alization and connected with an hypothetical
underlying leucogranite, in a model similar to that
of Patterson et al. (1981) for the Renison Bell
deposit (Locutura et al. 1990). Vein-type deposits
are widespread across the Ossa Morena Zone.
N120-140°E-trending veins probably remobilizing
older stratabound ores occur in late Palaeozoic
siliciclastic rocks while tensional NNW-SSE
quartz veins, up to 6 km long, contain quartz,
barite, siderite, hematite, magnetite, pyrite, tetra-
hedrite, sphalerite, galena and chalcopyrite.
Furthermore, the few granitic intrusions with
perigranitic W- (Cu-Bi-Au)-bearing quartz
veins (San Nicolas, Oliva) were probably intruded
along extensional zones. However, little is known
about the geological setting of these late Variscan
intrusions.

The Iberian Pyrite Belt

Stratigraphic record

The sedimentary record of the IPB includes rocks
of Devonian to Carboniferous age, that host the
well know giant massive sulphide deposits (Fig.
2). The most useful regional Stratigraphic nomen-
clature is that of Schermerhorn & Stanton (1969)
and Schermerhorn (1971), which has been adopted
with minor modifications by many authors (e.g.
Oliveira 1983, 1990; Barriga 1990; Saez et al.
1996; Leistel et al. 1998). It comprises three main
units: from bottom to top, the Phyllite and Quart-
zite Group (PQ Group), the Volcanic-Sedimen-
tary Complex (VS Complex) and the Culm Group
(or Baixo Alentejo Flysch Group). The PQ Group
is largely homogeneous throughout the IPB. It
includes a monotonous detrital sequence over
1000 m thick composed of shales and sandstones
(quartzwacke and quartzarenite). Available data
suggest a shallow depositional environment for
the PQ Group, probably in a storm-dominated
platform (Moreno & Saez 1990). These features
suggest an epicontinental sea environment for the
whole Iberian Pyrite Belt during late Devonian
times.

The homogeneous features of the PQ Group
change abruptly towards the top of the unit. Here
there is an increase of the sand/lutite ratio and
different exotic facies are found including fan-
deltas, near-shore bars, mega-debris flows and
some limestone lenses (Moreno et al. 1996). This
uppermost sequence has been dated as late Fa-
mennian. These facies are indicative of collapse
and fragmentation of the stable continental plat-
form near the Devonian-Carboniferous boundary
(Moreno et al. 1996). This collapse resulted in the
development of several sub-basins, which consti-
tuted the realm where deposition of the VS
Complex took place. The VS Complex consists of
felsic (dacite-rhyolite) and mafic (basalt) mag-
matic rocks interbedded with a thick sedimentary
sequence. They show complex intrusive and inter-
fingered relationships. Massive rocks include sills,
domes and cryptodomes of felsic composition
with less abundant mafic flows and dykes. Sub-
volcanic rocks, both felsic and mafic, are locally
ubiquitous, forming the bulk of the Stratigraphic
column at some localities (Boulter 1993; Mitjavila
et al. 1997). The VS Complex also includes: (a)
detrital rocks including thick volcanic-derived
epiclastics, with grain size ranging from conglom-
erate to fine arenites and some pumice-rich mass
flows; (b) grey and black shales, sometimes
directly associated to the massive sulphide depos-
its, (c) chemical sedimentary rocks including
massive sulphides, Mn-Fe-rich chert and jasper
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and scarce limestone lenses. Some of the volcani-
clastic rocks are perhaps related to a subaerial
explosive activity (Schermerhorn 1971; Routhier
et al. 1978; Quesada 1996) Age constraints based
on scarce palaeontological and absolute age deter-
minations place the VS Complex between late
Famennian and Middle Visean times.

Magmatic rocks in the IPB have been the object
of much research in the last three decades (e.g.
Hamet & Delcey 1971; Routhier et al. 1978;
Munha 1983; Mitjavila et al. 1997; Thieblemont
et al. 1998). Nowadays it is widely accepted that
the magmatism of the IPB is bimodal, with only
some scarce andesites (Munha, 1983; Mitjavila et
al. 1997). Despite the association, both in space
and time, there is no lithological transition be-
tween felsic and mafic rocks as they originated
and evolved separately.

The Culm Group is composed of the Basal
Shaly Formation and the Flysch Sequence
(Schermerhorn 1971; Moreno 1993). It comprises
a thick succession of shales, litharenites and rare
conglomerates of late Carboniferous age, which
overlies the VS Complex (Oliveira 1983). It
represents the infill of rapidly subsiding first-order
basins, mostly by turbidite sediments coming from
at least two source areas, the IPB and the OMZ.
Palaeocurrent analysis points to two different
directions of sediment supply, ENE-SSW and
NNE-SSW (Moreno 1993). It is worth noting that
equivalent trends have been proposed for align-
ments of volcanic foci and of alternating belts of
massive sulphide and Mn-rich mineralization
(Routhier et al. 1978).

General features of the massive sulphides

The hydrothermal activity and associated massive
sulphide formation in the IPB relates to local,
focused and long-lasting hydrothermal systems.
The importance of the ore bodies justifies a some-
what extended description. Massive sulphide-re-
lated hydrothermal alteration zoning varies from
one deposit to another in the IPB, from essentially
stratabound, indicating fluid flow paths controlled
by permeability contrasts (e.g. Neves Corvo:
Relvas et al. 1997, 2001; Tharsis: Tornos et al.
1998), to cone-shaped (e.g. Rio Tinto: Garcia
Palomero 1980; Aljustrel: Barriga & Fyfe 1988;
Valverde: Toscano et al. 1993). Ore-related hydro-
thermal alteration is usually zoned, with a chlorite
and/or quartz-rich core that grades outwards into
sericite- and paragonite-rich zones. The overall
alteration/mineralization patterns in the typical
VHMS deposits of the IPB are clearly of inter-
mediate pH, low to high temperature (70-400 °C)
and low-sulphidation type. The unusually low
abundance of volcanics in the overall footwall

succession suggests that most of the giant IPB
deposits should perhaps be best described by
hybrid genetic models, in between typical volca-
nic-associated massive sulphides and sedimen-
tary-exhalative deposits (Saez et al. 1999; Relvas
2000).

The Neves Corvo deposit represents a remark-
able exception within the Iberian Pyrite Belt. Its
extraordinary ore geochemistry constitutes a un-
ique feature not only in the IPB but also for
VHMS deposits in general. The extremely high-
grade copper and tin ores of Neves Corvo call for
multi-sourced metal contributions. Isotopic data
for this deposit, both stable and radiogenic, are
consistent with the incorporation of fluid contribu-
tions of magmatic and/or deep metamorphic origin
in the seawater-dominated ore-generating system
(Relvas 2000). Such a deep contribution has also
been proposed for other deposits in the northern
Iberian Pyrite Belt (Aguas Tenidas Este, San
Telmo) by Sanchez-Espana et al. (2000).

Except for the Neves Corvo deposit, the pub-
lished oxygen and hydrogen isotope signatures of
the IPB ore fluids are remarkably constant
throughout the whole province, clearly indicating
the largely predominant or even exclusive involve-
ment of modified seawater (including connate pore
fluids) in the hydrothermal systems (0%o< 18O<
6%o; -15%o < D< 10%o; Barriga & Kerrich
1984; Munha et al. 1986). A general consensus is
emerging that the relative homogeneity of most
IPB deposits in relation to their base metal ratios
and radiogenic isotopic signatures points to similar
histories of metal supply, source geochemistry,
extraction regimes and metal transport for the ore-
forming systems, regardless of the varied deposi-
tional environments and ore-precipitating mechan-
isms already recognized in this province (Barriga
& Fyfe 1998; Tornos et al. 1998; Velasco et al.
1998; Saez et al. 1996, 1999; Relvas 2000; Relvas
et al. 2001). Significant involvement of juvenile
sources for the ore-forming metals can be ruled
out on the basis of the strontium, neodymium,
lead and osmium isotopic signatures of the IPB
ores; metals in these deposits are dominantly of
crustal derivation (Marcoux 1998; Mathur et al.
1999; Nieto et al. 2000; Relvas et al. 2001)

It has been pointed out that some IPB deposits
do not in any way fit a genetic model of
accumulation on the sea floor, given the absence
of sulphide oxidation and sedimentary dilution of
the ores, and the frequent presence of pre-ore cap
rocks (cherts, Barriga & Fyfe 1988; igneous and
sedimentary rocks, Tornos 2000) with extensive
hydrothermal alteration. Currently favoured mod-
els include: (1) mineral deposits related to ore
fluids accumulated in brine pools (Tharsis, Tornos
et al. 1998; Tornos & Spiro 1999); (2) mineral
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deposits formed via replacement of black shales
(Almodovar et al. 1998); (3) massive sulphide
deposits formed by replacement of coherent rhyo-
lites/rhyodacites at relatively shallow depths
(<700 m) and with no relationship to shales (e.g.
part of the ore bodies of the Rio Tinto camp); (4)
ore bodies formed by replacement of thick pumice
mass flows near the contact with overlying shales
or massive volcanics (e.g. San Platon, Concep-
cion; Tornos 2000). Some of the major IPB
deposits are transitional (e.g. Neves Corvo; Relvas
et al. 2000).

Tectonic constraints and palaeogeographic
evolution of the Iberian Pyrite Belt

It is widely accepted that much of the ore
geochemical characteristics and physical differ-
ences amongst VHMS deposits should be ascribed
to relevant aspects of either intra-plate or subduc-
tion-related magmatism and palaeogeographic
evolution of the various geotectonic settings where
VHMS metallogenesis takes place (Franklin et al.
1981; Large 1992; Lydon 1996; Barrie & Han-
nington 1999; Fig. 9). In the IPB, a total of
massive ores in excess of 2 billion tonnes was
deposited (Schermerhorn 1970; Leistel et al.
1998). The geological and palaeogeographical
environment required for deposition of probably

the world's largest concentration of volcanogenic
massive sulphide ores should represent the para-
digm of perfect conditions for VHMS generation.

As previously emphasized (Saez et al. 1996;
Leistel et al. 1998; Carvalho et al. 1999), the most
recent geodynamic interpretations, taking into
account the magmatic regime, sedimentological
record and palaeogeographical evolution in this
province, favour a regional extensional environ-
ment (intra-continental rifting or development of
pull-apart basins) for the IPB magmatism and ore-
generation (Silva et al. 1990; Saez et al.
1996;Mitjavila et al 1997; Quesada 1998).

The characteristics of Hercynian magmatism in
the IPB involved crustal melting at relatively low
pressures, which required extensional tectonics
and high heat flow conditions. A forearc exten-
sional setting induced by lateral escape in the
marginal units of the exotic South Portuguese
Zone has been envisaged as a consequence of the
northward, oblique collision between the latter and
the autochthonous Iberian terrane during the early
stages of the Variscan orogeny (Silva et al. 1990;
Quesada 1998). This tectonic setting is distinct
from the subduction-related arc and back-arc
geodynamic environments postulated for most
other equivalent metallogenic provinces, and
makes it difficult to compare some of the charac-
teristics of the IPB deposits with their modern
counterparts. Nevertheless, these differences could

Fig. 9. Probable relationships between transpressional tectonics, volcanism and VHMS-forming processes in the
Iberian Pyrite Belt during the deposition of the Volcano- Sedimentary Complex and formation of massive sulphide
deposits.
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actually represent the key to understanding what
in fact may have made this part of the world so
favourable for hosting about 5 Ma of intensely
productive hydrothermal activity around the end
of Devonian times (Pereira et al. 1996; Oliveira et
al. 1997; Nesbitt et al. 1999; Mathur et al. 1999;
Nieto et al. 2000; Relvas et al. 2001).

Deep crustal fault structures, originated in
response to the oblique transpressional tectonic
events, are thought to have favoured the rise of
superheated, water-depleted and poorly fractio-
nated felsic magmas to fairly shallow crustal
levels. These magmas could have been generated
either by crustal anatexis or by partial melting of
quartz-feldspathic basement rocks, induced by
conductive heat loss of mafic magmas formed at
the base of the crust (Munha 1983;Mitjavila et al.
1997; Thieblemont et al. 1998). The shallow
setting and the water-undersaturated nature of
these acidic magmatic systems make it difficult to
account for the exsolution of significant amounts
of magmatic fluids, consistent with the large
predominance of modified seawater and connate
waters in the fluid budget of the majority of IPB
convective hydrothermal systems. Possible signifi-
cant inputs of magmatic fluid (and metal) con-
tributions in particular ore-forming systems (e.g.
Neves Corvo, Relvas et al. 2001; see also
Sanchez-Espana et al. 2000), if any, should have
been related with deeper, independent felsic in-
trusive bodies.

A highly segmented ensialic rift environment,
where fault-bounded, strongly compartmentalized
basins with variable subsidence on a variety of
scales, seems to be a likely scenario for the IPB
and its ore-forming processes. In the IPB, this
palaeogeography is further indicated by the gen-
eral absence of lateral stratigraphic correlations in
the volcano-sedimentary complex, which reflect
very sharp facies variations, both laterally and
vertically (see Oliveira 1983, 1990). Variations in
water depth within individual basins (e.g. Rio
Tinto, Badham 1982) or between separate, com-
partmented basins, and variable sedimentary de-
positional rates related to differential subsidence
are to be expected in such an environment. Basin
instability resulting from strong syn-volcanic tec-
tonic activity should have been responsible for
important soft-sediment mass displacements,
which may account for the abundance of syn-
sedimentary, gravity-driven transport features
documented in both the host volcaniclastic and
sedimentary packages, and in some massive ores
as well (Silva et al. 1990; Tornos et al. 1998;
Relvas 2000; Fig. 4f). In the IPB, compelling
evidence in favour of this tectonic interpretation
arises from the clear, regional-scale orientation of
the alignments of volcanic foci (Rambaud 1978),

from the lateral variation of many sedimentary
features (Oliveira 1990; Moreno 1993; Moreno et
al. 1996), from the major structural lineaments
(Ribeiro & Silva 1983; Silva et al. 1990; Quesada
1998), and from the distribution of both the
massive sulphide deposits (Saez et al. 1996;
Leistel et al. 1998) and the low-temperature Mn-
bearing mineralization (Routhier et al. 1978).
These widely recognized features led Quesada
(1996) to propose a sub-division of the IPB into
different domains, according to their distinct
relationships between volcanism, sedimentary fa-
cies and mineralization. Arguably, these sectors
would represent regional-scale, second-order ba-
sins bounded by major east-west structures, with-
in which third-order basins directly related to
massive sulphide deposition might have been
controlled by structural alignments with predomi-
nant east-west and NE-SW orientation.

Apart from massive sulphides, abundant vein
type hydrothermal mineralization occurs in the
Iberian Pyrite Belt, related to late- and post-
Variscan strike-slip tectonics (Saez et al. 1988).
Ore assemblages include fluorite, F-(Pb-Zn), Sb-
(As-Cu), Pb-Zn- (Ag-barite), As-Cu-Bi-Co-
Ni and Sn-W-As.

Conclusions

There is an evident spatial and genetic relationship
between the more significant Variscan mineraliza-
tion and extensional discontinuities in the Ossa
Morena and South Portuguese Zones of the Var-
iscan Belt of Iberia. Dilational regions within
faults, including thrusts and strike-slip faults, have
played a significant role in magma intrusion and
channelling of heat and fluid flow. Because this
tectonic pattern is the consequence of oblique
subduction and subsequent oblique collision of the
South Portuguese Zone under the Ossa Morena
Zone, we infer that the recognized pattern of
abundant mineralization-and probably the size of
the deposits as we l l -migh t be representative of
this geodynamic scenario. In such a transpres-
sional setting, different styles of ore deposits were
formed, involving abnormally high heat flow
evolved from fault-driven magmatic activity and
fluid flow along open fractures. Open structures
channelled magmas to shallow depths and pro-
moted the flow of large batches of hydrothermal
fluids. The depth and timing of the extensional
structures seem to have played a major role in the
style of mineralization on both sides of the suture
(Table 1). Early deep structures are the host to
mesothermal gold deposits (6-12 km depth) while
younger brittle faults are host to epithermal Zn-
Pb veins and Sn- and Hg-rich replacements
(<1 km depth) as well as volcanic associated



Table 1. Major types of mineralization related to transpressional structures in SW Iberia

Structural level

(Sub)superficial

Epizonal

Mesozonal

Mineralization

Massive sulphides (SPZ)

Massive sulphides (OMZ)

Hg epithermal

Zn-Pb veins

Sn replacement

Ni-Cu magmatic

Fe- (Cu) calcic skarns and
replacements

Au-bearing sulphide-poor veins

Tectonic location

Pull-apart basins NW-SE and
N-S?

Pull-apart basins NW-SE

WNW-ESE strike-slip faults

Regional left-lateral WNW-ESE
trending shear zone

Pull-apart basins with WNW-ESE
trend

Pull-apart structures related to
WNW-ESE trending left-lateral
strike-slip faults
NNW-SSE and WNW-ESE
shear bands

Major shear bands with WNW-
ESE trend

Local geological control

Relationship with syn-sedimentary faults of
likely E-W and NW-SE
trend, locally defining third order
basins or volcanic alignments
E-W syn-sedimentary extensional structures
with related hydrothermal activity associated
with volcanic rocks
Local pull-apart structures in massive
limestones
Tensional gashes (ENE-WSW,
WNW-ESE and N-S to NE-SW)
in the brittle rocks
Subvolcanic felsic intrusions in basins with
hydrothermal alteration in reactive and
permeable rocks.
Extensional structures with NE-SW trend

Intersection of regional shear bands with
limestones or previously mineralized rocks.
Local intrusion of tonalites in pull-apart
structures
Extensional zones in major structures; NE-SW
extensional zones; N-S antithetic? faults

Examples

Massive sulphides Iberian Pyrite
Belt

Nava Paredon

Usagre

Badajoz Cordoba Shear Zone

Oropesa

Aguablanca

Cala, Colmenar

Chocolatero
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massive sulphides. Mineralization at intermediate
structural levels includes magmatic Cu-Ni ore
bodies and calcic skarns, formed at depths be-
tween 1.5 and 3 km (Table 1).

In the Iberian Pyrite Belt, the situation is rather
different. The mineralization is restricted to (sub-)
surficial levels. Here, collision and contempora-
neous lateral escape promoted the opening of
crustal-scale fractures with intrusion of deep-
seated magmas and a concomitant thermal anom-
aly. Second- and third-order pull-apart sedimen-
tary basins were also formed, the locations of the
largest massive sulphide deposits. However, many
of the original features have been masked by
Variscan and Alpine deformation. The influence
of transpressional tectonics is not only restricted
to SW Iberia. In the Central Iberian Zone, major
strike-slip structures seem to control mesothermal
gold mineralization (Sanderson et al. 1991;
Gonzalez Clavijo et al. 1993) as well the intrusion
of Sn-W-bearing granitoids.

This work is a synthesis and review of studies carried
out by the authors in the framework of the GEODE
project. Specific projects include DGES projects num-
bered PB96-0135 (F.T), PB98-0960 (R.S.) and AMB-
0918-CO2-01 (C.C., F.T) (Spain) and SULFIBER (2/2.1/
CTA/420/94) Praxis XXI, Ministry of Science and
Technology (F.B., J.R.) (Portugal). We would like to
acknowledge A. Canales, F. Velasco and E. Pascual for
their help in the study of SW Iberian metallogenesis.
Franz Neubauer, Henry Fritz and an anonymous reviewer
helped to improve the original manuscript.
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Abstract: The post-Variscan hydrothermal activity and mineralization in Sardinia (Italy) is
reviewed in the framework of the geological and metallogenic evolution of Western Europe.
The deposits can be grouped into (a) skarn, (b) high- to low-temperature veins and (c) low-
temperature palaeokarst. The structural, stratigraphical and geochemical data are discussed. The
results suggest three hydrologically, spatially, and possibly temporally, distinct fluid systems.
System 1 (precipitating skarn and high-temperature veins) is characterized by magmatic and/or
(?) magmatically heated, meteoric fluids of low-salinity. The source of metals was in the
Variscan magmatites, or in the Palaeozoic/Precambrian basement. System 2 (low-temperature
veins and palaeokarst) is represented by highly saline, Ca-rich (formation or modified meteoric)
fluids. Sources of the metals were the pre-Variscan ores and carbonate rocks. System 3 is
characterized by low-temperature, low-salinity fluids of meteoric origin.

The hydrothermal deposits related to Systems 1 and 2 can be framed in a 'crustal-scale
hydrothermal palaeofield', characterizing most of the post-orogenic mineralization in Variscan
regions of Western and Southern Europe, allowing for local age differences of each single ore
district and background effects. The suggested timing for the hydrothermal events in Sardinia
is: (1) Mid-Permian (270 Ma), (2) Triassic-Jurassic. It is suggested that the Mesozoic events
were related to the onset of Tethys spreading.

The post-Variscan geological evolution of Europe
is characterized by numerous magmatic and hy-
drothermal mineralizing events ranging in age
from the end of orogenic compression to the onset
of Tethys spreading. Their actual timing and
peculiar characteristics are distinctly different
from one area to another throughout Europe, but
some general features appear to be common to
most of them.

The main subject of this paper is the multiple
hydrothermal activity and mineralization in Sardi-
nia (Italy). This review is based on the extensive
structural, stratigraphical, geochemical and micro-
thermometric data available for this area. The
reconstructed evolution of post-Variscan ore de-
position in Sardinia is compared to related neigh-
bouring areas, and discussed within the framework
of the post-Variscan geological and metallogenic
evolution of Western Europe. Therefore, a sum-
mary of the most relevant characteristics of the
late and post-orogenic hydrothermal activity in
Germany, France, Spain, England, Belgium and
Switzerland is also presented. From these data a
broad overview can be gained of the major fluid

flow and mineralization events occurring in Eur-
ope in the time span between Permian and
Mesozoic.

Following the conceptual approach of 'crustal
scale hydrothermal palaeofields', proposed by
Groves et al. (1998) for Archaean orogenic gold
deposits, and recently rejuvenated by Bouchot et
al. (2000) for late Variscan ores of the French
Massif Central, we have tried to interpret the post-
Variscan deposits of Sardinia in the much broader
frame of a European perspective.

Geological setting and ore deposits

Sardinia belongs to the Gondwana-derived Iber-
ian-Armorican microplate assemblage (e.g.
Crowley et al. 2000). Along with the neighbouring
Corsica, it forms a small segment of the southern
flank of the Variscan orogen (Arthaud & Matte
1977), linked to the 'Armorica' fold zone by a
narrow suture (Carmignani et al. 1994). The
Sardinian Palaeozoic basement generally shows
strong tectono-stratigraphical and metallogenic

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 1 99
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 199-211.
0305-8719/02/$ 15.00 C The Geological Society of London 2002.
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analogies with other areas of the European Var-
iscan belt.

In the Iglesiente-Sulcis area (Fig. 1), con-
sidered as the external zone of the 'Sardinian'
Variscides, the geology is largely dominated by
Palaeozoic lithotypes, of sedimentary as well
of igneous origin. Cambrian sedimentary rocks
are prevailing: part of the succession, namely
the Gonnesa Group carbonates, host the largest
Mississippi Valley Type (MVT) deposits in
Italy, exploited until a few years ago. The
metals for the stratabound ores have originated
from a crustal source (Bechstadt & Boni
1994). The lead belongs to the same isotopic
province as that occurring in the mineral

deposits of the southern Alps, Austro-Alpine
nappes, southern France and Spain (Arribas &
Tosdal 1994).

The incomplete Palaeozoic succession, span-
ning in age from the early Cambrian to the
Devonian and Carboniferous, underwent at least
two compressional phases of deformation and
one extensional period, followed by late Variscan
granite intrusions and basement uplift. Strong
ductile deformation is widespread in most lithol-
ogies, with the exception of early diagenetic
dolomites and coarse siliciclastics that generally
show rather brittle deformation. The 'Southern
Nappe Zone' in southeastern Sardinia (Car-
mignani et al. 1994), a mainly siliciclastic

Fig. 1. Geological sketch map of SW Sardinia with locations of the economic post-Variscan ore bodies.
Abbreviations: 1, overthrust; 2, normal fault; 3, Cenozoic; 4, Mesozoic; 5, Variscan granites; 6, Palaeozoic
(allochthonous units); 7, Ordovician to Devonian succession; 8, Iglesias Group (Middle Cambrian-Lower
Ordovician); 9, Gonnesa Group (Lower Cambrian); 10, Nebida Group (Lower Cambrian) (modified from Bechstadt &
Boni 1994).
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succession of Upper Cambrian to Carboniferous
age, shows higher metamorphic grade (greens-
chist facies), also followed by the emplacement
of granite batholiths.

During the late Palaeozoic and Mesozoic (Pro-
to-Tethys to early Alpine Tethys stages), the
Sardinia island (part of Sardinia-Corsica Massif
sensu Ziegler 1988) evolved as part of the south-
ern margin of the European plate, where repeated
syn-sedimentary tectonic activity, such as strike-
slip movements combined with sedimentation in
discontinuous pull-apart basins, have been de-
tected over the entire time span (Rau 1990; Vai
1991). Shear-zone tectonics, possibly related to
late Variscan basement uplift, have also been
described (Carosi et al. 1992).

Widespread calc-alkaline granitoid bodies are
attributed both to syn- and post-collisional Varis-
can stages, the leucogranites marking the end of
the sequence (from 330 to 290 Ma, late Carboni-
ferous to Permian; Del Moro et al. 1975;
Guasparri et al. 1984; Secchi et al 1991; Boni et
al. 1999). The emplacement of plutonic bodies
was related to several transtensional phases, which
took place during the late Variscan evolution of
the Palaeozoic basement (Secchi & D'Antonio
1996).

The post-Variscan sedimentary record, though
poor, starts with a clear trend towards crustal
attenuation and fragmentation during the late
Carboniferous to Permian, possibly related to a
large transcurrent mega-shear zone (Cassinis et al.
1999). This resulted in the development of con-
tinental basins containing coeval magmatic pro-
ducts of still calc-alkaline affinity. Porphyry
stocks, ignimbrite flows, rhyodacitic lavas, and
basaltic dykes occur throughout the island within
a poorly defined age interval between 280 and
250 Ma (Lombardi et al. 1974; Beccaluva et al.
1981; Edel et al. 1981; Cozzupoli et al. 1984;
Atzori & Traversa 1986; Vaccaro et al. 1991). The
large spread of age data may result either from
widespread hydrothermal alteration of the magma-
tites that disturbed the isotopic systems, from
imprecise and/or inaccurate dating techniques, or
a combination of both.

The Mesozoic successions, though incomplete
and sporadic, point to further crustal thinning (a
prelude to Alpidic rifting), as demonstrated by
Middle to Upper Triassic marine sediments. The
magmatic counterparts of this extensional period
were identified as sub-alkaline and alkaline
dykes (Atzori & Traversa 1986) with a mantle
Sr signature, occurring mostly in the northern
part of the island, and dated by Vaccaro et al.
(1991) at about 230 Ma, using Ar/Ar on biotites.
The condensed Triassic sequences extend up-
wards into thicker Jurassic and Cretaceous

carbonates (mostly in northern and eastern Sardi-
nia).

The sedimentary and magmatic setting in Sardi-
nia may be interpreted in the broader evolutionary
frame of a stepwise transition from Variscan
orogenic regimes (Permo-Carboniferous) to post-
orogenic, Mesozoic (Triassic-Jurassic) exten-
sional conditions.

As reported by Boni et al. (1992, 1999, 2000a),
several distinct hydrothermal systems were prob-
ably active in SW Sardinia, not only related to
post-kinematic magmatism (skarn and retrograde
contact metamorphism), but also to other periods
of post-orogenic crustal extension during the
Permian and Mesozoic. This resulted in a variety
of hydrothermal products, including economic ore
deposits.

Post-Variscan ore deposits

The main formation of the previously called
'Permo-Triassic' ores (Boni 1985) and related
phenomena, such as brecciation, dolomitization,
and silicification, occurred within a time span
between the emplacement of leucogranite intru-
sions and the deposition of the Early Tertiary
coal-bearing lagoonal carbonates (Sulcis Basin),
which are not affected by hydrothermal circula-
tion. Most probably, their deposition was restricted
to the lower part of the Mesozoic (Boni et al.
1992). The orebodies are mainly hosted by carbo-
nate rocks of the Lower Cambrian Gonnesa Group
in the Iglesiente region (Fig. 1). Some veins,
however, extending a few kilometres in length,
occur in Cambro-Ordovician clastic lithologies of
the Arburese allochthonous unit (Montevecchio-
Ingurtosu Zn-Pb>Cu vein field; Salvadori &
Zuffardi 1973), and in volcaniclastic sequences of
the southeastern 'External Nappes' (Pb-Ag 'Fi-
lone Argentifero del Sarrabus', Ba-F veins at
Silius; Masi et al. 1975; Natale 1969). Neither of
the localities mentioned above are shown on the
map of Figure 1.

On the basis of geological, petrological and
geochemical characteristics, the deposits can be
grouped into (a) skarn ores, (b) high- to low-
temperature veins, followed by pervasive dolomiti-
zation and (c) low-temperature palaeokarst ores
(Boni et al. 1992, 2000a, b). Most of the skarn
occurrences in SW Sardinia are associated with
different kinds of leucogranites (Boni et al. 1999)
that have been pervasively altered by several
pulses of hydrothermal fluids. Retrograde boiling,
sudden pressure and rapid temperature changes
due to fault activity related to granite intrusion at
shallow depths were invoked to explain the altera-
tion phenomena (Guasparri et al. 1984; Secchi et
al. 1991). The mineralized skarns are generally
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calcic exoskarns of Zn-Pb(-Cu) type. They may
occur near the contacts to the intrusive bodies and
at distance, as well as in distal fissures within
carbonate rocks. The concentrations are bound to
stratigraphic contacts between different lithologies
and to fault zones. The Lower Palaeozoic strata-
bound ores were also involved to various degrees
in the contact-metamorphic processes. Some of
the mineralized veins occurring in Sardinia, even
if not directly connected to any nearby exposed
intrusive body, may be derived from high tempera-
ture hydrothermal processes similar to those gen-
erally occurring in the latest stages of skarn
evolution (Boni et al. 1992). In fact, these veins
may be considered as distal equivalents of a fully
evolved skarn suite, thus also potentially related to
leucogranitic intrusions. The only time constraint
is given by the observation that some veins occur
along the same fractures where late Variscan
porphyry dykes had been previously emplaced
(e.g. S. Lucia mine, Buggerru; Bakos & Valera
1972).

Low-temperature veins are more common in
Sardinia. With few exceptions, they are hosted by
Lower Cambrian carbonate rocks. These ores
consist chiefly of barite and argentiferous galena
with up to 0.8% Ag in galena concentrates.
Calcite, quartz and Fe-rich dolomite are the
principal gangue minerals, whereas fluorite and
sphalerite form subordinate vein fillings observed
in a few occurrences. The veins are aligned
parallel to late to post-Variscan fault systems
(Arthaud & Matte 1975, 1977). Common strike
directions are: north-south, N30°E, and its con-
jugate N30°W, N60-70°E, and east-west (Valera
1967).

Comparable mineral associations, often spatially
related to nearby veins, have been observed in
extensive networks of palaeokarst cavities in the
SW of the island, which deeply penetrate the
repeatedly uplifted Cambrian carbonate blocks
(Boni 1985; Boni & Amstutz 1982). This ore type
occurs mainly as a cement of polygenetic collapse
breccias and rarely replaces both cement and
matrix of internal sediments. Palaeokarst miner-
alization ('Ricchi Argento' orebodies) is often
accompanied by silicification as well as Fe-dolo-
mitization ('yellow dolomite'), mainly occurring
below old peneplanation surfaces and following
horizontal geometries. The palaeokarst ores show
concretionary textures and collapse breccias, ce-
mented by several generations of calcite, quartz,
barite and Ag-rich galena. Silver is contained in
several sulphosalts (mostly freibergite) in the
galena. The similar mineralogical and geochemical
characteristics of the low-temperature veins and of
mineralized palaeokarst, suggest a genetic link
between the two types of occurrences (Boni 1986).

Epigenetic replacive dolomitization (saddle do-
lomite), frequently characterized by zebra textures
('geodic dolomite'), affected Cambrian limestones
and early diagenetic dolomites over large areas of
the Iglesiente-Sulcis former mining district. This
late dolomitization crops out over an area of more
than 500 km2 and reaches a thickness of more
than 600 m. It has been considered to be also of
post-Variscan age, because of cross-cutting rela-
tionships with sedimentary and tectonic structures
(Boni et al. 2000a, b). The 'geodic dolomite'
clearly predates the above-mentioned vein-type
and palaeokarst Ba and Pb-Ag ores in carbonate
rocks (Bechstadt & Boni 1994).

Geochemical data

Isotopes

Isotopic data are mainly available from minerali-
zation in the southwestern part of Sardinia, where
a coherent geological and ore deposit model could
be established (Bechstadt & Boni 1994; Boni et
al. 1992, 1996).

Strontium isotopes. 87Sr/86Sr ratios of barites and
calcites from veins and cavity fillings related to
the palaeokarst form two distinct groups. In the
skarn and in vein deposits near to granites, the
values range from 0.7110 to 0.7140, whereas the
low-temperature vein deposits display ratios be-
tween 0.7094 and 0.7115 (Cortecci et al. 1989;
Boni et al. 1992). Sr isotopic signatures of hydro-
thermal dolomites (0.7088-0.7093) and associated
calcites (0.7101) are between the fields of low-
temperature veins (Boni et al. 1992), Cambrian
carbonates (0.7088-0.7090, Boni et al. 1996), and
stratabound barites (0.7086-0.7090, Boni et al.
1996) (Fig. 2).

Lead isotopes. Pb-isotope ratios of galenas from
skarn and vein deposits near granites and from
low temperature vein and palaeokarst deposits,
form two distinct groups. Group (a) is character-
ized by 206Pb/204Pb = 18.01-18.29 and 208Pb/
204Pb - 38.17-38.47, whereas group (b) yields
values of 206Pb/204Pb = 17.86-18.07 and 208Pb/
204pb = 37.95_38.20, respectively (Swainbank et
al. 1982; Ludwig et al. 1989; Boni & Koppel
1985). Pb-ratios of galenas from group (a) are
similar to the values measured in feldspars of
Variscan granites (Fig. 2).

Pb isotope ratios of hydrothermal dolomites and
internal, unmineralized sediments in the palaeo-
karst are similar to those of the galena lead of
low-temperature veins. The values of group (b)
are near to the isotopic compositions of the
Cambrian stratabound ore-lead (206Pb/204Pb =
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Fig. 2. Synopsis of isotope data of Cambrian-hosted
stratabound ores and post-Variscan high- and low-
temperature mineralization as well as hydrothermal
dolomites from SW Sardinia (modified from Boni et al.
1992).

17.80-17.95,208Pb/204Pb = 37.84-38.05, Boni &
Koppel 1985). The Pb isotopic signatures of the
post-Variscan high- and low-temperature ore types
indicate mixtures of Cambrian ore lead and

Variscan lead derived either from Lower Palaeo-
zoic clastic sediments and/or from Variscan gran-
ites. The high temperature ores (b) are dominated
by this 'Variscan' component, whereas the low
temperature ores (a) and the hydrothermal dolo-
mites are greatly influenced by the 'Cambrian'
component (Boni et al. 1992; Fig. 2).

Sulphur isotopes. The 34S values of sulphides
from skarn and high temperature veins (e.g.
Mont'Ega, Montevecchio etc.) range between +1
and +ll% CDT (Jensen & Dessau 1966; Cortecci
et al. 1989; Boni et al. 1992); those from low-
temperature veins and palaeokarst ores range from
+ 12 to + 18% CDT. Only a few data are available
for barites occurring in upper parts of the high-
temperature veins (Fig. 2). Their 34S values are
isotopically indistinguishable from those measured
in the low-temperature deposits (between +15.3
and +26.4% CDT, Cortecci et al. 1989; Boni et
al 1992). Since the 34S values of Cambrian
galenas partly overlap with those of Variscan
barites, Cortecci et al. (1989) suggested that the
latter may have originated from the oxidation of
Cambrian-hosted stratabound sulphides.

Oxygen and carbon isotopes. Oxygen and carbon
isotope data on the gangue minerals have been
published by De Vivo et al. (1987), Fontbote &
Gorzawski (1987), Cortecci et al. (1989) and Boni
et al. (1988, 1992, 2000a) (Fig. 2). It should be
emphasized that no specific or comprehensive
study on oxygen isotopes of the post-Variscan ores
as a category is available. Generally, the 13C
values are in the same range as those of the
hosting Cambrian limestones and early diagenetic
dolomites (between -2 and + l% PDB).

In high-temperature vein quartz, the measured
18O values range from + 14.6% to + 18.5%

(SMOW). One quartz sample from a skarn deposit
yielded 18O values of about + 13% . This com-
pares well with the values of + 13.0% to + 17.2%
reported for quartz from the 'Silver Vein' of
Sarrabus in SE Sardinia, the origin of which was
also related to post-Variscan, higher temperature
hydrothermal activities (Masi et al. 1975). Quartz
from low temperature veins and palaeokarst, on
the contrary, shows higher 18O values, i.e. be-
tween + 18.8% and +22% (SMOW).

The 18O values of calcites vary widely be-
tween + 13.6 and +20.7 % SMOW (De Vivo et
al. 1987;Boni & lannace 1990), the low tempera-
ture calcites being the heaviest ones (Fig. 2). 18O
values of hydrothermal dolomite vary from
+20.2% to +23.4% (Fontbote & Gorzawsky
1987; Boni et al. 1992, 2000a). These values are
different from those of early diagenetic Cambrian
dolomites (+23.5 to +27.5% , Boni et al. 1988).
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Their relative uniformity suggests a rapid and
effective fluid circulation process in terms of
temperature and/or of water/rock ratio (Boni &
lannace 1990). Oxygen isotope compositions of
post-Variscan barites range between +8.2 and
+ 12.596 (Cortecci et al 1989; Boni et al. 1992).
Cortecci et al. (1989) interpreted these values as a
result of oxidation of Cambrian sulphides in the
presence of moderately warm water.

Fluid inclusion microthermometry

Fluid inclusion studies of post-Variscan ore and
gangue minerals in SW Sardinia have been pub-
lished by Valera (1974), Boni (1986), De Vivo et
al. (1987), Cortecci et al. (1989), and Boni et al.
(1990, 1992, 2000a).

The textural and structural features of the
leucogranite intrusions in SW Sardinia, with their
skarn assemblage, indicate that the entire suite
was emplaced at shallow level in the crust as a
consequence of the lower water content of the
original magmas. Their crystallization is thought
to have occurred at pressures of <1 kbar, corre-
sponding to depths of less than 3.5 km (Guasparri
et al. 1984). Subsequent retrograde metamorphism
paired with hydrothermal circulation replaced
early segregated skarn minerals by epidote and
chlorites and deposited a wide range of ore
minerals. Fluid inclusions characteristics of epi-
dote, quartz, fluorite, and calcite in retrograde
skarn assemblages and high-temperature vein de-
posits reveal an early H2O-NaCl type fluid (fluid
1) with a maximum Th of 350 °C and a salinity of
less than 10 wt% NaCl eq. (Boni et al. 1990) (see
Fig. 4). Values higher than 200 °C, however, have
been measured only in the skarn.

A second H2O-NaCl-CaCl2 fluid (fluid 2) with
higher salinities (above 20 wt% NaCl eq.) and
lower Th (<140°C) was responsible for most of
the low-temperature vein and palaeokarst ores
(Boni 1986) (Fig. 3). These homogenization (Th)
values represent minimum temperatures of trapped
fluid. However, independent geological constraints
in SW Sardinia support also that the pressure
correction in the case of the low-temperature veins
and palaeokarst fillings is very small (Boni et al.
1992). A similar H2O-NaCl-CaCl2 fluid also
caused the precipitation of the widespread hydro-
thermal dolomites in the same area (Boni et al.
2000a). Their homogenization temperatures shows
a gradient with values decreasing from east to
west. Higher temperatures (mean of around
100 °C) have been found in the eastern part of the
Iglesiente area, whereas the lowermost tempera-
tures (mean of about 85 °C) were determined for
occurrences along the western coast. Salinities are
also high (>23.3 wt% NaCl eq.). Inclusions in

Fig. 3. Schematic diagram of homogenization versus last
ice-melting temperatures from primary inclusions in
epidote, quartz, fluorite, calcite and dolomite in skarn
and high temperature veins, low temperature veins and
palaeokarst ores and in late calcite and barite veins
(modified from Boni et al. 1992).

calcites and barites, possibly belonging to the
latest stages of low-temperature vein and palaeo-
karst deposits, contain a third H2O-NaCl type
fluid (fluid 3), which is characterized by salinities
between 0 and 1 wt. % NaCl eq. and TH values
between 70 and 130 °C (Boni et al. 1992).

Fluid origin during the mineralization stages

A combination of fluid inclusion and isotopic data
should in principle allow the calculation of the
oxygen isotopic composition of the mineralizing
fluids. However, as already discussed in detail in
Boni et al. (1992), the inhomogeneity of sampling
policy for Sardinia (we have considered, at least
partly, a mixed data set produced by different
laboratories), the ample spread in our own meas-
ured values, and the uncertainities concerning the
fractionation factors among minerals and waters,
impose a more cautious approach. In fact, if we
calculate the inferred absolute O-isotope values of
the parent fluids for Sardinian minerals using
several published equations (Clayton et al. 1972
or Bottinga & Javoy 1973 for quartz, O'Neil et al.
1969 for calcite, Northrop & Clayton 1966;
Matthews & Katz 1977 and Land 1983 for
dolomite), we obtain ranges of isotope values
compatible with all kind of possible waters. How-
ever, Boni et al. (1992) showed that the sole and
most consistent indication derived from the whole
set of data, is that the O-isotope values of the fluid
depositing the high temperature veins were on
average higher than those related to low tempera-
ture mineralization, as well as to hydrothermal
dolomites. The heavier values were interpreted, by
comparing them with quartz from a skarn sample,
as derived from a prevailing magmatic-meta-
morphic source. The inferred isotope composition
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of the fluid responsible for the main stage of low
temperature mineralization can be considered
compatible with either formation, or modified
meteoric waters. A clear indication of meteoric
waters being introduced in the system (as already
suggested by De Vivo et al. 1987 and Boni &
lannace 1990) can be deduced from the data set
measured in the latest (non mineralizing) mineral
stages of the low temperature event.

Evolutionary scenario

Based on comparative isotope investigations on
ores and probable metal sources, combined with
the peculiar physico-chemical characteristics of
the fluids, post-Variscan hydrothermal activity and
mineralization in Sardinia has been assigned to
three hydrologically, spatially, and possibly tempo-
rally distinct fluid systems.

System 1 (skarn and high-temperature vein
deposits, 150-350 °C) was active either within the
metamorphic aureoles of leucogranites or in close
proximity to them. It is characterized by partly
magmatic and (?)magmatically heated, meteoric
fluids of relatively low-salinity. Pb and Sr isotopes
of related minerals bear the imprint of a radio-
genic 'Variscan' component, associated either with
the late Variscan magmatites, or with the low-
grade metamorphic Palaeozoic, or pre-Palaeozoic
basement.

System 2 (low-temperature veins and palaeo-
karst, 70-150 °C) is represented by highly saline,
Ca-rich fluids (meteoric modified or formation
waters) that circulated over a much larger area,
always independent from known intrusive bodies.
The Sr, Pb, and S isotopic signatures of minerals
precipitated from system 2 fluids are dominated
by values similar to Cambrian stratabound ores
and carbonate host rocks, with only a minor
contribution of a radiogenic 'Variscan' source.

System 3 is characterized by low-temperature
(70- <130°C), low-salinity fluids, possibly of
meteoric origin. Pb, Sr, and S isotope signatures
of its precipitates are again similar to those of the
Cambrian host rocks. This system, which may still
be active today, is spatially superimposed on
products of systems 1 and 2. The economic
mineralization potential of system 3 in Sardinia
was almost nil.

The existing data do not allow the timing and
duration of hydrothermal activity in Sardinia to be
precisely constrained. In particular, it is not known
whether the corresponding fluid circulations are
the expression of only one long-lasting tectono-
thermal event over the time span between the end
of the Variscan orogeny and the onset of the
Alpine cycle, or are the result of temporally and
genetically distinct thermal pulses. However, the

reappraisal of the geochemical data on post-
Variscan mineralization, combined with the recon-
structed geological evolution of Sardinia, enables
the reconstruction of a broad evolutionary scenar-
io of hydrothermal circulation and base metal
mineralization.

One early and important episode of hydrother-
mal activity is recorded by the minerals from
veins and granite alteration assemblages in SW
Sardinia, some of which have been recently
investigated by the 40Ar/39Ar method (Boni et al.
1999). The effects of hydrothermal overprinting
on magmatic biotites and feldspars as well as the
age of newly formed Ba silicates was studied. The
40Ar/39Ar data of this first episode correspond to
an age of about 270 Ma, which postdates the
youngest late Variscan granitoid intrusions by at
least 30 Ma. At that time the shallow intrusives
had no residual heat to drive hydrothermal miner-
alizing systems. This same age has been reported
for several calc-alkaline magmatic dykes through-
out Sardinia (Vaccaro et al. 1991) and records an
Early to Mid-Permian period of crustal extension
and wrench faulting (Arthaud & Matte 1977).
This Permian hydrothermal phase may also have
produced, besides Ba-silicates, the high-tempera-
ture/low-salinity veins occurring near Variscan
granites in SW Sardinia, which are characterized
by isotopically radiogenic ore and gangue miner-
als. The structural pattern related to magmatic
intrusions was possibly reactivated due to exten-
sive wrenching, thus allowing a deeply reaching
circulation of hydrothermal fluids, strongly inter-
acting with basement rocks and acquiring a radio-
genic character.

The other prominent hydrothermal stage(s) can
only be narrowed to the time interval between the
late Permian and the late Mesozoic. No unambig-
uous age determination of this (or these) younger
phase(s) is available. The 40Ar/39Ar results dis-
cussed above demonstrate a very complex super-
position of several hydrothermal alteration events.
However, an age of 230 Ma has been determined
in a few magmatic dykes by Vaccaro et al.
(1991), and interpreted as evidence for early
Alpidic rifting in Sardinia. The low-temperature/
high-salinity veins and palaeokarst deposits, con-
taining isotopically unradiogenic mineral phases,
may be related to this rifting phase. Similar
fluids, but indicative of a much larger fluid flow
controlled by Variscan foliation and cleavage
planes, were responsible for pervasive hydrother-
mal dolomitization, replacing extensive areas of
Lower Palaeozoic carbonates in Sardinia (Boni et
al. 2000a, b). However, only a relative age of this
epigenetic dolomitization may be inferred by
cross-cutting relationships to younger Pb-Ag-Ba
veins.
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Sardinia and the European perspective

The Permian and Mesozoic geotectonic evolution
of Europe is characterized by the fragmentation
and break-up of the Pangea supercontinent, which
had been consolidated by collision of Gondwana
and Laurasia in the course of the Variscan oro-
geny. Crustal extension started already in the
Permian and resulted in a renewed global plate
reorganization from the early Mesozoic onwards
(e.g. Dietz & Holden 1970; Ziegler 1988, 1993).
The significance of these processes for the genera-
tion and circulation of hydrothermal mineralizing
fluid systems in Europe and North America has
been discussed by several workers (e.g. Mitchell
& Halliday 1976; Chauris 1978; Halliday &
Mitchell 1984).

Early late to post-Variscan mineralization in the
Variscan Massifs of western and southwestern
Europe (Fig. 4a) is characterized by relatively
high-temperature, low-salinity H2O-NaCl fluids
(e.g. Boiron et al. 1996; Tornos et al. 2000). The
oxygen isotopic composition of these fluids indi-
cates a surface-derived origin (probably meteoric
water), which partly equilibrated with basement
rocks (Wilkinson et al. 1995). Related mineraliza-
tion is interpreted to reflect extensive downward
fluid penetration in the crust enhanced by brittle
deformation (Wilkinson et al. 1995). Also, the
high-temperature, low-salinity fluids (system 1) in
Sardinia are regarded as deeply circulating fluids,
strongly interacting with basement rocks. This

interaction is clearly indicated by high Pb and Sr
isotope ratios of hydrothermal minerals and possi-
bly also by the 18O-enriched nature of the miner-
alizing fluids. Although a spatial relationship is
often present between these late to post-Variscan
mineralization phases and granitic intrusions, a
genetic link between both cannot be demonstrated.
These magmatic rocks provided the migration
pathways of the fluids, since they were preferen-
tially emplaced in structurally active zones
(Boiron et al. 1996).

Precipitation from highly saline brines is a
common feature of post-Variscan mineralization
throughout Europe (Darimont 1983; Behr & Ger-
ler 1987; Charef & Sheppard 1988; Alderton &
Harmon 1991; Behr et al. 1993; Muchez et al.
1994; Canals et al. 1999; Gleeson et al. 2000). In
Western and Central Europe the origin of the
highly saline fluids has been interpreted as relating
to the expulsion of formation waters from Permian
(and Triassic?) intracontinental basins (Behr &
Gerler 1987) and of Palaeozoic brines from base-
ment rocks (Heijlen et al. 2000, 2001). Many
economic mineral deposits throughout Europe
reflect an important Early to Mid-Permian hydro-
thermal event (Fig. 4a) that has also been pro-
posed for Sardinia (Boni et al. 1999, see above).
Isotopic ages of about 270 Ma have been deter-
mined for uranium deposits both in the Erzgebirge
(Germany) and in the French Massif Central (U-
Pb ages of pitchblende, Lancelot et al. 1984;
Leroy & Holliger 1984; Pagel 1990; Respaut et al.

Fig. 4. Sketch map of important localities for European hydrothermal ore deposits related (a) to Early-Mid-Permian
(260-270 Ma) and (b) Triassic-Jurassic (230-170 Ma) crustal extension.
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1991; Forster & Haack 1995). The same age has
been determined also for polymetallic veins and
hydrothermal kaolinite deposits in Cornwall, Eng-
land (Halliday 1980; Bray & Spooner 1983; Chen
et al. 1993). Moreover, many other economic
mineral veins in Germany, south Norway, northern
England and the Massif Central have the same age
(K-Ar, Rb-Sr and Pb/Pb ages of hydrothermal
illites and feldspars, Ineson & Mitchell 1972;
Ihlen et al. 1979; Ineson et al. 1979; Bonhomme
et al. 1987; Zheng et al. 1991; Lippolt et al. 1985;
Schneider 2000; Schneider & Haack 2000; Sm-
Nd ages of fluorites, Chesley et al. 1991). These
mineral occurrences reflect an early post-orogenic
period of pronounced crustal extension, related to
dextral wrenching and plate reorganization in the
Laurasia-Gondwana realm, characterized by in-
tense rifting and hydrothermal activity (Arthaud &
Matte 1977; Dziedzic 1986; Bonin 1988; Gast
1988; Ziegler 1988).

However, Permian-Mesozoic brines also pene-
trated the basement (Mullis & Stalder 1987; Moller
et al. 1997) and caused the formation of even more
important economic deposits all over Europe. Iso-
topic ages of mineralization precipitated from
these fluids (illites and feldspars: K-Ar and Rb-
Sr; fluorites: Sm-Nd; pitchblendes: U-Pb; hema-
tite: (U + Th)/4He) mainly fall into the Triassic
and Jurassic (Fig. 4b), depending on their original
position within the European intraplate geometry
(Joseph et al. 1973; Halliday 1980; Bonhomme et
al. 1983, 1987; Halliday & Mitchell 1984; Schmitt
et al. 1984; Brockamp & Zuther 1985; Carl & Dill
1985; Canals & Cardellach 1993; Haack & Lauter-
jung 1993; Scrivener et al. 1994; Forster & Haack
1995; Wernicke & Lippolt \991a, b; Subias et al.
1999; Meyer et al. 2000; Schneider et al. 1999,
2001). On the base of cement stratigraphy, Zeeh
& Bechstadt (1994) suggested that the famous
Alpine Bleiberg-type Pb-Zn deposits are also
related to extensional tectonics spanning from
Late Triassic to the Jurassic.

Jurassic fluid systems have been generally inter-
preted as an expression of continent-wide rifting
and concomitant regional fluid circulation, that
reflect major tectonic disturbances and enhanced
heat flow preceding the opening of the North
Atlantic ocean. However, the mid- to late Triassic
and early Jurassic events seem to have been
related rather to the evolving Tethys and Central
Atlantic margins (Bouladon & de Graciansky
1985; Schneider 2000). The low-temperature veins
and palaeokarst fillings in Sardinia (System 2)
typically precipitated from highly saline H2O-
NaCl-CaCl2 fluids during the Mesozoic. Taking
into account the geographical position of the
island, a genetic relationship with the evolving
Tethys margin seems most logical. In addition,

isotopic data further indicate a rock-dominated
hydrothermal system, comparable to that proposed
for the post-Variscan Zn-Pb deposits in Belgium
(Heijlen et al. 2000,2001).

A massive contribution of Sr-rich, concentrated
sedimentary brines of Permian or Triassic age
(Hanor 1987) should give a strong imprint on the
Sr-isotope composition of hydrothermal minerals.
More specifically, considering the Sr-isotopic
composition of Permo-Triassic sea-water with
87Sr/86Sr = 0.707-0.708 (Martin & Macdougal
1995), such a contribution should drastically lower
the 87Sr/86Sr ratio of hydrothermal phases. The
composition of the low-temperature hydrothermal
products, instead, shows an opposite trend with
Sr-isotope signatures between those of Lower
Palaeozoic host rocks and more radiogenic
sources, probably crystalline rocks.

Conclusions

The concept of a 'crustal scale hydrothermal
palaeofield' seems to be applicable to the post-
orogenic mineralization in Western and Southern
Europe. However, local age differences and back-
ground effects resulting from the pre-Variscan
geological puzzle, should be taken into account
when applied to each single ore district. In addi-
tion, more reliable isotopic ages are needed to
trace hypothetical crustal-scale movements of
post-orogenic hydrothermal fluids. In this sense,
we expect that even isotopic dating (where possi-
ble) of the different Sardinian mineralization
styles will yield ages that probably coincide with
the temporal peaks of post-orogenic hydrothermal
activity during the Permian and Mesozoic ob-
served for Europe as a whole (Fig. 4a, b), which
resulted in the formation of many important
economic mineral deposits.
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The timing of W-Sn-rare metals mineral deposit formation in the

Western Variscan chain in their orogenic setting: the case of the

Limousin area (Massif Central, France)
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Abstract: New 40Ar/39Ar dating performed on Rare Metal Granites and W ± Sn deposits in the
northern Limousin has provided evidence of two metallogenic episodes. An Early Namurian
episode (c. 325 Ma) was contemporaneous with the emplacement of the large peraluminous
leucogranite bodies, which are associated with small W ± Sn deposits, but also with some
larger deposits, at Puy-les-Vignes (323.4 ± 0.9 Ma) and Moulin-Barret (323.7 ± 0.8 Ma)
formed at a shallower level above cryptic granite plutons. These new data indicate that the
metallogenic potential of the Namurian leucogranites might have been underestimated. Most
other W ± Sn deposits in the northern Limousin area are attributed to a Mid-Westphalian
episode (c. 310 Ma), and are contemporaneous with the emplacement of all the Rare Metal
Granites. Both episodes were related to leucogranite emplacement and associated fluid
circulations, but in two different geodynamic contexts. The Early Namurian episode may be
related to syncollisional extension of the Variscan belt, whereas the Mid-Westphalian one
occurs during generalized extension and rapid exhumation of the belt associated with the
granulite-facies metamorphism of the lower lithosphere probably related to the delamination of
the lower lithosphere. Thus, W ± Sn and rare metals (Ta, Nb, Be, Li) deposits are clearly
temporally and probably genetically related to leucogranitic magmatism.

The Limousin area is situated in the northwestern events exist, and the chronology of metalliferous
part of the French Massif Central which belongs events is only well constrained for U deposits
to the inner orogenic domain of the mid-European (Leroy & Holliger 1984; Cuney et al. 1990;
Variscan belt. This area was subjected to pro- Scaillet et al. \996a).
tracted magmatic and hydrothermal activity from Under the auspices of the GeoFrance3-D national
c. 330 Ma to 270 Ma associated with the forma- project '3-D Mapping and Metallogeny of the
tion of rare metals (Ta, Nb, Be, Li), W-Sn, Au French Massif Central', a multi-disciplinary synth-
and major U deposits. Most of these deposits are esis of ore deposits occurring in this area has been
spatially associated with late-orogenic (325- performed. The aim of the present paper is to present
305 Ma, Namurian-Westphalian) peraluminous new 40Ar/39Ar thermochronological data on the
granitoids and have been linked to a 'metalliferous micas associated with rare metals (Ta, Nb, Be, Li)
peak' at c. 300 Ma (e.g. Marignac & Cuney 1999; and W-Sn deposits of the northern Limousin and to
Bouchot et al. 2000). However, only a few radio- relate them to the magmatic and thermo-tectonic
metric ages directly dating the mineralization evolution of the mid-European Variscan belt.

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 2 1 3
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 213-228.
0305-8719/02/$ 15.00 © The Geological Society of London 2002.
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Geological setting

Regional geology

The Variscan belt is interpreted as a collision zone
between the Gondwana and Baltica continental
plates. The northern Limousin is situated in the
northwestern part of the French Massif Central
(Fig. 1), which belongs to the inner orogenic
domain of the mid-European Variscan belt. Poly-
phase Variscan deformation in the Limousin area
may be separated into four main tectonic stages
(Table 1; Ledru et al. 1989; Quenardel et al.
1991).

In the Limousin area (Fig. 1), shallow dipping
thrust separated four main lithostructural meta-
morphic units or thrust nappes (Ledru et al. 1989)
which are, from top to bottom: (i) the Upper
Allochthon, containing low-grade Palaeozoic
units; (ii) the Upper Gneiss Unit (UGU), charac-
terized by metabasalts and basic metagreywackes
with numerous high pressure relicts; (iii) the Low-
er Gneiss Unit (LGU), mainly consisting of acidic
metagreywackes and orthogneisses; (iv) the Para-
utochthon, made up of micaschist, metagrey-
wackes and rare orthogneisses.

Two major episodes of granitoid magmatism
occurred in the Limousin (Table 1): (i) A Meso-
Variscan (Late Devonian-Early Carboniferous)

medium- to high-K calc-alkaline gabbro-dioritic
to granitic magmatism (Peiffer 1986), which post-
dates major Variscan thrusting, at the western
margin of the Limousin area (360-349 Ma, U-Pb
on zircon, Bertrand et al. 2001), synchronous with
a peraluminous biotite ± cordierite granodioritic
to granitic magmatism (Gueret type), emplaced at
about 355 Ma (Berthier et al. 1979) all over the
northern Limousin, excepted for the Auriat granite
emplaced at 324 ± 1 Ma, and (ii) a Neo- to Late
Variscan (Namurian-Westphalian) widespread
peraluminous muscovite + biotite granite and leu-
cogranite (Limousin type) magmatism, emplaced
at 325 ± 10 Ma (Holliger et al. 1986; Williamson
et al. 1996; Alexandrov 2000) associated with
very small bodies of high-P peraluminous lepido-
lite ± muscovite leucogranites, rich in Ta, Nb, Sn,
W and U (called Rare Metal Granites, hereafter
referred to as RMG), but emplaced slightly later
at 310 ± 3 Ma (Cheilletz et al. 1992; Alexandrov
2000; Raimbault 1999).

In the Limousin area almost no mineralization
is associated with Eo- and Meso-Variscan geotec-
tonic stages (Table 1). In contrast, most deposits
(rare metals, W-Sn, and Au) are spatially related
to Neo- to Late Variscan (325-305 Ma) peralumi-
nous granites (Fig. 1) and have been linked to a
'metalliferous peak' at c. 300 Ma (Marignac &
Cuney 1999; Bouchot et al. 2000).

Fig. 1. Regional geological map of the studied area. The main granitic massifs are shown, as well as Rare Metal
Granite and W ± Sn deposit occurrences. On the left and top margins, extended Lambert II coordinate system, a
rectangular metric system, based on conformal conic projection and centred on the Paris meridian, is indicated. Key
for Rare Metal Granite or W ± Sn deposits: B, Beauvoir; C, Chedeville; M, Montebras; MB, Moulin-Barret; PV. Puy-
les-Vignes; R, Richemont; V, Vienne; Va, Vaulry.
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The Ta, Nb, Sn, Li, Be deposits are homoge-
neously disseminated within the Rare Metal Gran-
ites, which occur either as pegmatitic veins, or
small granitic stocks or sheets, or rhyolitic dykes.
When evaluated (e.g. Beauvoir Granite, Cuney et
al. 1992), their emplacement depth is close to or
less than 3-4 km. The rare metal mineralization
has been interpreted as essentially of magmatic to
late magmatic origin (Cuney et al. 1992;
Raimbault et al. 1995). In contrast, W ± Sn
deposits are located either in metamorphic rocks
as stockworks or breccia pipes (considered as
peribatholithic) or inside the granites as veins
associated with greisen (intrabatholithic). The
temporal and genetic relationships between
W ± Sn deposits and these granites is still unclear
(Marignac & Cuney 1999), owing to the lack of a
direct radiometric date for the mineralization.
Fluid inclusion studies in W ± Sn stockworks
suggest that high temperature aquo-carbonic
fluids, called 'pseudo-metamorphic' (fluids of un-
known origin modified by equilibration with meta-
morphic rocks, Nesbitt & Muehlenbachs 1995;
Fourcade et al. 2000) were diluted by aqueous
fluids and were coeval with granite emplacement
at pressures around 1 kbar or less (Marignac &
Cuney 1999; Vallance et al. 2001). However, the
Puy-les-Vignes deposit, the only breccia-type
W ± Sn deposit of the French Massif Central,
formed at 2.5 ± 0.5 kbar (Alikouss 1993).

Geology of the ore deposits

The samples analysed in the present study were
taken from two already mined W ± Sn deposits of
the Limousin: Puy-les-Vignes and Vaulry, one
W ± Sn deposit recognized by drillings: Moulin-
Barret and two RMG occurrences: Richemont and
Montebras. The results obtained on two other
major RMG occurrences, Beauvoir and Chede-
ville, and on the Vienne peraluminous leucogra-
nite and associated W ± Sn deposit were also
included in the present paper because the data
were only published in a local journal and are of
major interest for the present study.

The Puy-les- Vignes W deposit. The deposit is a
breccia pipe crosscutting the LGU, 20 km south of
the Saint Sylvestre peraluminous leucogranite
(324 ± 4 Ma, Holliger ± 1986), 5 km NE of the
Auriat Gueret-type granite (324 ± 1 Ma, Gebauer
et al. 1981) and 3 km SW of the Aureil Gueret-
type granite (346 ± 14 Ma, Duthou 1978) (Fig. 1),
but no granite body is known in the immediate
vicinity of the deposit. The pipe has an oval shape
(long axis 340 m, short axis 80 m, Fig. 2), and is
formed by fragments of the host-gneisses ce-
mented by quartz. The entire breccia is cut by
wolframite bearing euhedral quartz veins with
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Fig. 2. Cross-section of Puy-les-Vignes W deposit (after
Weppe 1951).

minor scheelite, pyrite, arsenopyrite and Bi, Pb
and Zn minerals (Weppe 1951; Alikouss 1993).
Wolframite belongs to the first of the four para-
genetic stages and is associated with quartz,
arsenopyrite and tourmaline. K-mica may be
deposited either synchronous with (Alikouss
1993) or after wolframite (Weppe 1951). The
micas chosen for this study were early K-micas
deposited slightly before or synchronous with
wolframite, as observed in Figure 3, where the
extremity of a muscovite crystal is enclosed by

wolframite. According to fluid inclusion data
(Alikouss 1993), the W deposit was formed at
400-450 °C and a depth probably less than
9 ± 1.8 km, as the author suggests that the rela-
tively high pressure registered for this deposit may
result from transient overpressures which led to
the breccia pipe formation.

The Vaulry W deposit. The deposit is situated in
the Blond Limousin-type granite at its eastern
contact with the Vaulry Gueret-type granite (Fig.
1). The wolframite ore is hosted in centimetre-
thick quartz veins enveloped by centimetre-scale
greisens. One biotite and two muscovite grains
were dated. The biotite comes from the walls of
one larger quartz-wolframite bearing vein. The
two muscovite grains come from the greisens. The
micas being developed systematically at the wall
of the wolframite bearing veins, the two minerals
are considered to be synchronous (Alexandrov
2000). No intersection of the greisen by the
quartz-wolframite bearing vein was observed.
The depth of formation of the W deposit was
estimated at 5.5 km from fluid inclusion data
(Vallance et al. 2001).

The Moulin-Barret W ± Sn deposit. The miner-
alization is mainly hosted in amphibolites of the
Lower Gneiss Unit and Late Devonian Gueret-
type granite, 15 km north of the Blond peralumi-
nous leucogranite (Fig. 1). The deposit, recognized
in three boreholes, consists of millimetre- to

Fig. 3. Transmitted light microscopic photographs. Moulin-Barret (left) and Puy-les-Vignes (right). Q, quartz; W.
wolframite; S, scheelite; M, muscovite; H, host-rock.
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centimetre-thick quartz veinlets with scheelite,
arsenopyrite, cassiterite, pyrite and chalcopyrite.
In granite, cassiterite predominates over scheelite
in unzoned veinlets, whereas in amphibolite,
scheelite strongly predominates in zoned veinlets.
In the latter case, scheelite and associated musco-
vite in the walls of the veinlets (Fig. 3a) were both
interpreted as resulting from chemical reaction
between hot hydrothermal fluids circulating in
fractures, and Ca-Al-rich amphibolite wall rocks
(Raimbault 1999). Occasionally, scheelite was
found in the central part of the veinlets. Scheelite
REE geochemistry shows that all three modes of
scheelite occurrence originate from a single fluid.
Higher Ta contents in lowermost scheelite crystals
point to the derivation of the fluid from a hidden
highly fractionated leucogranite cupola (Fig. 4).
The Limousin-type peraluminous leucogranites
are enriched in Ta (a few ppm to 400 ppm in the
Beauvoir granite, Raimbault et al. 1995) whereas
the Gueret-type peraluminous granites have gen-
erally less than 1 ppm Ta (M. Cuney, unpublished

Fig. 4. Geochemical evolution of scheelite against depth
in drill holes MBSl (circles) and MBS2 (diamonds). As
both holes have a similar inclination of c. 60 degrees,
the true depth is approximately threequarters of the
depth along the cores. Open symbols: scheelite from
veinlets in amphibolite rocks, closed symbols: scheelite
from veinlets in Ca-rich granites. Left, Ta content (in
ppm) increases with depth from low values typical for
scheelite far from granitic sources, to high values
encountered in scheelites associated with evolved
granites (Raimbault 1984). Right, the chondrite-
normalized Eu anomaly is a measure of interaction
between host rocks and hydrothermal fluids, which is at
its maximum in shallow samples and is still present in
the deepest samples in comparison with a usually
strongly negative Eu anomaly in evolved granites.
Together, both data sets point out to a deep-seated,
evolved-granite source.

data). The dated muscovite grain was obtained
from the walls of a veinlet from the most miner-
alized borehole MBSl (Fig. 5). No data are avail-
able on the depth of formation of this deposit or
about the granite possibly related to it.

The Richemont RMG. The Richemont rhyolitic
dyke (5 km long X 5 m width) crops out to the
NNE of the Blond peraluminous leucogranite
(Fig. 1) (Raimbault 1998a). The Blond leucogra-
nite was dated at 319 ± 7 Ma by U-Pb on zircon
(Alexandrov et al. 2000). The rhyolite belongs to
the high phosphorous peraluminous RMG group
with typically strong enrichment in Ta, Nb, Li,
Be, F, P and extremely low REE and Th contents
(Raimbault & Burnol 1998). Idiomorphic quartz
and muscovite phenocrysts are dispersed in a
devitrified homogeneous matrix. The very small
thickness and the rhyolitic texture of the Richem-
ont dyke imply a very fast cooling of the intru-
sion.

The Montebras RMG. The granite was emplaced
in the Eastern Marche leucogranitic belt (Fig. 1).
It was injected as a 150 m thick slab at the roof of
a larger two mica leucogranite body. The Mon-
tebras granite is an albite-lepidolite granite pre-
senting similar mineralogical and geochemical
characteristics as the Beauvoir RMG (Aubert
1969). Lepidolite concentrates were extracted
from an homogeneous granite sample from the
'Les Roches' open pit. The micas exhibit a strong
zonation with a lepidolite core and a Li-muscovite
rim. The Li-muscovite rim was interpreted as
having grown at a late magmatic stage in response
to an influx of meteoric fluid (Belkasmi et al.
1991). No indication is known for the emplace-
ment level of the Montebras granite.

The Beauvoir RMG. The Beauvoir cassiterite -
topaz-lepidolite leucogranite was investigated in
detail thanks to a 900 m deep continuously cored
drilling (Cuney et al. 1992; Raimbault et al.
1995). The upper part of the granite presents the
strongest enrichment in rare metals among RMG
granites of the Variscan belt. Fluid inclusion data
indicates an emplacement depth of 3 km (Cuney
et al. 1992). The lepidolite displays solid solutions
between Li-muscovite, zinnwaldite and polylithio-
nite.

The Chedeville pegmatites. These form a lepi-
dolite-albite dyke swarm enriched in rare metals,
located in the southern part of the Saint Sylvestre
granite, in its uppermost structural level, close to
enclosing metamorphic rocks (Raimbault 1998b).
Lepidolite displays a limited solid solution be-
tween Li-muscovite and polylithionite. There is no
evidence of their direct derivation from the Saint
Sylvestre granite. Their geochemistry is compar-
able with that of other RMGs of the northern part
of the French Massif central.
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Fig. 5. Interpretative cross-section of the Moulin-Barret area, with position of the boreholes. The bold lines indicate
the mineralized zones (after Raimbault 1998, 1999).

The Vienne leucogranite and W ± Sn deposit. In
the Vienne area (Fig. 1) a Late Devonian medium
and high-K calc-alkaline plutonic complex was
discovered below a Mesozoic sedimentary cover
by a borehole survey (Virlogeux et al. 1999;
Cuney et al. 2001). Geophysical data indicated
that a large peraluminous leucogranitic pluton
intrudes the calc-alkaline complex. However, a
highly fractionated peraluminous leucogranite was
intersected in one of the boreholes. The leucogra-
nite is enriched in rare metals but less than the
Beauvoir RMG and is crosscut by wolframi-
te ± cassiterite-bearing quartz and greisen veins.
Muscovite occurs either intimately associated with
the wolframite in the greisens or at the wall of the
quartz-wolframite bearing veins and thus is con-
sidered as synchronous with wolframite deposi-
tion. Fluid inclusion data (Cathelineau et al.
1999a) indicate a rather shallow level of emplace-
ment of 4 km for the Vienne leucogranites.

Analytical procedures
40Ar/39Ar dating

Most analyses were performed on single musco-
vite and biotite grains. After crushing and sieving,
muscovite and biotite alteration-free grains have
been selected under the binocular microscope.
Gases were extracted from single-grains by laser
step-heating and analysed on a VG 3600 mass
spectrometer. The isotopic ratios were corrected
for background noise, blank value, Ca and K
interference, instrumental mass discrimination and

atmospheric argon contamination according to the
procedure described in Ruffet et al. (1997).

The Montebras RMG was analysed some years
earlier using a different analytical procedure avail-
able at that time. After irradiation, a population of
lepidolite grains was step heated using a Lindberg
resistance furnace coupled to a purification line
and analysed using a modified A.E. MS 10 mass
spectrometer at Queen's University, Canada
(Hanes et al. 1992), according to the procedure
described in Scaillet et al. (\996a).

A plateau age is defined when at least three
consecutive steps, representing more than 70% of
the extracted gas, give ages that overlap within the
la error margin. All errors on plateau ages are
quoted at the 1 confidence level, and include the
error on the irradiation curve.

Oxygen isotopes

Oxygen isotope analysis was performed on a
quartz hosting wolframite at Puy-les-Vignes by
the classical fluorination method (Clayton &
Mayeda 1963) using BrF5. CO2 was measured on
a VG602D gas-source mass spectrometer. Results
are expressed as 18O (% ) relative to the V-
SMOW. Reproducibility for quartz standard is
better than 0.2% and 18O - 9.60% for NBS28.

Results

Table 2 summarizes all the dating performed in
this study and other dating available in the
literature, but mostly published in local journals.
Two set of ages were obtained: a Namurian one



Table 2. Summary of all dating available from the literature or from this study concerning magmatism and W ± Sn deposits in NW French Massif Central, sorted by period and
then by area

Period Area

Early Namurian events
Auriat

St Sylvestre Blond

Mid-Westphalian events
Blond
Saint Sylvestre

Echassieres

Eastern Marche
Vienne

Location

Auriat
Puy-les-Vignes

Saint Sylvestre
Blond
Moulin-Barret
Vaulry
Vaulry
Richemont
Chedeville
Beauvoir

Montebras
Vienne
Vienne

Facies dated (mineral)

Gueret-type granite (zircon and monazite)
Deposit (muscovite)
Duplicate
Limousin-type granite (zircon and monazite)
Limousin-type granite (zircon)
Deposit (muscovite)
Deposit (biotite)
Greisen (muscovite)
Duplicate
Rare Metal dyke (muscovite)
Rare Metal granite (lepidolite)
Rare Metal granite (lepidolite)
Rare Metal granite (lepidolite)
Rare Metal granite (muscovite)
Greisen (muscovite)

U-Pb (Ma) 40Ar/39Ar

Plateau age ± la % of 39Ar in Isochron age (Ma)
(Ma) plateau

324 ± 1
323.4 ± 0.9
323.3 ± 0.6

324 ±4
319±7

323. 7 ±0.8
311.1 ±0.7
309.0 ± 1.4
312.0 ± 1.1
313.4 ± 1.4

310± 1.5
308 ±2

309.9 ± 0.7
309 ± 1
309 ± 1

57
86

100
61
72
78
97

82

324.4 ±2.1
322. 8 ±3.0

324.0 ± 2.0
312.5 ± 1.9
310.3 ±3.1
311.5±2.0
313. 5 ±7.0

-

Integrated age
(Ma)

323. 8 ± 1.8
323.5 ± 1.6

323. 7 ± 1.1
306.7 ± 0.5
311.9± 1.7
312.1 ±0.8
313. 5 ±0.3

310.1 ± 1.3

Reference

Gebauer et al.
(1981)
This work
This work
Holliger et al.
(1986)
Alexandrov et al.
(2000)
This work
This work
This work
This work
This work
Cheilletz et al.
(1992)
Cheilletz et al.
(1992)
This work
Alexandrov (2000)
Alexandrov (2000)

All the ages are interpreted, either as emplacement age for intrusions or as mineralization age for deposits. For the 40Ar/39Ar dating performed in this study, additional technical data are given in the right
hand side of the table.
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with the Moulin-Barret and Puy-les-Vignes W ±
Sn deposits and a mid-Westphalian one with rare
metals (Richemont, Montebras, Vienne, Beauvoir
and Chedeville) and W ± Sn (Vaulry and Vienne)
deposits.

The Namurian (c. 325 Ma) ages

Puy-les-Vignes. Two muscovite grains yielded
ages (Fig. 6a) of 323.4 ± 0.9 Ma (on 57% of
the 39Ar released; with an isochron age of
324.4 ±2.1 Ma) and 323.3 ± 0.6 Ma (on 86%
of the 39Ar released; with an isochron age of
322.8 ± 3.0 Ma). This last analysis was inter-
rupted by a technical problem resulting in the loss
of 2.75% of the total Ar released, but the con-
cordance of the two partial plateau ages indicates

that the final calculated age (323.3 ± 0.6 Ma)
remains reliable.

Moulin-Barret. The muscovite (Fig. 6b) gave a
plateau age of 323.7 ± 0.8 Ma (on 100% of
released 39Ar). The isochron age, which is very
similar (324.0 ± 2.0 Ma), attests the quality of
the age determination. In addition, a 18O of
+ 11.6 ± 0.2% was measured on a quartz grain
from a mineralized vein. The calculated 18O of
the fluid in equilibrium with quartz, at tempera-
tures of 400-450 °C (Alikouss 1993), and ac-
cording to the fractionation curves of Matsuhisa
et al. (1979), is +11.5% . Thus, the signature of
the fluid excludes a direct derivation of the fluid
from meteoric waters, which should have a
lighter composition (+10 to -40% , Taylor
1968).

Fig. 6. 40Ar/39Ar spectra of several RMG or W deposits: (a) The Puy-les-Vignes deposit, (b) the Moulin-Barret
deposit, (c) to (d) the Vaulry deposit, (e) the Richemont rhyolite, (f) the Montebras RMG. In each case, plateau age is
indicated.
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The Mid-Westphalian (c. 310 Ma) ages

Vaulry. 40Ar/39Ar dating of the micas from the
Vaulry deposit provided flat age spectra (Fig. 6c-
d). The plateau age is 311.1 ± 0.7 Ma for the biotite
from the wall of the vein (on 71 % of the released
39Ar; isochron age of 312.5 ± 1.9 Ma). The two
greisen-hosted muscovites yielded plateau ages of
309.0 ±1.4 Ma (on 72% of the released 39Ar,
isochron age 310.3 ± 3.1 Ma) and 312.0 ± 1.1 Ma
(on 78% of the released 39Ar; isochron age of
311.5 ± 2.0 Ma) for the two muscovite grains from
the greisen. These ages are similar to the 40Ar/39Ar
plateau ages (313.2 ± 0.7 to 309.4 ± 1.4 Ma) deter-
mined on micas from Blond granite enclosing the
Vaulry deposit (Alexandrov 2000).

Richemont. The 40Ar/39Ar spectrum is very flat
(Fig. 6e) and defines a well-constrained plateau
age (on 97% of the released 39Ar) at 313.4±
1.4 Ma. This age corresponds closely to the
isochron age (313.5 ± 0.7 Ma) and to the inte-
grated age (313.5 ± 0.3 Ma), further supporting
the reliability of the age determination.

Montebras. The 40Ar/39Ar spectrum (Fig. 6f)
from the L36 sample defines a plateau age at
309.9 ±0.7 Ma corresponding to 82% of 39Ar
liberated, very close to the integrated age
(310.1 ± 1.3 Ma).

Former 40Ar/39Ar ages obtained on three other
RMG and W ± Sn occurrences (the Beauvoir
granite, the Chedeville pegmatite and the Vienne
area) are reported in Table 2. Lepidolite crystals
separated from the three Beauvoir units gave
plateau ages of 308 ± 2 Ma. The ages obtained on
the three units are very close despite the variation
of composition of the micas from one unit to the
other (Monier et al. 1987), which may partly
result from variable subsolidus alteration. Lepido-
lite crystals from the Chedeville pegmatite yield a
40Ar/39Ar plateau age of 309 ± 0.9 Ma on two
steps corresponding to 97% of 39Ar liberated
(Cheilletz et al. 1992). In the Vienne area
(Alexandrov 2000), a muscovite separated from
the leucogranite yielded an 40Ar/39Ar age of
309.5 ± 0.3 Ma (on 50% of the released 39Ar) and
a muscovite from spatially associated wolframite-
bearing greisens gave an 40Ar/39Ar age of
309 ± 1 Ma (on 100% of the released 39Ar).

Discussion
40Ar/39Ar ages and regional cooling patterns

Textural observations discussed above suggest that
the micas selected for 40Ar/39Ar age determination
were synchronous with ore formation. Some of
them may have crystallized slightly earlier than
the ore minerals, because of their location at the

wall of the veins. However, the temperatures of
the ore forming processes for rare metals and
W ± Sn deposits (always higher than 400 °C,
Marignac & Cuney 1999) were above the most
commonly accepted Ar diffusion closure tempera-
ture of mica of about 300-350 °C (McDougall &
Harrison 1999). Thus the 40Ar/39Ar age of the
micas should have been reset at the time of ore
deposition. Now, to discuss the meaning of the
40Ar/39Ar ages in terms of crystallization age or
of cooling age it is necessary to know the tem-
perature evolution of enclosing formations with
respect to the Ar diffusion closure temperature of
micas. Regional cooling patterns in the Limousin
area, determined by Scaillet et al. (1996a) and
Alexandrov (2000) mainly from muscovite 40Ar/
39 Ar dating, highlight two main features.

(1) All metamorphic formations within a few
kilometres from the Saint Sylvestre leucogranitic
complex gave 40Ar/39Ar ages of c. 340 Ma. A
340 Ma age is also observed over more than
100 km in the Limousin area and is interpreted
as a regional cooling episode resulting from an
early exhumation during syncollisional extension
(Alexandrov 2000).

(2) In the Saint Sylvestre complex itself, em-
placed at 10.5 ±1.5 km, 40Ar/39Ar ages range
from 315 Ma at the roof of the complex, to
300 Ma towards the base of the complex. Thermal
modelling has shown that such age variation
resulted from a fast exhumation episode (with
exhumation rate of c. 1.5 mm a-1, Scaillet et al.
1996b), which started at about 305 Ma during the
generalized late Variscan extension stage, centred
around the leucogranites (Faure & Pons 1991;
Faure 1995).

Thus, the metamorphic formations located
around the Saint Sylvestre complex represent
formerly higher structural levels, laterally down-
warped during the fast exhumation episode. For
instance, the formations west of the Saint Sylves-
tre complex, hosting the Moulin-Barret deposit,
are separated from the complex by the normal
brittle Nantiat fault (Fig. 1) which has a minimal
vertical offset of about 3 km (Le Carlier de Veslud
et al. 2000). Numerical modelling, assuming a
single major intrusion and conductive heat trans-
fer, shows that the small leucogranite bodies and
associated mineralized systems emplaced at such
structural levels will equilibrate with enclosing
rocks very rapidly. For example, for the Blond
leucogranite (15 km X 5 km large and 1 km thick
in average according to gravimetric data inver-
sion), one of the largest leucogranites emplaced
around the Saint Sylvestre complex, the time
duration for its thermal equilibration with sur-
rounding rocks is only about 0.3 Ma (Le Carlier
de Veslud et al. 2000). This duration is well within
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the error of 40Ar/39Ar age determinations. For
hectometric-sized RMG intrusions, this time will
be only a few thousand years (Cathles & Erendi
1997). In addition, thermo-barometric data when
available, confirm that most RMG and W-Sn
deposits were emplaced at shallow depth (see
above). Only the Puy-les-Vignes deposit was
formed at greater depth, but 40Ar/39Ar dating of
muscovite in enclosing metamorphic rocks, a few
kilometres from the deposit, shows that the 300-
350 isotherm was already crossed at 340 Ma.
Moreover, former fluid inclusion and isotopic
studies (given above) have shown intensive early
interaction of the mineralized systems with meteo-
ric fluids. The additional advective heat transfer
induced by such fluid circulation must have led to
a significant reduction of the estimated cooling
time, up to one order of magnitude according to
Cathles & Erendi (1997). Therefore, it can be
considered that the micas give 40Ar/39Ar ages
close to the emplacement ages for the RMG and
thus of associated rare metal mineralization and of
ore formation for the W-Sn deposits.

The origin of W

Several lines of evidence support a direct granitic
origin for the W ± Sn deposits in the Limousin.

(i) Temporal relationships.The two age periods
for W deposition obtained in the present paper
coincide with the two periods of leucogranitic
peraluminous magmatism in northern Limousin
(Table 2): first the Namurian period 325-315 Ma
with the main generation of leucogranites such as
Saint Sylvestre and Blond; secondly the mid-
Carboniferous period 310 ± 3 Ma with the genera-
tion of the small RMG bodies.

(ii) Geochemical relationships. In the Limousin
area, the average W abundance in meta-igneous
and metasedimentary rocks (M. Cuney, unpub-
lished data), and Late Devonian Gueret-type gran-
itoids (Cuney et al. 1999) is similar to the upper
crustal Clarke value (l-2ppm). In contrast, the
two generations of Limousin-type peraluminous
granites present high W contents: 5-20 ppm for
Saint Sylvestre or Blond, and up to 100 ppm for
the RMG granites (Cuney et al. 1992; Raimbault
1998a). Therefore, the Limousin-type peralumi-
nous granites may represent a major source of W
for the ore deposits. Thus, the Puy-les-Vignes W
breccia pipe, enclosed in metamorphic rocks, is
more probably related to a hidden peraluminous
leucogranite similar to Saint Sylvestre rather than
to the nearby Auriat Gueret-type granite. A more
direct evidence of such a relation between Namur-
ian Limousin type peraluminous leucogranites and
W mineralization is provided by the increasing Ta
concentration with depth in scheelite (Fig. 4) in

the Moulin-Barret deposit (see discussion above in
the section on the geology of the ore deposits).
However, in the case of an extreme fractionation
of the magma and early oxidation by meteoric
fluids, the extraction of W from the melt may be
strongly reduced, as was demonstrated in the case
of the Beauvoir RMG (Fig. 1, Cuney et al. 1992).

(iii) Spatial relationships. Marignac & Cuney
(1999) highlighted the role of pseudo-meta-
morphic fluids on the formation of the W ± Sn
ore deposits in Limousin. However, in the regional
shear zones, where early (probably Namurian-
Westphalian) pseudo-metamorphic fluid circula-
tion occurred in association with regional As
anomalies (Cathelineau et al. 1999b), no stream-
sediment W anomaly nor W ± Sn deposit is ob-
served. In contrast, well-correlated stream-sedi-
ment W anomalies and W deposits occur at the
contacts between the large peraluminous leucogra-
nitic laccoliths or RMG bodies and their enclosing
rocks, especially close to their apical and most
fractionated parts (Le Carlier de Veslud et al.
2000). The thermal anomalies and the fractured
aureoles induced by the emplacement and the
cooling of such granites are known to cause
significant intrusion-centred hydrothermal circula-
tion (Furlong et al. 1991). Circulation is generally
focused on apical parts of the intrusions, where
heat and mass transfers between granites and
surrounding rocks are enhanced. Thus, W miner-
alization might be related to the fluid circulation
induced by the emplacement of Limousin type
peraluminous granites.

The W ± Sn deposits in their geodynamic
context

During the time span within which W ± Sn
deposition occurred (325-310 Ma) major changes
in the tectonic regime in the French Massif
Central occurred. Therefore, it is of major interest
to place W ± Sn deposit genesis in the mag-
matic-tectonic framework of the French Massif
Central and the related evolution of fluid circula-
tion patterns in the crust.

The Early Namurian (c. 325 Ma) metallogenic
episode.. The Late Visean-Westphalian (335-
310 Ma) corresponds to a 'syn-convergence' ex-
tension stage in the Western part of the Variscan
belt (Burg et al. 1994; Faure 1995). During this
period, the large Namurian Limousin-type leuco-
granites, emplaced at deep structural level (>
9km, Scaillet et al. \996a; Le Carlier de Veslud
et al. 2000). The ductile deformation regime
prevailing at such depths, led to a low permeabil-
ity of the rocks (Furlong et al. 1991), which



AGE OF LIMOUSIN W-SN-RARE METAL DEPOSITS 223

precluded large hydrothermal fluid transfer and
meteoric fluid infiltration. However, the emplace-
ment of the granites, at such depths, may have
induced temporary magmatic and metamorphic
fluid circulation, restricted to the envelope of these
granites (Furlong et al. 1991). This is for instance
the case of the Saint Sylvestre leucogranite lacco-
lith (Le Carlier de Veslud et al. 2000), where
minor W ± Sn showings were formed in the
vicinity of the contact between the most fractio-
nated parts of the granite and enclosing meta-
morphic rocks (Fig. 7a). In contrast, the Puy-les-
Vignes, and the Moulin-Barret W deposits, formed
at the same age, were located at a higher structural
level (6-9 km depth) and presumably above some
apices of similar leucogranitic intrusions. At such
locations, hydraulic brecciation of the enclosing
metamorphic rocks was already possible during
the Namurian, and intensive but spatially limited
hydrothermal fluid circulation was generated, as
attested by the strong and localized As and W
stream-sediment anomalies observed around the
Puy-les-Vignes deposit (Le Carlier de Veslud et
al. 2000).

The Mid-Westphalian (c. 310Ma) metallogenic
episode (Table 2).. At c. 310-290 Ma, an impor-
tant thermal event caused granulite-facies meta-
morphism of the entire lower crust (Pin &
Vielzeuf 1983; Costa & Rey 1995). The break-
down of micas produced F-Li-Sn-W-U-rich
fluids, which may have contributed to the genesis
of the Rare Metal Granites (Cuney et al. 1990;
Marignac & Cuney 1999). The thermal anomaly
may have resulted from basic magma underplating
as suggested by the nature of the xenoliths brought
to the surface by Cenozoic volcanoes (Downes et
al. 1991; Williamson et al. 1996). However, basic
magma underplating seems to have occurred over
a long period (360-305 Ma, Downes et al. 1991;
Williamson et al. 1996), whereas the lower crust
granulite-facies metamorphism event occurred
within a discrete period at the end of the Variscan
orogeny and required an exceptionally large ther-
mal anomaly that affected the entire lower crust.
This large thermal anomaly is therefore more
likely to have been caused by a lithospheric
delamination, as suggested by Pin & Vielzeuf
(1983) and Marignac & Cuney (1999). The time-
limited effect of this thermal event is especially
well illustrated by the remarkable homogeneity of
the rare metal and W ± Sn deposit ages at the
scale of the French Massif Central, most of them
having occurred in the 310 ± 3 Ma period for the
northern French Massif Central (Table 2) and
306 ± 3 Ma for the southern French Massif Cen-
tral (Bouchot et al 2000; Monie et al. 2000;
Lerouge et al 1999).

In the upper crust, this period also corresponds
to the final collapse of the western part of the
Variscan orogen and the onset of the generalized
extension stage (Faure 1995) with enhanced uplift
rates (1.5 mm a-1, Fig. 7c) associated with tec-
tonic denudation dated at about 305 Ma by
Scaillet et al. (1996b). The uplift of the crustal
blocks led to an increased vertical permeability
and extensive fluid percolation in the Limousin
upper crust, especially along reactivated Early
Namurian structures (fractured aureoles of leuco-
granitic laccoliths and regional shear zones,
Boiron et al. 2000). The increased permeability
permitted the mixing of metamorphic fluids with
an increasing amount of meteoric fluids (Fourcade
et al. 2000; Fig. 7b). In this context, the emplace-
ment of highly fractionated peraluminous leuco-
granites at a depth of 3-5 km, in brittle tectonic
conditions, acted as hot points, leading to fractur-
ing of the surrounding rocks and magma degas-
sing at the apex of the intrusions, followed by an
input of pseudo-metamorphic or meteoric fluids
(Cathelineau et al. 1999b; Fourcade et al. 2000).
For example, such a pattern of fluid mixing was
revealed by combined studies (Alexandrov 2000;
Le Carlier de Veslud et al. 2000; Vallance et al.
2001) in the Blond massif area where several
RMG bodies are known.

Comparison ofW±Sn, Au and U
depositional conditions in Limousin

Other ore deposits, such as gold and uranium,
display strong spatial relationships with W ± Sn
deposits (Fig. 8; Le Carlier de Veslud et al. 2000).
Therefore, a comparison of the timing of deposi-
tion between all these deposits may provide addi-
tional information about their genesis.

Ages, together with their geological and geo-
chemical evidence provided in this paper, indicate
that W ± Sn and rare metals deposits are geneti-
cally and temporarily related to leucogranitic
magmatism. It is also shown for the first time that
favourable conditions for W ± Sn mineralization
existed at least during two events in Limousin, in
relation to the generation of two main peralumi-
nous magmas of Limousin- and Rare Metal-type
during the Late Carboniferous thermo-tectonic
evolution of the Variscan belt (Figs 7a, b and 8).
In contrast, the metallogenic processes leading to
the formation of the Au and U deposits cover
several tens of millions of years and involve
several stages (Fig. 8; Scaillet et al. 1996a, ft;
Bouchot et al. 2000; Cuney et al. 1990; Le Carlier
de Veslud et al. 2000).

Despite the lack of direct dating, Bouchot et al.
(2000) proposed a 310-305 Ma interval for the
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Fig. 7. Schematic patterns of fluid circulation (after Cathelineau et al. 1999a, Boiron et al. 2000, Fourcade et al.
2000) in the northern Limousin area, and implications for mineral deposition, (a) The 330-315 Ma period with
limited fluid circulation in shear zones and temporarily in the vicinity on leucogranites. (b) The 315-305 Ma period
with both lower crust granulite-facies metamorphism at depth and onset on general extension. This stage corresponds
to the emplacement of RMG, which focused mixing of fluid of different origins toward their apices, (c) The 305-
300 Ma period corresponds to the tectonic collapse of the belt, which is characterized in Limousin by tectonic
denudation of the Saint Sylvestre complex by downwarping of its metamorphic or granitic cover, (d) At the present
time, to point out the horst configuration of the Saint Sylvestre complex, surrounded by down-faulted blocks. The
location of all known mineral deposits is indicated: U (economic), W ± Sn (sub-economic) and Au (minor).
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Fig. 8. Schematic chart, depicting the tectono-magmatic evolution of the northern Limousin area and the formation
of related ore deposits.

main episode of gold deposition. Therefore, Au
mineralization seems to be related to the same
thermal event as the second W ± Sn episode and
rare metal mineralization, corresponding to the
granulite-facies metamorphism of the lower crust.
All the metals may ultimately have been derived
from the granulitized lower crust. However, ac-
cording to Bouchot et al. (2000), Au was probably
transported from the lower crust by fluids, not by
granitic melts as for U, W, or rare metals. The
spatial and temporal relationships between Au and
W ± S n deposits in the 310-300 Ma period are
best explained by the fact that permeable crustal
zones (regional shear zones, crustal lineaments
used as feeding zones for the Limousin-type
plutonic complex and, to a lesser extent, fractured
aureoles around these granites) have been used by
magmas and by fluid generated at different levels
in the crust in response to the same thermal
anomaly and extensional event (Fig. 7b, c).

Of the metallogenic processes leading to the
formation of the uranium ore deposits, two major
episodes were synchronous with the two W ± Sn
episodes documented in the present paper. The
first episode corresponded to the formation of the
uraninite preconcentrations in relation to specia-
lized fine-grained granite intrusion synchronous
with the major Limousin-type laccolith emplace-
ment at about 325 Ma (Cuney et al. 1990) and the
Puy-les-Vignes and Moulin-Barret W ± Sn depos-
it formation, but which occurred at a lower
structural level. Towards the end of the second

W ± Sn episode, fluid percolation, induced by the
fast uplift regime, produced hydrothermal quartz
leaching of the granite ('episyenite') at 305 ±
1 Ma (Scaillet et al. 1996b) at about the same
structural level as the W ± Sn and rare metal
deposits of this period (El Jarray et al. 1994). The
episyenites represent the major trap for uranium
ore deposition that occurred during a later exten-
sion episode, at 280-270 Ma (Leroy & Holliger
1984).

Conclusion

This paper provides new 40Ar/39Ar dating con-
cerning the timing of W ± Sn and rare metal
mineralization in the northern Limousin. Two
metallogenic episodes occurred in this area: an
Early Namurian episode and a Mid-Westphalian
one. If the second episode corresponds with
previous available results in the northern
(Cheilletz et al. 1992) and southern (Bouchot et
al. 2000) part of the French Massif Central, the
first episode is demonstrated for the first time.
Such timing of mineralization is directly related to
the tectono-magmatic evolution of the northern
Limousin area during Neo- to Late Variscan
stages.

More specifically, the two W ± Sn and rare
metal metallogenic episodes found in the northern
Limousin are both related to peraluminous leuco-
granite emplacement, but in two different geody-
namic contexts.
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(i) The Early Namurian episode (c. 325 Ma) is
contemporaneous with the deep emplacement of
Limousin-type peraluminous leucogranite lacco-
liths during syncollisional extension (Faure &
Pons 1991), associated with non-economic depos-
its at the same structural level as the granites (9-
12 km), but also with larger deposits, at Puy-les-
Vignes and Moulin-Barret, formed at shallower
level (6-9 km), above cryptic apices of similar
leucogranites. These early deposits were preserved
in the blocks downfaulted during the late Variscan
generalized extension stage. This unexpected re-
sult indicates that the W ± Sn metallogenic poten-
tial of the Namurian peraluminous leucogranites
might have been more important than initially
proposed.

(ii) The Mid-Westphalian episode (c. 310 Ma)
corresponds to the generalized extension and is
coeval with the thermal event corresponding to the
devolatilization of the lower crust that induced the
emplacement of more fractionated peraluminous
leucogranites as the RMG at shallow structural
levels (3-5 km). At the scale of the French Massif
Central, a major part of the W ± Sn deposits
results from this episode.

In the northern Limousin, no W ± Sn deposits
shallower than 3-5 km are known. Comparatively,
in the Erzgebirge province, granitic magma em-
placement occurred at depths of only 1 -2 km
(Durissova 1988). Such shallow depths have per-
mitted the development of more intensive fractur-
ing of enclosing rocks and fluid circulation, and
thus the formation of larger stockworks (Cuney et
al. 1992). Consequently, in the Limousin, larger
W ± Sn deposits might have existed during the
Neo- to Late Variscan stage, at upper structural
levels, but were eroded; secondly some of them
may be preserved in down-faulted blocks and may
represent interesting targets for W ± Sn explora-
tion.
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Abstract: Among the ore deposits located in the Palaeozoic-Triassic formations of the
Dinarides, siderite (± ankerite) and barite mineralization hosted by Carboniferous and Lower
Permian sediments as well as polymetallic deposits in the Mid-Bosnian Schist Mts (MB),
caused a long standing dispute concerning their metallogenic affiliation.

Geochemical data obtained for ore minerals from
the deposits of ambiguous affinity delivered cer-
tain patterns, which might be useful as discrimina-
tion criteria. The mean 34S value of sulphate
sulphur in barites from Palaeozoic hydrothermal
deposits (+10.79% ) is close to that of Upper
Permian gyp sum-anhydrite deposits (+11.02% ).
Triassic hydrothermal deposits bear barites with a
mean 34S value of +21.7% , which corresponds
to that of Triassic gypsum-anhydrite deposits
( 34S = +20.45% ). The mean content of SrSO4
(3.62%) of barites in Palaeozoic rocks differs
significantly from that obtained for Triassic barites
(2.36% SrSO4). Tectonic settings of the Palaeo-
zoic ore deposits are antithetic to those of the
Alpidic cycle.

Paragenetic characteristics and the chemical
composition of ore-forming fluids can be used for
the same purpose. Parageneses of ore deposits
hosted by Palaeozoic rocks are essentially distinct
from those hosted by Triassic rocks. Fluid inclu-
sion microthermometry reveals differences be-
tween ore fluids related to the Variscan and
Alpidic metallogenic cycles, respectively: fluid
inclusions in minerals from 'Variscan' deposits are
characterized by great salinity variations (5-35
NaCl wt% equiv), abundant daughter minerals,
and homogenization temperatures between 150-
450 °C. The microthermometric data point to
NaCl-H2O, CaCl2 (±MgCl2)- H2O and NaCl-
KC1-H2O fluid systems. In contrast, Triassic ore
fluids have low salinities (3-10 NaCl wt.% equiv.)
and homogenization temperatures (60-180 °C).
Their chemical composition is dominated by
NaCl-CaCl2-H2O.

The aim of this paper is to summarize the
growing number of geochemical data on the ore
deposits in the Dinarides, in order to distinguish
the time of their genesis between two metallogenic
periods, Variscan and Alpidic, respectively.

There is a good agreement in genetic interpreta-
tions for those Variscan genetic types, which have
corroborated stratiform signatures and are hosted
in Palaeozoic formations. These are first the rift
related Late Silurian (S3), Early Devonian (Dj)
and early Mid-Devonian (2D2) iron deposits of Mt
Medvednica (Sinkovec et al. 1988; Fig. 1) and the
area of Kljuc (Una-Sana, US), Dusina (MB,
Jurkovic 1957) and Tajmiste (western Macedonia,
Cissarz 1956); secondly, polymetallic quartz brec-
cias (Okoska Gora, Slovenia) and bedded veins
(Remsnik, Slovenia), both of them with Fe, Cu,
Pb and Zn sulphides, Drovenik et al. (1980).

There is also the reconciled opinion for post-
collisional stratiform and stratabound deposits in
the Mid-Permian Groeden formation, deposited in
intramontane basins. These are the U-peneconcor-
dant deposit Zirovski Vrh (pitchblende-coffinite,
Sava folds, SF, Fig. 1: Omaljev 1982; Palinkas
1986), Cu-red bed type Skofje (chalcopyrite,
bornite, chalcocite and pyrite, Sava Folds, SF),
and Ustipraca (SEB, Kulenovic 1987); then
bedded, low-manganese, SEDEX, hematite depos-
its at Hrastno (Sava Folds, SF), Rude (Samoborska
gora, Mt, SG) and Bukovica (Petrova Gora, P;
Cop et al. 1998). The widespread stratiform, lower
Upper Permian, gyp sum-anhydrite deposits dis-
play a conspicuous distinction from Scythian
stratiform gyp sum-anhydrite deposits, as indi-
cated by the difference in 34S value of sulphate

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 229-245.
0305-8719/02/$15.00 © The Geological Society of London 2002.
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Fig. 1. Geological sketch-map of the central and northwestern Dinarides and the southwestern parts of Tisia showing
the location of Palaeozoic complexes (black), (Mioc 1984; Pamic & Jurkovic 1997) with index-map (Neubauer & von
Raumer, 1993). 1, Tertiary; 2, Palaeogene metamorphic rocks and granitoids; 3, Upper Cretaceous-Palaeogene flysch
(active continental margin); 4, Dinaridic Ophiolite zone, mostly melange; 5, Jurassic to Upper Cretaceous sequences
(passive continental margin); 6, Adriatic-Dinaridic carbonate platform; 7, allochthonous Triassic sequences (CB,
Central Bosnia); 8, allochthonous Palaeozoic sequences and rhyolites (x); 9, Palaeozoic metamorphic rocks and
granitoids (Eastern Alps, EA and Tisia, TS); K, Karawanken; SF, Sava Folds; G, Gorski Kotar; SG. Samoborska Mt;
M, Medvednica Mt; L, Lika; P, Petrova Mt; T, Trgovska Mt; US, Una-Sana; MB, Middle Bosnian Schist Mts; EB.
East Bosnia; SEB, SE Bosnia; 10,faults; 11, interterrane thrust; 12, intra-terrane thrust-klipe or window. I, External
Dinarides; la, Sava nappe; II, Internal Dinarides; III, Pannonian Basin underlain by Tisian basement; IV, Zagorje-
Midtransdanubian zone; A, Austroalpine domain (Eastern Alps); DN, Durmitor nappe; PN, Pannonian nappe;
MBSM, Mid-Bosnian Schist Mts. Large transform faults: PL, Periadriatic; ZZ, Zagreb-Zemplen, SA, Sarajevo

sulphur (Jurkovic & Siftar 1995). On the other
hand, there is no dilemma about the affiliation of
all mineral deposits hosted by Lower and Middle
Triassic sedimentary and igneous rocks, which are
genetically closely related to the Triassic rifting
magmatism.

The ambiguity in affiliation arises, however,
within three large groups of deposits hosted by
Carboniferous and Permian rock formations. The
first group comprises stratabound deposits of

siderite ± ankerite ± Cu, Pb, Zn sulphides,
located in Middle and Upper Carboniferous (C2
and C3) sediments (Jurkovic 1961; Juric 1971;
Drovenik et al. 1980; Palinkas 1988). The
second group of deposits in dispute includes
veins and irregular barite bodies located in
Carboniferous and Lower Permian strata
(Jurkovic 1956, 1957, 1958, 1987). The third
group of disputable mineral deposits is located
within the Mid-Bosnian Schist Mts, spatially
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connected with extrusion of Palaeozoic rhyolites
(Jurkovic 1956).

Controversial interpretation of their origin ex-
ists. One opinion leads the origin of the deposits
(hosted by Palaeozoic formations) to the Variscan
orogeny (Cissarz 1956; Jurkovic 1956, 1957,
1961, 1995; Jankovic 1967, 1982a; Ramovic
1976, 1979; Kubat et al. 1980; Drovenik et al.
1980; Jurkovic & Palinkas 1996; Jurkovic &
Pamic 1999). However, based on more recent
investigations, Jankovic (1982b; 1987; 1990) and
Kubat (2001) believe that these deposits belong to
the Alpidic metallogenic cycle.

The intention of this paper is to define firmer
discrimination criteria for affiliation of the depos-
its to the Variscan or Alpidic metallogenic cycle.
In this respect the following characterics were
applied: (1) tectonic setting; (2) isotopic composi-
tion of sulphate sulphur; (3) SrSO4 content of
barite; (4) paragenesis of ore deposit; (5) fluid
inclusion data.

Basic geological characteristics of
Palaeozoic and Triassic formations and ore
deposits

The Dinarides, a mountain chain about 700 km
long striking NW-SE, are characterized by a
regularly zoned pattern of distinct Mesozoic-
Palaeogene tectonostratigraphic units: the Adria-
tic-Dinaridic carbonate platform; the Dinaridic
Ophiolite zone; and the Upper Cretaceous-Pa-
laeogene flysch formations (Pamic & Jurkovic
1997; Pamic et al. 1998; Fig. la). This consistent
pattern is disturbed by allochthonous Palaeozoic-
Triassic nappes, which are thrust onto the Alpine
units of the Internal Dinarides and the northeast-
ern margin of the External Dinarides. During
Pliocene tectonism, the Dinaridic segment was
thrust onto the South Tisia block, which is situated
within the Pannonian Basin and comprises Palaeo-
zoic crystalline rocks (Tari & Pamic 1998). The
most important ore deposits related to Variscan
and Alpidic cycles are presented in Figure 2.

Variscan formations

The geodynamic evolution of the Dinaridic Pa-
laeozoic complexes is related to the Prototethys
evolution between Gondwana and Laurussia
(Jurkovic & Pamic 2001; Pamic & Jurkovic
2002). Rifting processes started in Silurian time
on a pre-Variscan basement. The rifting is indi-
cated by the occurrence of metabasalts inter-
layered within the Cambrian-Ordovician-Silurian
formations of the Drina-Ivanjica Palaeozoic ter-
rane, the NE Dinarides and the Mid-Bosnian

Schist Mts (MB). Numerous small occurrences of
iron-quartzites and bedded magnetite-hematite
and manganese oxide deposits in Western Mace-
donia and in the Drina-Ivanjica are related to this
magmatic activity (Djokovic 1985; Popovic 1984).
Opening of the Prototethys started probably in
Late Silurian/Early Devonian time. The occur-
rence of Early Palaeozoic platform carbonates in
the southwestern parts of the allochthonous Var-
iscan complexes of the Internal Dinarides implies
that their southern terranes were related to the
North Gondwana margin. In the shelf realms of
this passive continental margin, the following
types of ore deposits were formed: (1) iron-
quartzites in the Medvednica Mts (M, Fig. 1;
Sinkovec et al 1988), (2) thinly stratified beds of
magnetite-chamosite and pyrite-chamosite beds
in the Kljuc area, Central Bosnia, and (3) stratified
beds of hematite ores in the Mid-Bosnian Schist
Mts (Jurkovic 1995).

An active margin developed in the northern part
of the Prototethys, along South Laurussia. The
clastic formations of the South Tisia block are
interlayered with tholeiitic basalts (orthoamphibo-
lites) of back-arc basin affinity. This feature and
the occurrence of Alpine-type ultramafics and I-
type granites suggest a subduction-related geotec-
tonic setting. Subduction processes were taking
place at the end of the Devonian and at the
beginning of the Carboniferous (343 Ma). The
main Variscan deformation and metamorphism
occurred in the Westphalian (Jurkovic & Palinkas
1996; Jurkovic & Pamic 2001).

This geological process leads to metamorphic
sequences of Barrovian-type (greenschists and
amphibolite facies), migmatites and syn-kinematic
S-type granites. Lenses and irregular pegmatite
bodies cross-cut gneisses, migmatites and S-type
granites of the Papuk Mts. Small-sized I-type
granite bodies contain juvenile pegmatites, and
locally skarns and syn-kinematic and post-kine-
matic quartz secrete veins and lenses in the
schists. Numerous small deposits of graphitite,
meta-antracite and D2 graphite occur in the Psunj
Mts (Slavonian Mts, TS, Fig. 1; Jurkovic 1995).
Small ortho-amphibolites of back-arc basin affi-
nity and Alpine-type ultramafics in South Tisian
Barrovian-type sequences provide evidence for the
Prototethyan oceanic crust generation. The main
compressional event took place by the end of
Namurian and Westphalian time (310-320 Ma),
followed by the closure of the Prototethys, uplift
and exhumation of the Variscan orogenic belt and
termination of the Variscan cycle. The final phase
is characterized by subsidence of the carbonate
platform and accumulation of syn-orogenic flysch
(Jurkovic & Pamic 2001; Pamic & Jurkovic
2002).
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Fig. 2. The most important ore deposits related to Variscan and Alpidic cycles.Alpidic cycle. A Ore deposits related
to Early and Mid-Triassic rifting: 1, Mezice; 2, Idrija; 3, Gorski Kotar; 4, Radovan Mts, 5, Kovac Mts; 6, Suplja
Stijena; 7, Vares; 8, Cevljanovici.Variscan cycles. • Intramontane trough deposits: 1, Zirovski vrh; 2, Skofje; 3,
Hrastno; 4, Bukovica; 5, Gorazde-SEB. 0 Post-collision deposits:.1, Sava-Fold; 2, Petrova G. Mts; 3, Lika; 4, Una-
Sana; 5, Kresevo -MBS Mts; 6, Praca. A Subduction collision deposits: 1, Jesenice; 2, Samoborska G. Mts; 3,
Trgovska G. Mts; 4, Ljubija; 5, Sinjakovo MBS Mts; Rifting phase deposits: 1, Remsnik; 2, Medvednica; 3, Kljuc;
4, Dusina MBS Mts; 5, Drina-Ivanjica; 6, Tajmiste (western Macedonia).

Post- Variscan formations

The Variscan basement is disconformably overlain
by younger post-Variscan formations. The post-
Variscan formations of the Dinarides and the
adjacent South Tisia display a prominent facies
differentiation. Tectonic activity, which took place
after the main Variscan deformation, gave rise to
regional, differentiated regression and to transcur-
rent faulting in the exhumed Variscan orogeny.

Middle Carboniferous (C2) hosts numerous
stratabound siderite ± ankerite deposits and Upper
Carboniferous (C 3 ) rocks (shales, silts, sandstones
and carbonates) as beds, lenses, bedded veins or
massive bodies (Jurkovic 1961; Juric 1971;
Palinkas 1988; Jurkovic & Palinkas 1996). The

most important ones are found in the Ljubija ore
district in the Una-Sana Palaeozoic terrane (C2,
US, Fig. 1). Siderite deposits with chalcopyrite
occur in Sinjakovo (C2, MB) and in the Trgovska
Gora Mt. (C2, Gradski Potok deposit, T, Figure 1),
silver-bearing galena was mined in Zrinj deposit
(C2, T, Fig. 1), and medium-sized siderite deposits
occur at Jesenice and Vitanje (C3, Slovenia,
Jurkovic 1995).

Beside siderite deposits, the largest barite de-
posits of the Dinarides are found in post-Variscan
formations. Devonian carbonate rocks and pre-
Devonian schists of the Mid-Bosnian Schist Mts
host the most important ores. The gold-silver-
bearing, mercurian tetrahedrite (schwazite) is
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the main ore mineral and contains 20-50 gt-1

Au, 0.08-0.21 wt% Ag and 1.5-16.0 wt% Hg
(Jurkovic 1960). Barite deposits in the Devonian
carbonate rocks contain BaSO4 as the major con-
stituent along with abundant tetrahedrite. Some of
the deposits in the pre-Devonian schists locally
contain siderite in significant amounts. In such
deposits tetrahedrite is the main ore mineral, with
25-65 wt% in the siderite crude ore and with 10-
15 wt% in the barite crude ore (Mackara and
Mracaj copper deposits near Gornji Vakuf, Central
Bosnia; Jurkovic 1956, 1960).

Other barite deposits, mostly monomineralic,
occur in SE Bosnia, in the area of Praca-Foca
(SEB, Fig. 1) and in the Una-Sana Palaeozoic
terrane (US, Fig. 1). Palaeozoic sediments in the
adjacent Trgovska gora Mts (T, Fig. 1) contain
small, almost monomineralic barite deposits lo-
cated only in Carboniferous strata. Large, mono-
mineralic barite veins were found in the eastern
part of the Petrova Gora Mts (P, Fig. 1; Jurkovic
1958). Concordant and discordant lead, zinc, mer-
cury, antimony and iron ore veins with different
proportions of quartz, calcite and barite as gangue
minerals, occur along the 100 km long Sava Folds
Zone (SF, Slovenia, Fig. 1). These veins were
generated prior to sedimentation of Groeden elas-
tics and are genetically related to the presumed
Lower Permian rhyolitic magmatism (Drovenik et
al. 1980; Mlakar 1993). In the Lika area (L, Fig.
1), Middle Carboniferous shales contain primary,
syn-sedimentary barite-pyrite deposits. Upper
Carboniferous limestones are cross-cut by lenses,
irregular bodies and veins of remobilized barite
(coarse-grained) and dolomite (Palinkas 1988).

Of particular interest are small and middle-sized
epigenetic polymetallic ore deposits in the area of
Busovaca-Fojnica-Kiseljak-Kresevo (MB) most-
ly with pre-Devonian host rocks. The ore deposits
are closely associated in space and time with calc-
alkaline rhyolitic magmatites. Extrusions and hy-
pabyssal intrusions formed during the uplift of the
Mid-Bosnian Schist Mts from Early Carboniferous
through Early Permian. Katzer (1925), Jurkovic
(1956), Jeremic (1963) and Hrvatovic (1996)
confirmed the presence of rhyolitic pebbles in the
Middle-Upper Permian basal conglomerates in
the Mid-Bosnian Schist Mts.

Mid-Late Permian ore-forming events

There is a group of post-Variscan deposits whose
genesis time is not in dispute, but is worth
mentioning. Peneconcordant, epigenetic, sedimen-
tary, red-bed type deposits of uranium (Zirovski
Vrh, Slovenia) and copper (Skofje, Slovenia), were
formed within braided river environment in Mid-
Permian time (Drovenik et al. 1980; Omaljev

1982; Palinkas 1986). Stratiform, low-manganese
deposits near Hrastno (Slovenia) and the Bukovica
hematite deposit in the Petrova gora Mt (Croatia)
were formed at the same time (Cop et al. 1998).
The lower part of the Upper Permian sediments,
below the Bellerophon limestone formation, com-
prises numerous, stratiform gypsum-anhydrite
deposits in Croatia and Bosnia-Herzegovina
(Jurkovic & Siftar 1995).

A lpidic formations

Alpine rifting magmatism took place on the
Variscan basement of Pangaea. The magmatic
activity produced intrusive rocks, mostly diorite
and albite-syenite, with subordinate gabbro, al-
bite-syenite and granite-granodiorite. More abun-
dant volcanics are andesites, dacites and basalts,
accompanied by volcanic breccias and tuffs. They
are interlayered with marine Upper Permian and
Scythian, primarily clastic sediments and Anisian
to Norian, predominantly carbonate, alternating
with shales, cherts and subordinate sandstones.
The most intense volcanic activity occurred during
the Ladinian (Pamic 1984).

The Triassic ore deposits are located in hypa-
byssal intrusive and the volcano-sedimentary for-
mations as well as in adjacent rocks composed of
Palaeozoic, Scythian and Anisian sediments. The
ore deposits predominantly contain iron, manga-
nese, barium, mercury, lead and zinc ores, with
minor content of copper and fluorine minerals
(Jankovic, 1955; Jurkovic & Pamic 1999; Palinkas
et al. 1993). The most important genetic and
paragenetic types of the deposits, which are hosted
by Triassic rocks, are presented in Figure 3.

Discrimination criteria

Differences in geotectonic settings between
ore deposits hosted by Triassic and
Palaeozoic rocks

Triassic host rocks.. During Late Permian and
Early Triassic times, an extensive intra-continental
rifting phase took place and finished in the
development of multiple graben-horst structures
and parallel-sided rift valleys. The Scythian stage
in the Dinarides is characterized by shallow-water
sedimentation in horst-graben structures. The
Anisian stage is characterized by subsidence and
widening of the narrow and elongated horst-
graben structures and locally by uplift of separate
blocks. Subsidence continued into Ladinian time,
followed by deposition locally of carbonates and
shales. Strong igneous activity occurred along rift
faults, often associated with the formation of
volcano-sedimentary complexes.
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Fig. 3. Paragenetic types hosted by Triassic and Palaeozoic rocks.(a) Triassic rocks: 1, Ladinian-Anisian stratiform
siderite + hematite ± barite deposits, type Vares (CB); 2, gabbro-diorite skarns with magnetite 4 hematite 4 pyrite
± pyrrhotite (Radovan Mts, Tovarnica-MBS Mts and Cajnice-SEB); 3, stratiform hematite ± manganese oxides
(Konjic, Prozor, Bugojno-MBS Mts); 4, stratiform manganese oxides, type Cevljanovici (CB), Buzim (US); 5,
stratiform barite + pyrite + sphalerite deposits in cherts, shales, tuffites, type Rammelsberg (Rupice-MBS Mts); 6,
intraformational polymictic breccia with barite 4 galena + sphalerite (Veovaca, Srednje, Maine-CB); 7, stratabound
mineralized dolomite horizons with quartz 4 barite + galena + sphalerite + pyrite (Borovica, Maine, Srednje-CB);
8, hydrothermal cinnabar deposits (veinlets, nests impregnations) (Podljubelj-K, Idrija SF), Trsce-G, Drazevici-
CB, Kresevo -MBS Mts); 9, volcanic-hydrothermal veins and disseminated galena-sphalerite-pyrite deposits
within quartz-keratophyre (Suplja Stijena-Montenegro); 10, volcanic ± volcanic sedimentary hydrothermal massive
sphalerite 4 galena + pyrite deposits (Brskovo-Montenegro) located conformably in layered tufT-pyroclastics-
volcanic sequence of keratophyre. (b) Palaeozoic rocks: 11, stratabound (C2) siderite ± ankerite (L jub i ja -US) ; 12,
stratabound (C2) siderite + chalcopyrite ± galena ± sphalerite (Gradski Potok-T, Sinjakovo-MBS Mts); 13,
Stratabound (C2) siderite + silver -bearing galena ± sphalerite ± chalcopyrite (Zrin, Catrnja-T); 14, gold-bearing
pyrite-siderite veins in metarhyolites and Pz-schists; 15, veins and nests of quartz 4 siderite 4 sphalerite 4 galena 4
magnetite + molybdenite + cassiterite + stannite (Fojnica-MBS Mts); 16, quartz veins in ottrelite schist with
antimonite + sphalerite + wolframite + silver-bearing lead-antimony sulphosalts (Cemercica -MBS Mts); 17,
quartz veins and nests with realgar + orpiment + fluorite (Hrmza-MBS Mts); 18, barite veins and irregular bodies
± quartz ± siderite ± accessory copper-iron-lead-zinc sulphides (Petrova Gora M t s - P , Blaga j -US, Jezero,
Sabeljine pecine, Smiljeva kosa, Ljetovik-MBS Mts, Praca -Foca-SEB, Kovac Mts-Montenegro); 19, siderite +
barite veins in pre-Devonian schists ± calcite + gold-silver-bearing mercurian tetrahedrite (Gornji Vakuf MBS Mts);
20, barite metasomatic irregular bodies and veins in Devonian dolomites with calcite ± fluorite ± siderite ± pyrite 4
gold-silver-bearing mercurian tetrahedrite (Kresevo -MBS Mts).

Associated groups of mineral deposits include:

1 Mineral deposits related to plutonic-hypa-
byssal intrusions

Skarns within the contact zone of intru-
sion and surrounding rocks (Fig. 3, No. 2)
Hydrothermal replacement deposits situ-
ated some distance from intrusion (Fig.
3, No. 3)
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Hydrothermal vein deposits (Fig. 3, No. 9)
Volcano-sedimentary deposits (SEDEX)

Manganese oxides (Fig. 3, No. 4)
Pyrite-barite-siderite -hematite, Vares
type, (Fig. 3, No. 1)
Massive Fe, Pb, Zn sulphides (Fig. 3,
No. 10, Jankovic 1955, 1987)
Cinnabar (Fig. 3, No. 8)
Polymetallic barite (Fig. 3, Nos 5, 6,
7).The majority of deposits belonging to
the Alpidic cycle mark parageneses rich
in sulphosalts of Cu, Pb, Zn, Sb and As
(Jurkovic & Pamic 1999; Jurkovic &
Palinkas 1996).

These deposits are very rarely found in the
adjacent Upper Palaeozoic rocks that occur almost
within the Lower and Middle Triassic rocks
(tectonic situation).

Palaeozoic host rocks. The most prominent feature
of mineralization within the Palaeozoic Mid-Bos-
nian Schist Mts is a lateral zoning of mineral
parageneses controlled by thermal gradients
around huge masses of calc-alkaline rhyolites.
There is a broad span of temperature zones, from
pneumatolytic-katathermal mineralization with
Sn, W, Mo, Li, F, B accessory minerals, mesother-
mal with silver-bearing antimonite, Pb-Sb sulpho-
salts and gold-bearing pyrite, and epithermal
deposits with As-sulphides, melnicovite pyrite and
hexahedral fluorite. It indicates a decreasing tem-
perature profile away from the intrusive rhyolitic
body. Unusual genetic and paragenetic types of
ore deposit, unique in the Dinarides, hosted by
Devonian dolomites, pre-Devonian schists and by
Upper Palaeozoic rhyolites, are barite-siderite
vein and replacement deposits with Au-Ag-Hg
tetrahedrite as the main mineral. This Variscan
mineralization can be distinguished easily from
the neighbouring Alpidic mineralization, which
occurs within the Triassic gabbro-diorite intrusion
as skarn-related and distinctive hydrothermal iron
deposits.

The siderite ± ankerite deposits are character-
ized by evidence of an affiliation during the
Variscan orogeny based on the following observa-
tions: (a) stratabound position within Carbonifer-
ous sediments, (b) conformable beds, lenses,
lensoid veins, (c) relics of primary sedimentary
structures in the Ljubija deposits (UnaSana Pa-
laeozoic, US, Fig. 1; Jurkovic 1961; Juric 1971),
(d) simple parageneses, (e) association with rhyo-
lite sills cross-cut by Triassic intrusions of diabase
composition (Sinjakovo deposit, MB, Fig. 1;
Katzer 1925; Jurkovic 1995).

Numerous Pb, Zn, Cu, Fe and Sb veins with
different proportions of quartz, calcite, and barite

as gangue minerals (Sava Folds region, SF, Fig. 1)
are situated in the b2 unit (Westphalian A-zone) of
Mid-Carboniferous age, below the Asturian un-
conformity (Mlakar 1993). Barite and barite-side-
rite deposits in the Petrova Gora Mt spatially
belong to Lower Permian sandstones and to poly-
mictic conglomerates (Jurkovic 1958).

Isotope composition

Isotopic compositions of sulphate sulphur of strati-
form gypsum-anhydrite deposits in Upper Per-
mian and in Middle Triassic sediments are
compared with the values of sulphate sulphur of
hydrothermal barites from deposits hosted by
Palaeozoic and Triassic rocks. Figure 4a presents

34S values of 65 Upper Permian gypsum-anhy-
drite samples taken from over 20 localities in
Croatia, Bosnia and Herzegovina. The arithmetic
mean value is + 11.02% . Figure 4b shows the
results of 117 barite samples from barite deposits
from Palaeozoic sediments and metarhyolites.
Samples were taken from deposits located in the
Sava Folds terrane (SF, Slovenia,), the Samoborska
Gora Mt. (SG), the Petrova Gora Mt. (P) and Lika
(L) all in Croatia; in the Una-Sana Palaeozoic
terrane (US), in SE Bosnia (SEB), and in the Mid-
Bosnian Schist Mts. (MB, Fig. 1). The arithmetic
mean value is + 10.79% (Siftar 1981, 1984, 1988;
Kubat et al. 1980). Figure 4c presents the results
of 31 samples of Scythian and Middle-Upper
Scythian gypsum-anhydrite deposits from Dalma-
tia and Bosnia. Their mean 34S value is
+20.45%o (Jurkovic & Siftar 1995). Figure 4d
shows 34S values of 56 barite samples of deposits
located within Triassic rocks. Their mean value is
+21.69% (Siftar 1982, 1986).

The following persuasive conclusions can be
drawn from the sulphur isotope data.

(1) Barites hosted by Triassic strata tend to
increase to heavier sulphur isotope values than
barites in Palaeozoic rocks. This is illustrated by
three examples, (i) In the Petrova Gora Mt (P),
numerous barite vein deposits, hosted by Lower
Palaeozoic rocks give a mean 34S value of
+8.7% (Siftar 1984). An epigenetic barite vein,
however, cutting the stratiform hematite deposits,
located in the Middle Permian Groedden forma-
tion at Bukovica (the same region), has a value of
-t-19.5% . (ii) Mono-mineralic barite veins in the
Vares region, Central Bosnia (CB), within a small
Palaeozoic window, have 34S values ranging
between +12 and 14% , while surrounding poly-
metallic barite deposits, hosted by Triassic rocks,
yield 34S values from +20 to +24% . (iii) Barite
deposits hosted by Palaeozoic rocks (from Silurian
through Lower Permian) in SE Bosnia (SEB) have

34S values around +12% , while barite deposits,
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Fig. 4. 34S values of: (a) Upper Permian evaporites; (b) barites hosted by Palaeozoic rocks; (c) Triassic evaporites
and (d) barites hosted by Triassic rocks.

hosted by Triassic rocks, in the very vicinity of
the former ones (the Kovac Mt) have markedly
heavier sulphur isotopes with 34S values of
+22% .

(2) Sulphur from buried Permian evaporates,
Permian seawater, or partially evolved Permian
evaporitic brines, may include a contribution with
the isotopic composition of the post-Variscan
barite deposits. A possible alternative would be a
mixture of sedimentary sulphur in the barites, with
a strong mode at +11% , derived from the Palaeo-
zoic pile. This possibility, however, is unlikely,

since it should have a regional characteristic,
persistently constant in the post-Variscan barite
deposits, stretching along the Dinaridic belt for
more than 700 km. The conformable sulphur iso-
tope composition of the barite and evaporate
deposits is interpreted as a result of ore-forming
and evaporitic processes occurring at the same
time, or with a slight delay in their operation.

Figure 4c shows a bimodal distribution of iso-
tope values for Permo-Scythian and Middle-
Upper Scythian evaporates. The data set increasing
from +12 to +28% in a geologically short time is
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the well-known dramatic change of the seawater S-
isotope values at the Permian-Triassic transition.
Clearly, an irregular frequency distribution has
been achieved by gathering biased data that do not
cover the whole time-span from Permo-Scythian
to Mid-Late Scythian. Figure 4d presents two data
sets with bimodal distribution, which correspond to
the Lower (Gorski Kotar, G) and Middle Triassic
barite deposits (Central Bosnian). The first group
( 34S +19.0% ) consists of 11 samples of the
Lowermost Triassic stratabound pyrite-barite de-
posit in Gorski Kotar, Croatia (Sabkha type,
Palinkas 1988; Palinkas et al. 1993) and Middle
Triassic stratiform Pb-Zn-Fe sulphide deposits in
Central Bosnia dominate the second group. Their
mean 34S value of+21.15% (39 samples) is close
to those evaporates of Mid-Late Scythian age
(Jurkovic & Pamic 1999).

Comparing the results ( 34S values) from Fig-
ures 4a-d for the barite deposits in dispute, one
important conclusion leads to the interpretation
that the two distinctive groups of deposits with
sulphur isotopes constrained to Permian and Trias-
sic seawater is represented by time-equivalent
evaporates.

SrSO4 content in barites

The content of SrSO4 in barites may be another
discrimination criterion obtained by optical emis-
sion spectroscopy and wet chemistry and PIXE
(Jurkovic 1987; Siftar 1988; Slovenec et al 1997).
The Palaeozoic rocks in the Mid-Bosnian Schist
Mts (MB) contain the largest deposits of barite.
Less important (in quantity) are barite deposits
within Triassic rocks in the Central Bosnia
(Ramovic 1976; Jurkovic & Pamic 1999). The
mean value of 120 samples from the former barite
district is 5.20% SrSO4. Some of the barite
deposits, south and east of Kresevo, contain in-
creasing SrSO4 content (celestobarite): Gusta
Suma 8.1-8.6 mole%, Dubrave-Dugi Dol 8.7
mole%, Martinovac 9.6 mole%, Bijele Jame
12.8mole% and Kolovoje 17.6mole%. In con-
trast, the barite deposits (29 samples) from Trias-
sic rocks in Central Bosnia show a mean value of
2.7mole% SrSO4 (Slovenec et al. 1997; Jurkovic
& Pamic 1999). The varying strontium content
reflects their different evolution probably in two
tectonic settings. The former are related to the
Permian rhyolites and Palaeozoic host rocks, while
the latter may be part of the Triassic volcano-
sedimentary sequences.

Pamgeneses of ore deposits

There is a great difference between the mineral
parageneses of the Palaeozoic and Triassic depos-

its (Fig. 3). The main paragenetic differences
between Variscan and Alpidic cycles can be sum-
marized:

1 manganese, as well as larger lead-zinc, mag-
netite, hematite deposits are missing within
Palaeozoic rocks

2 Triassic rocks are devoid of copper, anti-
mony, silver-bearing galena, Pb-Sb sulpho-
salts, gold-silver bearing pyrite and gold-
silver-mercury bearing tetrahedrite deposits;
the last mentioned is exclusively in the
Palaeozoic host rocks (Jurkovic 1957)

3 lack of Sn, W, Mo, Li, B and F-bearing
minerals in Triassic host rocks

4 barite deposits within Palaeozoic rocks have
a simple paragenesis-barite (90-99 wt%
BaSO4), quartz and siderite are scarce, acces-
sories are Cu, Pb, Zn sulphide (exception is
Au-Ag-Hg tetrhedrite in the Mid-Bosnian
Schist Mts)

5 in contrast, barite within Triassic rocks oc-
curs only as subordinate gangue mineral
(10-15wt% BaSO4, rarely more than 30-
50 wt%) associated with dolomite, calcite,
quartz, and pyrite; ore minerals are galena
and sphalerite with numerous accessory sul-
phides and sulphosalts

6 the Triassic rocks contain stratiform and
stratabound deposit types, such as beds,
bedded lenses, intercalated breccias and ore-
bearing dolomite horizons; the Palaeozoic
rocks are characterized by veins and irregular
replacement bodies.

Physico-chemistry of ore forming fluids

Ore-forming fluids circulating during late Variscan
and early Alpidic metallogenic periods differed
due to the highly diversified genetic condition in
different geotectonic environments. While the for-
mer were primarily sub-terrestrial, the latter were
mostly products of the advanced rifting as volca-
no-sedimentary deposits. The contributions of
connate, meteoric, magmatic and metamorphic
waters resulted in a wide spectrum of ore fluids.
In spite of the complexity of fluid chemical
compositions, microthermometric data revealed
two distinctive groups of solution systems of
regional extent, as already indicated by the 34S
values of barite. Influences of Permian and Trias-
sic seawaters and their evaporitic products on the
formation of ore fluids are conceivable. A sys-
tematic fluid inclusion (FI) analysis of ore and
gangue minerals from the major Dinaridic depos-
its of both metallogenic cycles provides a convin-
cing criterion for their discrimination.
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Variscan fluid systems. The most prominent late
Variscan and post-Variscan mineralization in the
Internal Dinarides consists of numerous siderite
(± ankerite) deposits in Palaeozoic sedimentary
host rocks and mercurian tetrahedrite-bearing
siderite-barite deposits related to metarhyolites in
the Mid-Bosnian Schist Mts (MB). Among the
best-studied deposits of the former are those in
the Petrova Gora Mt (P), the Trgovska Gora Mt
(T), and the Ljubija ore district (US), and Kresevo
area (MB) (Palinkas & Jurkovic 1994; Palinkas
1988).

Fluid inclusions in quartz from the Trgovska
Gora have the following characteristics (Fig. 5a):
Liquid (L) plus Vapour (V) type predominates
with minor metastable FIs (L); degree of filling is
uniform, and density of fluids is close to 1 gcm - 3 .
Temperature of first melting, Tfm, is between -18
and -33 °C, indicating a relatively pure NaCl-
H2O fluid system with observed meta-stable eu-
tectic temperature of halite. Temperature of last
melting of ice, Tmice, is between 0 and -9 °C with
a maximum frequency at -5 to -8 °C. Homogeni-
zation temperature, TH, is between + 90 and
+250 °C, with two maxima at +140 and +240 °C.
Salinity is between 0 to 12 wt% NaCl equivalent,
with maxima between 5 and 11 wt% NaCl equiva-
lent. Salinity is higher in the ubiquitous FIs with
halite daughter minerals (carbonates are present as
well). The data are comparable to other Variscan
fluid systems involved in the formation of the
barite-siderite deposits in Central Europe (Behr
& Gerler 1987; Behr et al. 1987; Klemm 1994).
Fluid inclusions in quartz from the Petrova Gora
Mt. (P, Fig. 5a), give similar results. The presence
of (Lw + Lco2 + V) is recorded as well. Salinity
ranging between 2-17 and 19-22 wt% NaCl
equivalent suggests involvement of saline brines.
Daughter minerals are the same as in the Trgovska
Gora Mt.

Quartz crystals occurring with texturally differ-
ent siderite ores (dark massive, zebra, light sparry
in veins), from the Ljubija ore district, within the
neighbouring Una-Sana Palaeozoic terrane, show
a broad range of salinity between 2 and 23.4 wt%
NaCl equivalent, and even higher due to the
presence of halite daughter minerals. This indi-
cates mixing of different fluid types, probably
formational brines and meteoric water (Fig. 5b).

The deposits in the Samoborska Gora Mt (SG)
and Bistra (M, Fig. 1), being of the same type of
siderite-barite mineralization, located in the ex-
tension of the Internal Dinarides into the Zagorje-
Mid-Transdanubian zone, show similar character-
istics.

Leachates, determined by ion chromatography
on minerals from all the deposits mentioned
above, expressed as Cl/Br and Na/Br ratios, sug-
gest a contribution of halite-saturated waters de-
rived from Permian evaporitic lagoons or pools,
rather than water percolating through buried Per-
mian evaporates. A ternary diagram (Fig. 6), of
Ca, Na, K X 10 in mol%, shows an increasing
trend of Ca content from the Variscan to the
Triassic ore-forming fluids.

The ore deposits of Mid-Bosnian Schist Mts
(MB), Central Bosnia, are represented by the
Kresevo and Cemernica mineral deposits (Fig.
5c). FI studies were performed on quartz, barite
and fluorite crystals. There are two distinctive
fluid systems. (1) A metamorphic, retrogressive
one, generated during exhumation of the Dinarides
in Miocene time, overprinting the FI system of
primary ore related fluids. The primary FIs in the
Kresevo ore deposit show the following character-
istics (Palinkas & Jurkovic 1994): the presence of
FIs (L), (L + V), (L + V + S1 + S2 + S3). The
solid phases S1 & S2 are carbonates and S3 is an
opaque mineral. The degree of filling (L/(L + V))
is 0.92 and the Th is 190-310 °C with data grouped
around +250 °C. All inclusions homogenize into
the liquid phase. 7fm shows three maxima, at -51,
-30 and -21 °C. The eutectic temperatures, to-
gether with a pale brown colouration of the frozen
content of FIs, obtained after metastable cooling,
suggest a NaCl-CaCl2- (±MgCl2)- H2O fluid
system. The last melting phase was hydrohalite
and Tm is between -22 and +4 °C. Salinity is
between 24.2 and 26.3 wt% NaCl equivalent. The
presence of chloride daughter minerals, which
failed to dissolve on heating due to sample
decrepitation, confirms a high salinity of the
fluids.

The fluids in quartz from the Cemernica deposit
are aqueous and aqueous-carbonic. Their P-T-X
characteristics reveal a complex geological history
of the area. The primary ore-forming fluids are
expressed as aqueous (L + V) FIs, with a uniform

Fig. 5. Fluid inclusion microthermometry reveals differences between ore fluids related to the Variscan and Alpidic
metallogenic cycles, (a, b) Variscan siderite-barite deposits Petrova Gora Mt., Trgovska Gora Mt and Ljubija,
characterized by great salinity variations, abundant daughter minerals, and homogenization temperature between 150
and 450 °C. (c) Characteristics of fluid inclusions in minerals from the Mid-Bosnian Schist Mts, Kresevo and
Cemernica. Aqueous-carbonic retrogression, operating during exumation of the Dinarides in Miocene time, overprints
the Variscan ore forming fluid system, (d) Characteristics of typical Triassic SEDEX deposits, Idrija and Vares. Ore
fluids have low salinity and low homogenization temperature (60-180 °C). Their chemical composition is dominated
primarily by NaCl-CaCl2-H2O.
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Fig. 5.
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Fig. 5. (continued)

degree of fill and Tfm between -24 and -32 °C
(maximum at -25 °C). A perfectly clear content
of FIs (after freezing) and eutectic temperature
(Te) point to the presence of fluids in the NaCl-
KC1-H2O system. The ion chromatography data
in the neighbouring deposit of Rastelica confirmed
the observation (Fig. 6). Tmice between -16.6 and
-11°C is equivalent to between 14.0 and
20.2 wt% NaCl. Th into the liquid phase is be-
tween 150 and 230 °C (max. 190 °C). The second-
ary carbonic FIs, NaCl-H2O-CO2 (+CH4, N2),
were formed during exhumation of the Dinarides
by retrogressive metamorphic fluids in Miocene
time, as determined on the minerals from the
Alpine veins (Strmic et al. 2000).

Alpidic fluid system. The metallogenic evolution
in the Dinarides during the Triassic reflects ad-
vanced Tethyan rifting and favoured the formation
of SEDEX type deposits. The Idrija mercury mine
in Slovenia as well as the Vares siderite-hema-
tite-barite-pyrite mine in Central Bosnia repre-
sent two well-known SEDEX-type deposits. The
Idrija deposit is a stratiform, monomineralic mer-

cury deposit in Middle Triassic volcano-sedimen-
tary formations with well-developed feeder zones
within Upper Palaeozoic and lower Triassic sedi-
ments. FIs in quartz and cinnabar crystals from
Idrija have the following characteristics (Fig. 5d):
(L + V + Sanisot), (L + V), (L) and solid inclusion
(Scinnabar) types predominate. Tfm is around -
52 °C. Tmhyd spans between -20.5 and -25.7 °C
and Tmice is between -1.5 and -8.9 °C, while the
salinity is varying between 2.1 and 5.8 wt% NaCl
equivalent. The NaCl/CaCl2 ratio is between 0.57
andl.58. Thtot into the liquid phase shows an
interval between 160 and 218 °C.

The chemical composition of ore-forming fluids
in Idrija is rather simple. They are low or a
moderately saline CaCl2-NaCl-H2O fluids, which
may be a result of seawater circulation between
sediments and basalts. Fluids with the same
characteristics were found within hydrothermal
veins cross-cutting metabasalts and in the Triassic
volcano-sedimentary rifting formation of the
Hruskovec, Zagorje-Mid-Transdanubian zone.
The stratiform pyrite-barite-siderite-hematite
deposit of Vares, exposed in a volcano-sedimen-
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Fig. 5. (continued)
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Fig. 5. (continued)
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Fig. 6. Ternary diagram Ca, Na, K X 10, in mole%,
shows an increasing trend of Ca content from the
Variscan to the Triassic ore forming fluids.

tary sequence of Ladinian age in the Internal
Dinarides of Central Bosnia, represents another
important type of the Triassic deposits.

FIs in barite can be classified into: (i) primary
(L + V) with a degree of fill between 0.75 and
0.9. Tfm between -59.0 and -52.0 °C indicates a
CaCl2-NaCl-H2O system. Tmhyd is between
-28.5 and -25.0 °C, Tmice -2.5 and -1.2 °C and
salinity between 2.1 to 4.2 wt% NaCl equivalent
and (ii) rear (L+V) FIs with a filling degree of
0.5. UV microscopy confirmed the presence of
hydrocarbons within the FI 7h measured in spha-
lerite and barite is between +60 and +160 °C. Ion
chromatography on fluid leachates confirmed a
fluid chemistry close to the seawater, with respect
to the Cl/Br ratio.

Conclusions

The increased quantity of geochemical data for
ore deposits in the Dinarides enables new insight
and interpretation into the geotectonic processes
(in space and time) as well as for the ore
formation processes. The Dinaridic geotectonic
units are placed close together, often in allochtho-
nous positions, and were intensively modified by
thrust and nappe tectonics. This leads to problems
in determining the time of formation of ore

deposits, and their proper affiliation to the main
metallogenic events in the Dinarides. This paper
has used geochemical and paragenetic differences
to classify ore deposits formed in Palaeozoic or
Triassic times. These characteristics have been
applied as discrimination criteria: tectonic settings
of the deposits, sulphur isotope 534S values in
hydrothermal barite deposits, content of SrSO4 in
barites, composition of ore parageneses, physico-
chemistry of ore-forming fluids in the fluid inclu-
sion systems of ore and gangue minerals. The
discrimination method may need further discus-
sion. Probably more detailed studies of specific
ore deposits will lead to improved interpretation
of the ore formation processes.

The authors wish to express their gratitude to the
reviewers. Many thanks go to Jens Schneider for careful
examination of the manuscript, valuable suggestions,
corrections and improvement of the language, which
made the text more transparent and readable.
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Example of a structurally controlled copper deposit from the
Hercynian western High Atlas (Morocco): the High Seksaoua
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Abstract: The mineralized district of the High Seksaoua (Western High Atlas, Morocco) is
characterized by a lithological succession marked by an alternation of schists and limestones
attributed to the Cambrian and affected by at least five deformational events. The copper
mineralization herein analysed is systematically localized close to a dolomite/black schist level
in which a top-to-the-NNW decollement-type tectonics (Dd) has been identified. We demon-
strate that the economic mineralization is a syn-tectonic stockwork formed in response of this
top-to-the-NNW shearing event (Dd). This tectonic event can be reasonably correlated with the
late Hercynian tectonics responsible, in the same area, for the Tichka granite emplacement at c.
291 ± 5 Ma, also under the control of a NW-SE shortening direction. Indeed, the Tichka
granite represents a good candidate to explain the origin of the mineralized fluid. Such an
hypothesis is confirmed by the Permo-Triassic age (c. 270 Ma) given by 40Ar/39Ar dating
realized on white micas related to the stockwork formation (this study). This important result
questions the syn-genetic interpretation accepted until now for this mineralization and allows us
to propose a new model of formation for this kind of deposit that could contribute to
exploration programmes.

The more popular model for explaining polyme-
tallic or metallic mineralization which generally
occurs interbedded between two sedimentary le-
vels was that of the massive sulphide deposit
subdivided into volcanic-associated massive sul-
phide deposits (e.g. Franklin et al 1981; Lydon
1984) and sedimentary exhalative massive sul-
phide deposits (e.g. Russell et al. 1981; Large
1983; Lydon 1996). These kinds of deposits were
frequently linked with huge and important eco-
nomic concentrations within the world (i.e. the
Iberian Pyrite Belt, e.g. Leistel et al. 1998;
Carvalho et al. 1999; the Kidd Creek deposit,
Ontario, Canada, e.g. Barrie et al. 1999; Jackson
& Fyon 1991, the Windy Craggy Besshi-type
deposit, British Columbia, Canada, Peter & Scott
1999, or the Urals deposits, Prokin & Buslaev
1999). Moreover, every occurrence of stockwork
or mineralized veins within the vicinity of such
deposits has been systematically interpreted in
terms of a feeder zone (e.g. Lydon 1984, 1988;
Gibson & Kerr 1993; Nehlig et al. 1998). Because

this kind of mineralization formed relatively early
during the geological history of a selected area, it
was inevitably affected by subsequent tectonics
and metamorphism, which cannot be excluded
from the determination of the typology (geometry,
remobilization) of the deposit. This notion has not
been considered in numerous works, even though
several studies highlight the significant role of the
deformation within the formation process of poly-
metallic deposits (e.g. Brill 1989; Aerden 1994;
Nicol et al. 1997). The importance of significant
remobilization due to such mechanisms appears to
be frequently underestimated, mainly because eco-
nomic geologists focus their analysis on stratiform
and huge mineralization that predated the defor-
mation.

We present, in this work, a case-study of copper
mineralization from which the model of formation
cannot be understood without the intervention of a
late-orogenic tectonic event. This example repre-
sents for us a typical case in which the syn-genetic
model cannot explain the concentration of copper.

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 247-271.
0305-8719/02/$ 15.00 © The Geological Society of London 2002.
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It also represents an instructive study in which the
presence of stockwork cannot be systematically
linked with the occurrence of feeder zones. A syn-
tectonic stockwork formation associated with hy-
drothermal and remobilization processes seems
here to be responsible for the economic copper
concentration. This concept appears to be a very
crucial and significant goal of mineral deposit
studies within their orogenic context and its
recognition is essential for the identification of
this kind of orogenesis-related deposit. Effects on
exploration are also very important because ore
body distribution could then depend on the tec-
tonic style of the deformation related to the
mineralizing event.

Geological setting

General geology

The High Seksaoua district is located within the
western High Atlas, part of the Hercynian do-
mains of Morocco (Fig. la, b). This area is
reputed for its structural complexity and multiple
occurrences of barite and copper mineralization
(Fig. 1c) even if very few studies precisely
concerned with these deposits are available. Barite
occurs in two distinct forms; stratiform (the
Ousaga area) and near vertical veins (the Ifri
domain and surroundings) whereas copper is
supposed to occur as stratiform layers and related
stockworks (Rchid 1996; Rchid et al. 1996).
Copper has been exploited since the Almohades
times (twelfth century) and re-worked by the
SNAREMA Company during the 1960s. It is now
intensively studied by the SNAREMA - ANGLO-
AMERICAN consortium (CMS, Mining Company
of Seksaoua) in order to estimate reserves and to
undertake an intense and industrial exploitation.
The vertical barite veins, mined by the SNARE-
MA Company, presently represent the main activ-
ity of the area. Stratiform barite veins of the
Ousaga area have been abandoned as exploration
targets.

The Ifri copper mineralization is the largest and
more economic deposit of the area (Fig. 2a). Four
ancient galleries are still open and allow the
analysis of good outcrops. Other galleries are
available along the Bourichira copper rich layer
that corresponds to the same level as the Ifri
deposit. Additional copper occurrences visible in
the study area are represented by the M'Tili,
Tansmahkt and Amerdoul indices. All these sys-
tems are indicated within the general structural
map of the High Seksaoua district (Fig. 1c).

Lithological succession

The detailed lithological succession of the study
area shown on the map in Figure 2(a) is sketched
in Figure 3. From the base to the top, we
distinguish:

1 a lower calc-schist unit that is the lowest one
observed in the study area;

2 a discontinuous level of black schist system-
atically overlain by a grey dolomite layer 2 m
thick;

3 an upper calc-schist sequence with intercala-
tions of andesite sills and, towards the top,
limestone levels;

4 a thick pelitic-sandstone sequence;
5 a sericite-schist unit that forms the top of the

sequence.

All these units are cut by late NE-SW dolerite
dykes not represented in Figure 3 and supposed to
be late Hercynian in age (Ouazzani 2000). The
Tichka granite, also assumed to be late Hercynian
in age and emplaced during a tectonic shortening
event of NW-SE trend (Gasquet 1991; Lagarde &
Roddaz 1983), constitutes the southeastern limit
of our study area (Fig. 1c). This granite gives ages
of 291 ± 5 Ma by Rb-Sr and 283 ± 24 Ma by
Sm-Nd (Gasquet 1991). The age of 291 Ma is
retained in the literature because of lowest uncer-
tainty.

Copper mineralization occurs everywhere in the
vicinity of the dolomite/black schist levels. We
will describe in more detail the forms of occur-
rence in the section describing the ore bodies.
However, we can note that this systematic location
within or in the vicinity of a specific lithological
unit such as the grey dolomite has formed the
basis for previous interpretations which conclude
that the copper mineralization of the Ifri domain
is syn-genetic (Hmeurras 1995; Rchid 1996;
Rchid et al 1996).

Controversy exists concerning the age of the
lithological sequence presented here. Based on
facies analogy, these units have generally been
attributed to the Lower or Middle Cambrian
(Cornee et al. 1987; Schaer 1964; Termier &
Termier 1966). With the lack of fossil occur-
rences, it remains difficult to confirm this assump-
tion. A recent geochemical study has refuted this
age and interprets these units as Neoproterozoic
deformed during the Panafrican orogeny (c. 600-
500 Ma) (Ouazzani et al. 1998, 2001). Based only
on lithological and geochemical comparisons, this
interpretation remains questionable. We do not
present arguments in this study to resolve this
problem of age. However, we will see that defor-
mations described here are more easily compar-
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Fig. 1. (a) Location of the western High Atlas within the Hercynian domains of Morocco, (b) Simplified structural
map of the western High Atlas showing the localization of Palaeozoic terrains between the Imi-n-Tanoute and Tizi-n-
Test wrench faults (after Cornee et al. 1987). (c) Simplified geological and structural map of the High Seksaoua area
and surroundings. The locations of copper occurrences concerned in this study are indicated as well as the position of
the late Hercynian Tichka granite, southeastward of the study area.

able with the ones that affect the area during the
Hercynian cycle, in accordance with the works of
Cornee et al. (1987), Cornee (1989) and Tayebi
(1989). This point will be discussed in more detail
in the conclusions of the paper but a Cambrian
age for the lithological units appears to be the
more acceptable interpretation at this state of
knowledge.

Structural evolution of the High Seksaoua
and surrounding areas

The units described above are exposed within a
domain limited by two major extensional faults:
the Sembal fault to the south and the Tassa one to
the north (Fig. 2a). Although these faults presently
exhibit a normal motion, they could have had a
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Fig. 2. (a) Detailed geological and structural map of the central High Seksaoua showing the geological environment
of the Ifri and Bourichira deposits. The locations of the two samples selected for 40Ar/39Ar geochronology are
indicated, (b) East-west cross-section through the study area showing the geometry of the foliation and the
importance of folding, (c) Distribution of the schistosity and stratification within a lower hemisphere Schmidt
diagram. The effects of a north-south-oriented large-scale fold (D3) are detectable, (d) Distribution of the D1-related
stretching lineation and fold axes within a lower hemisphere Schmidt diagram.
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Lithostratigc*stw~ci.igraphy Nomenclature Choaracteristics

Sericite-sclmist:

elitic-sandstone

Calc-schist with
limestone

levels

Upper
Calc-sclmist:

Dolomite

Lower
Calc-sctiist

Black to grey schist with
intercalations of black:
limestone levels

Thick sandstone levels
(2m.)
Pelites
Few scarce limestone
millimetric levels

Green Pelites

Metric dolomitic limestone
levels sometimes reaching
2.m.
Occurrence of dissemina-
ted pyrites parallel to SO/S 1

Regular alternance of cen-
timetric levels of limestone
and schist with intercala-
tions of centimetric
limestone levels

Intercalation of andesitic
lava flows

Occvirrence; of quartz
nodule

Uncontinuous level
Alternating schist and

limestone
Occurrence of quartz
nodule parallel to SO/S1
Occurrence of dissemina-
ted pyrite

Alternance of decimetric
to metric limestone
levels

Millimetric to centimetric
alternances of schist and
limestone

Grey to black color

Occurrence of dissemina-
ted pyrites

Fig. 3. Lithological succession of the High Seksaoua area. Thicknesses of the different units are indicated even
though the real base of the entire column is not known.

more complex history of successive movements
during the polyphase tectonics that seems to have
affected the area. The location of one of these
faults with respect to the position of the Ifri
mineralized domain and barite veins trending
N120°E is indicated in the panoramic view of
Figure 4.

We have distinguished five types of tectonic
structures that we will describe in the following
section before attempting to define a relative

chronology among them. These events have been
essentially recognized within the domain limited
by the two major faults (see above) and repre-
sented on the detailed structural map of Figure
2(a). The effects of such tectonic events within
other mineralized areas such as the Amerdoul and
Tansmahkt domains will be discussed in the
appropriate part of the paper. A first remark may
focus on the fact that the area is not intensively
deformed because stratification can be easily
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Fig. 4. Large-scale view of the domain concerned in our study. The main barite lodes and large-scale faults are
indicated. The Ifri mine is marked.

recognized in several places (Fig. 2a, c) even
though a significant number of tectonic events
exist (at least five).

Structural analysis

Major ductile tectonics (D\). A first ductile tectonic
event was responsible for the formation of the
regional cleavage or schistosity (S1) that can obliter-
ate the S0 stratification. Associated with this event,
a stretching lineation developed with a preferred
orientation close to NE-SW (Fig. 2a, d) in areas not
affected by subsequent folds. This lineation does
not present a strongly penetrative character and does
not reveal, at first inspection, an intense shearing
rate. However, it appears well expressed within
carbonaceous levels in which intense isoclinal-
shape folds could be found (Fig. 5a). Numerous
shear criteria are associated with this D1-related
stretching lineation assigned to a transport direc-
tion. The more common are shear bands, which are
everywhere indicators of a top-to-the-SW verging
motion (Fig. 5b) whereas asymmetric porphyro-
clasts were also encountered with a consistent
vergence (Fig. 5c). Metamorphic conditions are
difficult to define because of the poor mineralogical
expression. The rocks commonly exhibit quartz,

carbonates and white mica and only few places
show the occurrence of biotite and scarce garnets
(i.e. Tansmahkt area). Indeed, metamorphic condi-
tions close to the upper greenschist facies are
supposed to prevail during D1 deformation.

East-verging knee-folds (D2). The second type of
structures is knee-folds with very regularly or-
iented north-south to N30°E axes (Fig. 2d). They
are systematically overturned towards the east
(Fig. 5d) and are very characteristic structures of
the study area. These structures are particularly
well developed within the lower and upper calc-
schist units even though some could be seen
within other lithologies in the area. Because a first
assumption may attribute these folds to the D1

event presented above, we have carefully analysed
relationships between knee-folds and top-to-the-
SW shear criteria as expressed in Figure 6. Both
shear criteria and stretching lineations are affected
by the knee-folds and found within each flank of
the folds. These relations demonstrate that folding
occurred later than the D1 ductile shearing. In-
deed, a sequence of deformation that initiates with
ductile shearing towards the SW followed by
knee-fold formation looks to be the more realistic
with the available structural data.

Fig. 5. Macro-structures illustrating the successive tectonic events that affect the study area, (a) Isoclinal-shaped
folds within carbonaceous levels revealing the intensive effects of the D1-related tectonic event. (b) Shear band
indicators of SW-verging movements developed within the upper calc-schist unit of the High Seksaoua district. (c)
Asymmetrical porphyroclasts indicative of top-to-the-SW movement. (d) D2-related knee-fold developed within lower
calc-schist units and systematically overturned towards the east. (e) Right micro-folds related to the development of
large-scale north-south-trending folds due to east-west contraction event (D3). D1-related asymmetrical
porphyroclasts are still recognizable. (f) Large-scale view of the Sembal fault showing the 2 m thick quartz filling.
D2-related knee-folds are present in the pelitic-sandstone rocks that formed the footwall of the fault. (g) Normal fault
bends along the Sembal fault. Note the significant quartz filling that underlies the Sembal fault. (h) Extensional
feature along barite vein trending N100°E. Note that barite fills open jog structures, thus demonstrating the
contemporaneity between barite and normal motion. Ba, barite.
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Fig. 6. Relationships between D2 east-verging knee-folds and
fold developed after the ductile shear bands.

top-to-the-SW shear criteria demonstrating that the

Large-scale north-south contraction event
(D3). This tectonic event remains the least signifi-
cant and characteristic of the study area. It is
detectable with difficulty in the field and its
existence is essentially deduced from the observa-
tion of the stereonet diagram of Figure 2(c) in
which the distribution of S1 cleavage poles and
stratification reveals the effects of a large-scale,
north-south-trending, D3 right fold. If the fold is

not visible in the field because of its large scale, it
is visible on the general cross section through the
study area (Fig. 2b). Micro-folds with near-verti-
cal axial planes and north-south-trending axes are
found in several locations (Fig. 5e). They affect
and fold the D1 related shear structures (Fig. 5e).
These structures, which cannot be mistaken for
the D2-related knee-folds, are interpreted as small-
scale expressions of the large fold.
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Late extension (D4). Numerous features reveal the
existence of a late brittle extension within the
High Seksaoua district. First, the regional-scale
Tassa and Sembal faults are related to this event
(Fig. 5f). Evidence of normal movement is shown,
for the Tassa fault, by indirect criteria such as the
displacement between lithological units cropping
out on each side of the fault. Conversely, the
Sembal fault exhibits direct evidence of normal
movements demonstrated by striations on fault
mirrors and fault bends (Fig. 5g). A huge quantity
of quartz emplaced along this fault underlies this
structure in side view (Figs 4 and 5f, g). The
multiple barite veins that occur in the area located
between the two normal faults described above are
also associated with normal faults. These faults
trend east-west to NW-SE and contain the barite
mineralization (Fig. 2a). A close view across one
of these structures demonstrates the relationships
between barite filling and extensional structures
(Fig. 5h). This is in favour of a coeval formation
of normal fault movements and barite veins. These
barite occurrences need to be distinguished from
those forming the Ousaga stratiform deposit crop-
ping out more to the south (Fig. 1c) and not
concerned in this study.

The relations between the two normal features
herein described (NE-SW large-scale faults and
N110°E-trending barite-bearing ones) have also
been analysed in order to establish a relative
chronology. Because the barite veins cross-cut the
quartz injection of the Sembal fault and are
displaced by NE-SW faults (Fig. 2a), we conclude
that both are contemporaneous. Their age of
formation will be discussed later in this paper.

Numerous NNE-SSW- to NE-SW-trending
faults are also encountered, especially within the
surroundings of the Ifri mines (Fig. 2a). It
remains difficult to estimate the time of creation
of these faults. We can just observe that they
displace some of the near-vertical barite veins in
a left-lateral motion (Fig. 2a). Because of their
specific locations close to the Ifri mineralization
and their increasing concentration in this area, we
can question whether these faults play a signifi-
cant role during the process of copper concentra-
tion.

It should be stressed that all the structures
described here have certainly been reactivated
during Alpine tectonics from which the effects are
supposed to be relatively mild within the study
area. Numerous successive events are then as-
sumed to affect the area. This may explain the
difficulty in understanding and identifying differ-
ent fault motions because several faults, certainly
formed earlier in the structural evolution, are
constantly re-activated during successive tectonic
events.

Decollement-type tectonics (Dd)

The dolomite/black schist level appears as a
discontinuous level that particularly crops out in
zones in which copper mineralization was de-
scribed (Fig. 2a). Indeed, the best outcrops of
these two levels are found within the galleries of
the Ifri and Bourichira mines and within the core
of the Ifri and Ighzer-Timezazine valleys (see
location in Fig. 2a). Copper occurrences are
systematically localized in the vicinity of these
domains. A positive correlation is well defined
between copper occurrences and the existence of
the dolomite/black schist levels. This is also the
case for the copper index of Amerdoul and
Tansmahkt that will be briefly described at the
end of this paper.

The microtectonic analysis of the black schist
demonstrates that this level is affected by an
additional tectonic event that gives the general
impression of a mylonitic shear zone. One might
suppose that this could be a strong expression of
the regional deformation within low competence
schist level. However, the existence of unambig-
uous shear criteria inconsistent with the numerous
events described above questions such an assump-
tion. For a better understanding of this point, a
schematic block diagram that summarizes out-
crops found within the Ifri and Bourichira gal-
leries is presented and discussed (Fig. 7).

The black schist generally exhibits on its folia-
tion planes a north-south-oriented striation that
could not be confused with the regional and
N050°E-trending D1-related stretching lineation.
Such a north-south lineation is systematically
associated with the development of brittle-ductile
top-to-the-south criteria of movement typically
represented by low-angle normal faults (Figs 7
and 8a). The observation in a few places of
criteria indicative of a contrasting NW vergence
(Fig. 8b) suggests that this level could be affected
by polyphase tectonics. Within several places,
criteria indicative of a ductile shearing towards the
NW have been suspected, but the corresponding
stretching lineation could not be found, probably
because of a late overprint by the north-south-
trending extensional features. In order to clarify
this point, three thin sections have been system-
atically prepared, oriented north-south, N050°E
and N150°E, within the black schist and dolomite
units. Based on observations at more than 15
locations, it was found that ductile shear criteria
are best expressed within sections oriented
N150°E. Indeed, the ductile shearing that affects
the black schist level is attributed to a NW-verging
tectonic event (Fig. 7).

Within the dolomite level, the expression of this
ductile shearing is not visible certainly because of
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Fig. 7. Block diagram showing the distribution of the different metallogenic features summarized after observations
made within the four galleries of the Ifri mine and in the Bourichira mine. We note that stockwork veins are
particularly well developed within competent grey and white dolomite levels. The stereonet diagram (Schmidt
diagram, lower hemisphere) shows the stockwork orientation within the Ifri mine.

Fig. 8. Photographs of the black schist/dolomite level, (a) Outcrop of the Ifri gallery no. 1 showing a late top-to-the-
south normal fault associated with northsouth striations along schistosity planes. (b) Top-to the-NW shear criteria
within the black schist level (Ifri gallery of the ancients). (c) Correlation between ductile deformation within the
black schist and brittle behaviour of the more competent dolomite level (Ifri gallery no. 2). (d) Aspect of stockwork
within white dolomite levels (Ifri gallery no. 1). (e) Thin-section of sample M40 showing a parallelism between top-
to-the-NW shear band and a stockwork vein filled by quartz and calcite. Note the increase of shear band distribution
approaching the vein. (f) Example of relationships between mineralization and tectonics. The geometry of
chalcopyrite-filled cavities is the result of pull-apart formation along a NW verging shear plane. (g) Top-to-the-NNW
shearing deformation and coeval formation of opened jog filled by chalcopyrite. (h) Example of mineralized tension
gashes formed in response of NW verging shearing within the pillar of Ifri gallery no. 1. Chalcopyrite grains
constitute the centre of the structure. The cartoon illustrates the process of formation of the mineralized tension
gashes during ductile shearing. Symbols: Py II, pyrite ( I I ) ; Cp, chalcopyrite; Qtz, quartz.
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the competence of this level. Moreover, the identi-
fication of tension gashes commonly oriented
N050°E to N090°E (Fig. 7) has been reported
within outcrops of the gallery no. 1 of Ifri (Fig.
8c, d). These tension gashes have been interpreted
as the brittle expression of the ductile shearing
within the black schist. In fact, their formation is
the result of the ductile tectonic accommodation
within the more competent dolomite levels (Figs 7
and 8c). We will see in the appropriate section of
this paper that these tension gashes contain the
main sulphides and thus could be assimilated
within a stockwork representative of the main ore
bodies (Fig. 8h).

Accurate observation of the relations between
stockwork veins and ductile shearing towards the
north demonstrates the contemporaneity between
the two structures. The parallelism between the
two sets of structure (Fig. 8e), the increasing
occurrences of shear bands towards the stockwork
vein (Fig. 8e) and the specific geometry shown by
sulphide rich traps (Fig. 8f, g) are arguments in
favour of a coeval development of ductile shear
bands within schist, and mineralized veins within
dolomite. Similar evidence has been found within
the pillar of the Ifri gallery no. 1 in which the
specific geometry of quartz-carbonate-sulphide-
rich stockwork is directly related to the control by
NW-verging shear planes during its formation
(Fig. 8h).

Because the ductile shearing expressed within
the black schist is restricted to this level and does
not affect the over- and underlying calc-schist
units, it has been defined as 'decollement'-type
tectonics. We will see in the final sections of this
paper the strong significance of such a tectonic
style for the regional development of copper
mineralization.

The copper mineralization

The copper mineralization systematically occurs
at the interface between dolomite and black
schists. Because this lithological level was the
preferential site for the development of the decol-
lement-type tectonics presented in this study, a

new attention needs to be addressed to this
mineralization that looks, from an initial inspec-
tion, to consist mainly of stockwork-type ore
bodies. A detailed geometrical and mineralogical
description of each copper mineralization that
formed the High Seksaoua district is now pre-
sented. Because it is representative, the Ifri mine
study is more detailed than the Amerdoul and
Tansmahkt areas. However, we will see that most
of the conclusions deduced from the study of the
Ifri mine could easily be extended to the other two
mines and that all could be interpreted to have
occurred during a single and similar process of
formation.

The Ifri deposit

Geometry and main characteristics. Two kinds of
sulphur-bearing features are observable within the
four Ifri galleries. One consists of massive and
stratoid pyrite levels (Fig. 9a) and the other is
related to chalcopyrite-rich stockwork (Fig. 8d, h).
The massive pyrite levels are essentially devel-
oped at the top and the bottom of the black schist,
although several disseminated lodes can be found
within the upper calc-schist unit. Conversely, the
stockwork broadly cross-cuts the grey dolomite,
the black schist and the lower calc-schist units. In
fact, it is better developed within some white
dolomite lenses from which the development is
interpreted to represent the first stage of the
hydrothermalism. The best expression of the
stockwork within this white dolomite is explained
by the strong competence of this latter lithology.
For a better understanding of the mineralizing
process that affects the study area, features need
to be described chronologically. Three main hy-
drothermal and/or mineralized events are recog-
nized. The first one is represented by the
occurrence of first and earlier pyrite for which the
origin (epigenetic or syngenetic) needs to be
discussed. The two others exhibit typical epige-
netic character and are related to the emplacement
of white dolomite by replacement of the grey one
and by the stockwork formation.

Fig. 9. Photographs of metallogenic features. (a) Massive pyrite mineralization parallel to the So/Si cleavage. (b)
Disseminated pyrite (I) showing post-kinematic overgrowths of pyrite (II) . (c) General aspect of the massive pyrite
(I). Note the weakly developed schistosity and the occurrence of chalcopyrite-fill late fractures.(d) Relict of
melnikovite (collomorph) texture indicative of pyrite (0). (e) Automorphic grain of pyrite ( I I ) with phyllite inclusions
cross-cut by growth band. (f) Pyrite (II) within micro-fissure showing the difference between pyrite within (free of
phyllite inclusions) and out (included the schistosity) of the fissures. Note the chalcopyrite filling fissures of the
pyrite. (g) Association between pyrite (II), gersdorffite, sphalerite and chalcopyrite within the mineralized stockwork.
(h), euhedral crystal of gersdorffite (black zones) and ullmannite (white zones). Symbols: Py 0, earlier pyrite (0); Py
I, pyrite (I); Py II, pyrite (II); SO, stratification, Sl, schistosity; Cp, chalcopyrite; gb, growth band; Ph. phyllite; Qtz,
quartz; Sph, sphalerite; Ge, gersdorffite; Ul, ullmannite. All the views are back-scattered electron images except (a) .
Samples in photographs (b), (d), (e) and (f) are etched with nitric acid.
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First and earlier pyrites occur under two dis-
tinct forms. One is disseminated within the black
schists levels and massive pyrite levels inter-
layered within the stratification represented by the
other. These levels are 40 cm thick on average and
are distributed at the top and base of the black
schist level (Fig. 9a).

White dolomite lenses occur within the four
galleries of the Ifri mine. In fact, this rock unit
appears as large stratoid lenses emplaced at the
interface between black schist and lower calc-
schist units (Fig. 7). The internal texture consists
of a cockade breccia with black schist, grey
dolomite and primary massive pyrite. Along the
border of the large-scale lens, the white dolomite
occurs as a stockwork formed by an intense
network of white dolomite veins cutting the
surrounding black schist, calc-schist and grey
dolomite lithologies. The formation of the white
dolomite, certainly by replacement of the grey
one, is attributed to the initial fluid that marks the
beginning of the hydrothermalism.

The last hydrothermal pulse appears to form a
mineralized stockwork that represents, in our
opinion, the main mineralized structures of the
study area. This stockwork is developed from the
upper part of the lower calc-schist unit upward to
the grey dolomite (Fig. 7). Veins can be observed
in the upper part of the lithostratigraphic succes-
sion but not in sufficient number to represent
potential ore bodies. This stockwork is particularly
well developed within competent levels such as
dolomite (Fig. 8d, h). Its density appears to be
more intense within these specific lithologies.
Veins are oriented east-west to NE-SW (Fig. 7)
and are generally a few centimetres thick. Because
they contain the essential chalcopyrite grains (see
the next section), they are assumed to represent
the ore bodies.

Texture and mineralogy. Massive sulphide levels
(Fig. 9a) mainly contain pyrite, herein called
pyrite (I). Where it is disseminated, pyrite (I)
occurs as elongated sub-automorphic minerals that
are parallel to the stratification and in place
surrounded by pressure shadows (Fig. 9b). Within
massive levels, pyrite (I) is arranged in large-scale
domains composed by mosaic grains joined at
120° and rarely affected by a very weak schistosity
(Fig. 9c). These zones can exhibit in a few
locations the development of micro-breccias and
the presence of collomorphic texture (melnikovite
texture, Fig. 9d). Except within the melnikovite
zones, etching with nitric acid does not reveal the
existence of any kind of internal texture, either
within disseminated or massive pyrite grains. All
these facts, characteristic of deformed pyrite
grains affected by metamorphism (Craig & Vokes

1993; Lianxing & McClay 1992; McClay & Ellis
1983), demonstrate that these levels have been
overprinted by the regional deformational events.
The collomorphic features could then be inter-
preted as relicts of the initial pyrite, prior to the
deformation. It should be stressed that very few
occurrences of chalcopyrite are found associated
with this primary pyrite. Only a few grains,
intercalated between growth bands of pyrite (I),
could be interpreted as primary chalcopyrite.

The stockwork veins contain abundant chalco-
pyrite grains that are mainly associated with
quartz, pyrite (II), ankerite, siderite, galena, spha-
lerite, gersdorffite, ullmannite, brannerite, pyrrho-
tite, native Bi, bismuthinite and emplectite (Fig.
10). Accessory grains of stannite, scheelite. wol-
framite, cassiterite, electrum, native silver and
hessite are also found. The established relative
chronology shows first the formation of pyrite ( I I )
followed by the formation of chalcopyrite and
other minerals (Fig. 10).

Like pyrite (I), pyrite (II) exhibits two different
habits: disseminated within the matrix and within
the stockwork veins. However, the following
characteristics allow pyrite (II) to be distinguished
from pyrite (I) . Pyrite ( I I ) grains are system-
atically automorphic and exhibit typical growth
bands revealed by etching with nitric acid (Fig.
9e). Pyrite ( I I ) grains contain numerous inclusions
of chalcopyrite (Fig. 9f), sphalerite, pyrrhotite and,
more rarely, inclusions related to the lithological
nature of the surroundings (Fig. 9e). They are
generally associated with quartz and carbonate.
Both disseminated and stockwork-related pyrite
(II) grains have typical growth bands that include
and cut the host-rock cleavage (Fig. 9e, f), thus
attesting for their post-deformation timing.

Chalcopyrite is the main copper-rich mineral
that explains the relatively high economic poten-
tial of the Ifri deposit. It occurs first as inclusions
within pyrite (II) grains (Fig. 9f) but the best
occurrences are chalcopyrite grains filling fissures
cross-cutting pyrite (I) and pyrite ( I I ) (Fig. 9c, d,
f). Chalcopyrite also contains pyrite inclusions
generally aligned along micro-fissures; a fact that
demonstrates that pyrite crystallization was con-
tinuous during the entire mineralizing process.
Sphalerite seems to be associated with the earliest
chalcopyrite whereas brannerite is coeval with the
last one (Fig. 10). The Ni-rich minerals are
commonly automorphic (Fig. 9g) and occur within
the late fissure network, like the Bi-rich ones. We
determine that ullmannite and gersdorffite predate
the formation of galena and sphalerite (Fig. 9g, h).
The Sn-W-rich minerals also occur as inclusions
within quartz, pyrite ( I I ) and chalcopyrite. Ag is
expressed under the form of hessite that appears
in contacts between pyrite ( I I ) and chalcopyrite
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Fig. 10. Paragenetic sequences observed within the copper mineralization of the Ifri District (High Seksaoua).

and also within micro-fissures in pyrite (II). Native
silver is also present. Gold has been observed as
very rare electrum grains (l-20 m. in size)
included within chalcopyrite and micro-fissures.
Very scarce barite occurs at the end of the
mineralogical history and classical minerals char-
acteristic of supergene alteration are found, such
as digenite, covellite, malachite, azurite, tenorite
and native copper.

Carbonates have been analysed in order to
highlight the chemical variations between those of
the stockwork and the primary ones that form the
sedimentary grey dolomites. Results are shown
within an Fe + Mn v. Mg diagram (Fig. 11).
Carbonates related to the stockwork or included
within sulphur minerals show the highest Fe-
values even though some of them occur in the
field of the primary ones (Fig. 11). Within a few
of these carbonates, the occurrence of alternating
bands of different colours can be recognized.
These bands, detected by MEB analysis, have

been correlated with variable Fe-contents, demon-
strating a heterogeneous distribution of Fe within
carbonates. No photograph of this phenomenon is
available. This fact is consistent with the existence
of a Fe-rich metasomatism of primary and second-
ary grey and white dolomite, probably associated
with stockwork formation and consequently with
the concentration of the mineralization.

Geochronology. Preliminary 40Ar/39Ar dating has
been attempted in order to assess the timing of the
deformation and of the hydrothermalism responsi-
ble for stockwork formation.

Analytical method and sample characteristics.
Two samples located on Figure 2(a) have been
selected. The first (sample M27), comes from the
upper calc-schist unit and corresponds to white
mica-rich calc-schists affected by the ductile D1

deformation. The second (sample M40). was
collected within the Ifri gallery no. I and corre-
sponds to Figure 8(e). This sample exhibits the
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larly exciting because of the possibility to pre-
cisely date micas developed within the shear
bands and, consequently, to estimate the age of the
deformation responsible for the formation of these
structures. Analyses have been realized in situ on
polished thin-sections by laser probe fusion dating
techniques according to the procedure described
by Monie et al. (1994). The conventional step-
heating dating method has not been applied
because of the impossibility of separating grain
populations. Ages obtained for each laser analysis
are shown in Table 1. Results are also presented in
the form of an isotope correlation diagram (Fig.
12, 36Ar/40Ar v.39Ar/40Ar diagram, Roddick et al.
1980; Turner et al. 1971). Within this type of
diagram, points representative of the isotopic
composition of each analysed mineral are sup-
posed to be aligned along a straight line correla-
tion from which the intercept with the horizontal
axis (lower intercept) allows the determination of
an average age by the use of the 39Ar/40Ar ratio.
Conversely, the upper intercept is representative of
the initial atmospheric 40Ar/36Ar ratio, supposed
to be close to 295.5 for analyses of value.

Results. A first inspection of the two diagrams
reveals that points are not well aligned along an
isochron, thus indicating analytical problems. The

Fig. 11. Chemical characteristics of carbonates within a
Mg v. Fe + Mn diagram. Compositions are determined
by EDS analyses on a SEM.

effects of the NNW-verging decollement-type tec-
tonics as illustrated by the multiple shear bands
underlain by tiny white micas (Fig. 8e). The
dating of micas within such a sample is particu-

Table 1. Results of individual laser analyses made on white micas in samples M27 and M40 (High Seksaoua district.
High Atlas, Morocco)

Analysis no.

Sample M27
1
92
3
4
5
6
7
8
9

10
11
12
Sample M40

1
2
3
4
5
6
7
8
9

10
11

40Ar/
39Ar

9.612
9.508
9.667
9.566
9.704
9.506
9.752
9.682
9.732
9.781
9.920
9.831

10.716
9.568

10.067
10.147
10.912
9.534
9.637
9.319
9.789
9.859
9.705

36Ar/40Ar
X 1000

J = 0.016844
0.061
0.111
0.096
0.101
0.087
0.195
0.158
0.128
0.057
0.067
0.044
0.048

0.178
0.126
0.676
0.289
0.992
0.146
0.119
0.216
0.182
0.295
0.090

Total

39Ar/40Ar

0.1021
0.1017
0.1004
0.1013
0.1003
0.0991
0.0977
0.0993
0.1009
0.1000
0.0994
0.1002

Total age =
0.0883
0.1005
0.0794
0.0901
0.0647
0.1003
0.1000
0.1004
0.0965
0.0925
0.1002

age -274.1

37Ar/39Ar

1.025
0.000
0.157
0.052
0.023
1.485
4.058
0.000
0.000
0.134
0.000
0.000

272.4 ± 2.5
18.521
3.923

24.369
18.615
41.718

2.710
2.206
4.957
6.931

13.110
3.189

2.5

38Ar/39Ar
X 100

0.08
0.01
0.17
0.11
0.00
0.55
1.16
0.18
0.01
0.06
0.00
0.57

24.84
2.77

34.04
18.72
85.54

1.79
1.93
4.58
7.68

11.76
2.05

% Atm.

1.81
3.28
2.84
3.01
2.59
5.78
4.67
3.79
1.71
1.99
1.33
1.43

5.29
3.74

19.99
8.56

29.32
4.34
3.53
6.39
5.39
8.73
2.66

Age ± 1 s
(Ma)

270.7 ± 1.8
268.0 ±2.1
272.2 ±3.9
269.5 ± 3.4
273.1 2.2
268.0 ±4.1
274.4 ±3.3
272. 6 ± .2
273.9 ± .0
275.1 ± .7
278.8 ± .3
276.5 ± .3

299.4 ±3. 8
269.6 ±2. 3
282.6 ±4.1
284.7 ±3.5
304.4 ± 6.3
268.7 ± 1.8
271.4 ±4.2
263.1 ±4.0
275.4 ±2.4
277.2 ±2.4
273.2 ± 1.3
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(b) 39 Ar/ 40 Ar

Fig. 12. Correlation diagrams for the white micas of
samples M27 (a) and M40 (b).

M27 calc-schist sample gives ages between 268
and 279 Ma (Table 1) with an average value
around 272.4 ±2.5 Ma. The lower intercept age
deduced from the diagram (Fig. 12a) is c.
277.8 ± 2.5 Ma. This age can be accepted for
muscovite of sample M27 but the fact that the
upper intercept value gives an initial ratio close to
129 ± 37 Ma implies that this date should be
considered with great caution.

For the sample representative of the hydrother-
mal zone (M40), results are of better value
because of the correct upper intercept value close
to 366 ± 74 Ma. The calculated ages range be-
tween 263 and 304 Ma (Table 1). The oldest ages,
correlated with the highest 37Ar/39Ar and 38Ar/
39Ar ratios, could result from excess Ar due to
some possible contamination by Ca and Cl. These
elements could be captured during the laser abla-
tion from neighbouring carbonate grains. Analyses
from which such an excess Ar has not been
identified (lower 37Ar/39Ar and 38Ar/39Ar ratios)
allow to define an average age around 271.7 ±
2.5 Ma. An age calculated from the isotope corre-
lation diagram (269.5 ± 2.7 Ma, Fig. 12b) is con-
sistent with this result.

Discussion. Rigorously, 40Ar/39Ar dating may
be interpreted as reflecting cooling ages through a
temperature of c. 400 °C that represents the tem-
perature necessary for intracrystalline retention of
argon within muscovite grains (Wagner et al.
1977; Robbins 1972). Added to the fact that such
closing temperatures were constantly discussed
(Harrison et al. 1985), the results may only be
considered as minimum ages.

It is stressed that the age given by sample M40
could reflect a minimum age close to the age of
the hydrothermal event responsible for the forma-
tion of the copper mineralization. This is argued
because the analysed tiny white micas are in a
very specific position with respect to the deforma-
tion and that their crystallization appears coeval
with stockwork formation as discussed above (Fig.
8e). Because white micas involved in this dating
are small crystals only represented within shear
bands parallel to the stockwork (Fig. 8e), they
cannot be confused with older micas developed
during regional metamorphism and re-oriented
within shearing structures. Applying the restriction
cited above, it is suggested that the result is a
minimum age representative of the cooling of the
white micas from higher temperature coeval with
the initiation of a hydrothermal system.

The age given by sample M27 remains difficult
to interpret because of the many uncertainties
given by the badly defined diagram. It appears
impossible to correlate this age to the regional
metamorphism that affects the study area because
it is very close in value to the age of initiation of
the hydrothermal system given by the other
sample. Taking into account the strong uncertain-
ties due to unreliable analytical results (problem
of upper isotope correlation age), we decided to
not relate this age to a geological event. However,
the good age concordance in the two samples
remains surprising and one can question whether
the late hydrothermal system responsible for cop-
per formation could effect a rejuvenation of the
Ar system within the micas of the study area.

Other copper deposits of the High Seksaoua

During our work, we also analysed two other
copper occurrences of the High Seksaoua domain,
located in Figure l(c) (Amerdoul and Tansmahkt
areas). Even though few data have been collected,
they are totally consistent with those of the Ifri
domain and allow us to propose a systematic
model that seems crucial to the understanding of
the copper mineralization of the High Seksaoua
domain. Only geometric and structural character-
istics are described in this work for the two other
areas studied. More details concerning the precise
mineralogical evolution of these two mineral
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deposits are given in another paper presently in
preparation. There exist other mineral occurrences
(essentially Zn and Ba mineral deposits) within
the study area (Fig. 1c). These prospects were not
integrated within this work because of the lack of
data even though preliminary observations suggest
that Zn occurrences are also associated with a
stockwork, similar to the Ifri copper mineraliza-
tion.

Amerdoul. The Amerdoul prospect is located to
the north of the Ifri domain and occurs within a
lithological unit that we can correlate with the
calc-schists (lower and upper units) of the Ifri
domain but composed of volcanic rocks (mainly
andesite). Geometrically, the mineral deposit con-
sists of a near-vertical quartz lode strictly parallel
to an andesite dyke (Fig. 13a, d). Within neigh-
bouring rocks, specific geometric relationships
give evidence of thin-skin tectonic features (Fig.
13 a, b). The first crop out north of the road
exhibits flat-lying thrust planes that create indivi-
dual host-rock lenses in which the schistosity is
nearly vertical and sigmoidal (Fig. 13a, c). This
outcrop, typical of duplex-style thrust tectonics, is
the key to understanding the Amerdoul minerali-
zation. We suggest that the vertical mineralized
lode of Amerdoul represents, on a larger scale, the
equivalent of the vertical schistosity interlayered
between two flat-lying thrust planes. This defines
a typical ramp and flat geometry that is strongly
consistent with the existence of decollement-type
tectonics related to the formation of the miner-
alization. Micro-scale ramp and flat geometry is
also observed NE of the Amerdoul main vein
(Fig. 13e). The ramps are usually underlain by
elongated holes, clear evidence of ancient crystal-
lization coeval with the formation of schistosity
and now dissolved away (Fig. 13a, e).

Further towards the WNW, other near-vertical
dolomite levels are encountered. Four levels have
been determined towards the WNW, whilst only
two of them occur on the other side of the
Amerdoul lode, towards the ESE (Fig. 13b). Two
alternative solutions can be proposed in order to
explain this repetition. First, isoclinal folds inten-
sively affected the dolomite level. Secondly, the
dolomite level was affected by a decollement-type
thrusting event that implies its multiple occur-
rences, as illustrated by the interpretative cross
section of Figure 13(b). We adopt the second
alternative. It must be highlighted that, more to
the south, the succession of dolomite levels was
achieved by the occurrence of a low-angle dipping
thrust plane (Fig. 13f) along which a N120°E-
trending stretching lineation has been observed
and measured. Overturned folds towards the NNW
could also be observed (Fig. 13b).

Tansmahkt. Very few data are available for the
copper mineralization of the Tansmahkt area that
occurs NE of our area of investigation (Fig. 1c).
The lithological succession is similar to the one of
the Ifri domain. Apparently, a first ductile tectonic
event was also responsible for the formation of
the regional cleavage. This cleavage is steep-
dipping, and mainly trends N20°E, and the very
weak lineation is sub-horizontal. Kinematic indi-
cators are scarce but everywhere consistent with a
sinistral sense of shearing. These criteria can be
correlated to the D1-related criteria of the Ifri
domain if we consider that they have been
affected and made vertical by the large-scale,
north-south-trending D3 folds defined previously.
Such folds are better developed at Tansmahkt and
give a general vertical aspect to the structures.

Mineralization occurs within a zone marked by
dolomites and cleavage dipping at low-angle,
resulting certainly from the occurrence of thrust
tectonics. The surrounding rocks appear to have
been affected by an intense silicification and a
Nl 10°E-trending stretching lineation is observed
on the flat-lying schistosity planes. No kinematic
indicator is detectable but the general attitude
(cleavage bends) suggests a reverse motion to-
wards the NNW. The intensity of the alteration
does not allow fresh samples to be collected for
further work on the mineralogy.

Like the Amerdoul mineralization, ore bodies
systematically appear in a zone characterized by
the occurrence of flat-lying thrusts towards the
NNW. We recognize here a feature that also
characterizes the Ifri copper mineralization. This
determining point will be discussed in the conclu-
sions that follow.

Discussion

Main results

The main results provided by our structural,
mineralogical, metallogenic and geochronological
study of the High Seksaoua district are as follows.

The High Seksaoua domain underwent a com-
plex and polyphase deformational history in which
three major tectonic events have been identified
(Fig. 14). The first is related to a SE-verging
ductile shearing and was responsible for the
formation of the regional foliation. During a
second event, apparently east verging knee-folds
were developed whilst a third event implies the
occurrence of NNW decollement-type tectonics
restricted to the grey dolomite/black schist levels.
A general north-south-trending extensional event
coeval with barite formation and an east-west-
trending shortening event have also been identi-
fied.



Fig. 13. Characteristics of the Amerdoul copper mineralization. (a) Main outcrops studied showing the relations between mineralization and tectonics. (b) Interpretative cross-
section across the Amerdoul area showing the repetition of dolomite layers and mineralization explained by the intervention of flat-lying thrust tectonics. (c) Illustration of NW-
verging flat-lying thrusts. (d) General view of the near-vertical Amerdoul lode. (e) Micro-scale flat-lying shearing representative of the general tectonics of the area. (f) Low-
angle mylonite marking the SE limit of the Amerdoul area.
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Fig. 14. (a) Schematic block diagram summarizing geometrical relationships between the D1, D2 and Dd tectonic
events. (b) View of the Ifri Valley (see location in Fig. 2a) showing the difference in tectonic styles between calc-
schist and dolomite levels.

The economic copper mineralization is essen-
tially contained within a complex stockwork in
which veins are mainly oriented NE-SW to east-
west. This stockwork development is restricted to
the dolomite/black schist lithologies even though a
few veins could be encountered within the lower
part of the Upper calc-schist unit and the upper
parts of the lower calc-schist one. Veins were
essentially developed within the competent white
and grey dolomite levels.

The hydrothermal event responsible for copper
concentration began with the formation of white
dolomite lenses in replacement of the sedimentary
grey dolomite. Ore bodies formed during the
development of the decollement-type ductile event
by first the crystallization of quartz and dolomite
followed by sulphur-rich minerals (Fig. 10).

Mineralogically, pyrite is a ubiquitous phase
present from the earlier mineralization stages
(parallel to the stratification) until the final ones
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(stockwork). Chalcopyrite, that represents the eco-
nomic mineralization, essentially occurs within
microfissures in the pyrite grains. The main
associated mineral phases are sphalerite, galena,
Ni- and Bi-rich minerals and carbonates.

Preliminary 40Ar/39Ar dating does not allow
precise dating of the mineralization even though
an age of c. 270 Ma could represent the age of the
hydrothermal system responsible for the formation
of the copper-rich stockwork.

Structural evolution

The structural evolution of the High Seksaoua
district remains complex even though rocks look,
from an initial inspection, to be unaffected by a
strong ductile deformation. Five distinct tectonic
events are recognized without taking into account
the multiple brittle faults created and constantly
re-activated during the polyphase evolution.
Although the extension (D4) responsible for em-
placement of barite lodes has been attributed on
the basis of general criteria to the Permo-Trias
(Rchid 1996) or the Trias (Jaillard 1993), the
place and the significance of the so-called D2
folding and Dd decollement-type events remain
more difficult to integrate. Within the literature, a
complex tectonic story has been proposed to
explain the structuration of the domain situated
directly to the west of the High Seksaoua (Cornee
1989). The main Hercynian tectonics have been
described as an east-west-trending shortening
event whereas the late Hercynian evolution ap-
pears as a succession of extensional and compres-
sional events. On a larger scale, the entire eastern
High Atlas has been interpreted as a large-scale
dextral pull-apart structure controlled by the Imi-
n-Tanoute and Tizi-n-Test faults to the north and
south respectively (Cornee et al. 1987) (Fig. 15a).
Within such a setting, a N100°E-trending direction
of shortening induces the development of N60°E
dextral shearing along NE-SW-trending schistos-
ity (Cornee et al. 1987). Moreover, the Tichka
emplacement has been interpreted by Lagarde &
Roddaz (1983) as resulting from a combination of
tangential and strike-slip tectonics. Taking into
account these constraints and our own results
summarized in Figure 14(a), we propose that the
entire ductile deformation observed within our
study area developed during a long-lived Hercy-
nian tectonic event controlled by a NW-SE
direction of shortening. Such an interpretation,
consistent with the previous ones available in the
literature (Cornee et al. 1987; Lagarde & Roddaz
1983), allows us to integrate within a single event
all the structures observed in the field. As pre-
viously suggested, the model implies the combina-
tion of NE-SW dextral strike-slip tectonics (D\

event) and NNW verging tangential tectonics (Dd

event) (Fig. 15a). We assume that this unexpected
style of deformation results from the peculiar
geometry defined by the large-scale transpression
zone (Fig. 15a). Field relations demonstrate that
the strike-slip tectonics took place prior to the
tangential event. Indeed, this last tangential event
could have developed at the end of the long-lived
tectonic event and correlate with the late Hercy-
nian evolution. The D3, large-scale folds could also
have resulted from the east-west to NW-SE
shortening direction. Only the D2 folding event
remains difficult to integrate. These folds presum-
ably developed as antithetic folds in response to
decollement-type thrust tectonics. This assumption
is illustrated in Figure 14(a), showing the relations
between D2 folds and decollement-type tectonics
within the Ifri area. We note that there exists a
contrast in behaviour between calc-schist and
dolomite units with respect to the D2 folds (Fig.
14b). A model in which folds were created in
response of the decollement-type tectonics could
explain this fact. Such a model is supported by the
general interpretative cross-section through the
High Seksaoua in which D2 knee-folds seem to be
particularly well developed on top of the zones
where the main flat-lying thrusts are recognized
(Fig. 15b).

This particular model of deformation adopted
here for the High Seksaoua may explain the
relative complexity yielded by the Hercynian
domains of the Eastern High Atlas. This complex-
ity appears as a paradox compared with the weak
intensity of deformation shown in these domains.
This model remains hypothetical but appears to us
to be the only one that can resolve the tectonic
evolution of such an external area without imply-
ing multiple deformation stages with unrealistic
stress direction rotation.

Model of formation of the copper
mineralization

Concerning the process of formation of the eco-
nomic copper mineralization, whatever the
adopted structural scenario, we demonstrate here
its relationship with the stockwork rather than its
occurrence within stratified sulphide levels essen-
tially composed by the first pyrite. As the stock-
work occurs systematically close to the dolomite-
schist level even in the case of the neighbouring
mineralization of Amerdoul and Tansmahkt areas,
its formation can be reasonably correlated with
the decollement-type deformation (Dd) that only
affects this specific lithological level. Indeed, the
formation of the stockwork is related to the
occurrence of this NNW verging tectonic event
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Fig. 15. (a) General tectonic model and (b) interpretative cross-section showing the role of decollement-type
tectonics in the formation of High Seksaoua copper mineralization.

within all three domains concerned in this study This model is strongly supported by evidence in
(Fig. 15b). We suggest that vein formation is the Figure 14(a, b) that illustrates the contrast in
response, within competent dolomite levels, of the behaviour between the two lithologies with respect
ductile deformation that affected the black schist. to the deformation. Moreover, the fact that the
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stockwork and the top-to-the-NW ductile deforma-
tion were contemporaneous is demonstrated by the
perfect parallelism between vein and shear bands
(Fig. 8e) and also by the specific geometry
exhibited by chalcopyrite-filled open spaces (Fig.
8f, g). With this interpretation, we re-address the
classical massive sulphide deposit model that has
been proposed for the copper mineralization of
the High Seksaoua even though a pre-concentra-
tion within stratiform sulphide levels cannot be
totally excluded.

Age and origin of the mineralization

Our study suggests that copper mineralization
formed around c. 270 Ma associated with a tec-
tonic regime controlled by shortening in an east-
west to NW-SE direction. It could be reasonably
suggested that these two events occur during a
continuous tectono-hydrothermal period achieved
at the end of the Hercynian cycle in Morocco,
coeval with the emplacement of the Late Hercy-
nian Tichka granite to the SE of the study area
(Fig. 1c). This assumption may imply that this
granite, also supposed to be emplaced under the
control of a NW-SE shortening (Lagarde &
Roddaz 1983), represents a suitable heat source to
explain the origin of the mineralized fluid. As the
age of the granite is of 291 ± 5 Ma (Gasquet
1991), this indicates a time interval of 20 Ma
between granite emplacement and mineralization
formation. Little documentation is available on
this concept of the time lapse between granite
emplacement and formation of mineralization.
Although some studies argue that this delay may
reach c. 1 Ma (Cathles et al. 1997), a time lapse
of between 10 and 20 Ma has been frequently
suggested within mining areas where attempts
have been made to establish the relations between
granite and mineralizing event. Examples can be
found within the Cevennes area of France (e.g.
Charonnat 2000), the Rio Itapicuru greenstone
belt of Brasil (e.g. Alves da Silva et al. 1998), the
Meguma terrane of eastern Canada (e.g. Kontak et
al. 1990) or the Mother Lode of California (e.g.
Bohlke & Kistler 1986). We thus consider that, in
spite of the relative poor constraint given by the
ages obtained in this study, the tectono-hydrother-
mal event responsible for the formation of the
copper mineralization within the High Seksaoua
can be reasonably correlated with the late-oro-
genic emplacement of the Tichka granite. This is
consistent with the fact that this granite is
assumed to be responsible for numerous polyme-
tallic and gold metallogenic occurrences (e.g.
Bastoul 1992; Jouhari 1989).

This later interpretation re-addresses the pro-
blem of the origin of the copper. Two solutions

are available: either copper was provided from the
remobilization of a sediment-hosted base metal
deposit (represented by the earlier pyrite-rich layer
in our case) or copper was driven by magmatic
fluids and thus directly links with an additional
hydrothermal process. It remains difficult to
choose between the two alternatives. If our first
assumption is that the granite could provide the
heat source for the fluids that re-worked copper
disseminated within a syn-sedimentary polymetal-
lic pre-concentration, the total lack of copper and
copper-rich phases within such a pyrite-rich earlier
layer, excludes this hypothesis. We thus suggest
that copper enrichment was partly related to fluids
with a magmatic origin as is evident from the
occurrence of stannite, cassiterite, scheelite and
wolframite within the mineralized stockwork.

Conclusions

We have demonstrated in this study that copper
mineralization of the High Seksaoua domain
formed during a ductile tectonic event that is, on a
regional scale, the last ductile event that affected
the area. The formation of the mineral deposits
has been attributed to the development of a
decollement-type ductile tectonic event (Fig. 15b)
that is poorly described in the literature. Particu-
larly within the Amerdoul area, duplex-like struc-
tures have been identified. This case represents an
example of structurally controlled copper concen-
tration, demonstrating that the classical model of
massive sulphide deposit is not the only one that
can explain economic metallic concentration. As
recently described within the Iberian Pyrite Belt
(Onezime et al. 1999; Onezime 2001) and for
other polymetallic districts of the world (e.g.
Aerden 1991; Subba Rao & Naqvi 1997), the
circulation of mineralized fluid during a subse-
quent tectonic event that affects previously formed
massive sulphide deposits needs to be carefully re-
considered. Although this process did not create
significant deposits in the case of the Iberian
Pyrite Belt, we have demonstrated in this study
that economic ore bodies could be created in
response of such a process. Indeed, the authors
intend to highlight the crucial importance of the
recognition of relationships between tectonics and
mineralization in order to identify this kind of
syntectonic mineral deposits and to be able to
estimate their volumes and specific geometries.

This work has been undertaken with the help of the
Franco-Moroccan programmes 'Action Integree no.
1014/95 and 222F/STU/00' that provided funds for field
and laboratory analyses. The SNAREMA mining com-
pany and specially all the members of the Lazrak family,
A. Mahboud and B. Driss are thanked for permission to
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conduct this study, logistical, constant help and fruitful
discussions. 40Ar/39Ar ages have been obtained within
the laboratory of Geochronology of the University of
Montpellier (France) by P. Monie. The CNRS Research
Federation FR09 provided funds for these dating ana-
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The Baikalide-Altaid, Transbaikal-Mongolian and North Pacific
orogenic collages: similarity and diversity of structural patterns and
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Abstract: The Baikalide-Altaid, Transbaikal-Mongolian and North Pacific orogenic collages
consist of several oroclinally bent magmatic arcs separated by accretionary complexes and
ophiolitic sutures located between the major cratons. The tectonic and metallogenic patterns of
these collages are principally similar as they were formed as a result of rotation of the
surrounding cratons and strike-slip translation along the former convergent margins.

The Altaid and North Pacific collages have princi-
pally the same distribution of metallogenic belts.
In particular, the mid-late Palaeozoic belts of
porphyry and epithermal deposits in the Altaids
occupy the same position as the Mesozoic-Cen-
ozoic metallogenic belts of the North Pacific
collage. The Ural platinum belt occupies a similar
position to the belt of platinum-bearing intrusions
in Alaska. Major mineralizing events producing
world-class intrusion-related Au, Cu-(Mo)-por-
phyry and VMS deposits in the Altaid and North
Pacific collages coincided with plate reorganiza-
tion and oroclinal bending of magmatic arcs.
Formation of major porphyry, epithermal and
Alaska-type PGM deposits took place simulta-
neously with oroclinal bending.

The tectonic setting of the orogenic gold depos-
its in the Tien Shan and Verkhoyansk-Kolyma
provinces, hosting world-class hard rock gold
deposits, is also similar, especially the distribution
of their gold endowments. Major orogenic gold
deposits occur within the sutured backarc basins.
The craton-facing passive margin rock sequences,
initially formed within backarc basins and now
entrapped within such oroclines, represent favour-
able locations for emplacement of orogenic gold
deposits.

The land-locked Altaid orogenic collage occurs
between cratons separated or bounded by the
fragments of the Neoproterozoic fold belts, e.g.
the Baikalides and their equivalents, and Phaner-
ozoic fold belts of the Tethysides, whereas the
North Pacific collage and its splay into
the Transbaikal-Mongolian orogenic collage are
fragments of the Circum-Pacific belt formed be-
tween the subducting oceanic plates of the Pacific
Ocean and the continents of Eurasia and North

America (Fig. 1). Both regions host numerous
economically important copper, gold, lead, zinc,
PGM, nickel and other deposits, many of world
class (White et al. 2001). I had a unique
opportunity to work across these regions of
Eurasia since 1984, participating in the regional
geological surveys, international academic pro-
jects and exploration works. This experience
helped me to recognize some similarity and
diversity between them, on the one hand, and the
links between geodynamics and metallogeny, on
the other. A comprehensive study of tectonics and
metallogeny of the Russian Far East and Alaska
was recently completed by Nokleberg et al.
(1993, 1998) and Nokleberg & Diggles (2001),
which represents an ideal combination for the
purposes of this article. The key works by Sengor
& Natal'in (1996 a, b) analysed the tectonic
evolution of all Asia, including both the Russian
Far East and Central Eurasia. These latter works
revealed the complex tectonics of Asia that
consists of multiple, oroclinally bent magmatic
arcs and accretionary complexes (Sengor & Nata-
1'in \996a, b). However, metallogenic aspects of
Central Eurasia were only recently analysed by
Yakubchuk et al. (2001). All these studies employ
plate tectonics to explain the evolution and
metallogeny of these orogens, but they sometimes
recognize different tectonic units, use different
terminolgy and disagree with each other in de-
tails. This paper intends to compare and to revise
the existing interpretations of the geodynamic
evolution of the two regions in relation to the
setting of selected types of mineral deposits in
the orogenic collages of Central Asia and north-
ern segments of the Circum-Pacific belt, aiming
to reveal their metallo-tectonic features.

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 273-297.
0305-8719/02/$15.00 © The Geological Society of London 2002.
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Fig. 1. First-order tectonic units of Eurasia and western North America (modified after Yakubchuk et al. 2001).

North Pacific and Transbaikal-Mongolian
orogenic collages

Tectonics

This article considers the North Pacific orogenic
collage as a system of orogenic belts extending
from the Sikhote-Alin Mountains and Kurile
Islands in the Russian Far East via mountainous
ranges of northeast Russia and Alaska to the
North American Cordillera in western Canada and
USA. A detached fragment of the North Pacific
orogenic collage constitutes the late Palaeozoic -
early Mesozoic Transbaikal-Mongolian orogenic
collage of central Mongolia (Yakubchuk & Ed-
wards 1999; Yakubchuk et al 2001). These oro-
genic collages were formed mostly in the
Mesozoic-Cenozoic due to subduction of the
oceanic plates of the Pacific Ocean (Scotese &
McKerrow 1990; Nokleberg et al. 1993; Sengor &
Natal'in 1996a, b). However, these collages also
host fragments of now dismembered Palaeozoic

orogenic belts, which formed in response to sub-
duction of oceanic plates of the Palaeo-Pacific
Ocean of Nokleberg et al. (1993) and Sengor &
Natal'in (1996a, b) or Panthalassic Ocean of
Scotese & McKerrow (1990).

The North Pacific orogenic collage is usually
separately described as part of the North Amer-
ican and Eurasian continents. During the last few
years, an international project, which synthesized
the data on geology and mineral deposits on both
sides of the northern Pacific Ocean, was com-
pleted (Nokleberg et al. 1993; Nokleberg &
Diggles 2001). This was a significant break-
through into understanding the tectonic evolution
in this region and showed how tectonics links to
mineralization.

The North Pacific orogenic collage occupies a
unique position at the triple junction of the North
American, Eurasian and Pacific plates, accompa-
nied by several microplates. The active spreading
axes of the Atlantic-Arctic and Pacific Oceans, as
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well as the extinct spreading axis of the Amer-
asian basin, also occur nearby. A simplified
tectonic scheme of the North Pacific collage
shows Siberian and North American cratons,
including their deformed passive margins, and
several adjacent magmatic arcs (Fig. 2). Each arc
has generated a subduction-accretionary complex.
Ophiolitic sutures separate these magmatic arcs
from each other and from major adjacent cratons.
Nokleberg et al. (1993) recognized major tectonic
units, i.e. terranes and sutures, in the North Pacific
orogenic collage.

The North Pacific orogenic collage consists of
several discordant oroclines (Sengor & Natal'in
1996a, b). These are Kolyma orocline, Alaskan
orocline, Sakhalin orocline, Okhotsk orocline,
Koryak orocline and several oroclines in the
Bering Sea area (Fig. 2). The pattern of these

oroclines reflects a varying direction of strike-slip
translation along the North Pacific margins during
the accretionary growth of the North American
and Eurasian continents. The principal structural
markers within this collage are magmatic arcs.
However, in several cases the tracing of their
continuity is difficult, not only due to the obscur-
ing Cenozoic sedimentary basins, especially in the
central Kolyma area or in the Bering and Okhotsk
Seas, but also due to tectonic 'shuffling' and
repetition of the same accretionary complex along
the giant strike-slip faults (Natal'in & Borukaev
1991;Khanchuk 2000).

Analysis of various tectonic schemes shows that
in the present structure one can identify three
fossil and still active late Palaeozoic to Cenozoic
arc-backarc systems on the basis of synchroneity
of magmatic arc, rifting and spreading events.

Fig. 2. Tectonics of the North Pacific orogenic collage (recompiled using data by Newberry et al. 1995;Nokleberg et
al. 1997; Prokopiev 1998; Oksman et al. 2001). Magmatic arcs: A, Hingan and Omolon arcs (Al, Greater Hingan
segment; A2, Uda-Murgal segment; A3, Alazeya-Oloy segment); B, Okhotsk-Chukotka arc; C, Sikhote-Alin-
Aleutian arc (Cl, Sikhote-Alin segment; C2, Kamchatka-Koryak segment; C3, Aleutian segment); D, Kurile-
Komandor arc (Dl, Kurile-East Kamchatka segment; D2, Komandor segment). Accretionary complexes in sutured
backarc basins and ocean-facing subduction zones: 1, Chersky zone (former Oimyakon basin); 2, Okhotsk-Alaska
backarc basin (2a, Okhotsk segment; 2b, Koryak segment; 2c, South Anyui segment; 2d, Yukon-Kuskokwim
segment); 3, Kamchatka intra-arc basin; 4, ocean-facing accretionary complex (4a, Sikhote-Alin segment; 4b,
Chugach segment).
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These are the Verkhoyansk-Chukotka, Okhotsk -
Alaska, and Kurile-Komandor systems (Fig. 3).
In addition, there is an extinct Transbaikalian
magmatic arc with an attached subduction-accre-
tionary complex entrapped in the core of the
Transbaikal-Mongolian orogenic collage. Al-
though the former backarc basin of the Ver-
khoyansk-Chukotka system is totally sutured,
backarc basins in the other systems were sutured
only in part, and major inactive portions in the
eastern Bering Sea remain unsutured. In addition,
the backarc basins in the western Bering Sea, in
the Kurile basin, and in the Sea of Japan are still
actively spreading.

The Verkhoyansk—Chukotka arc—backarc sys-
tem as described in this article, consists of the
Verkhoyansk-Kolyma and Novosibirsk-Chukotka
collisional orogens (Zonenshain et al. 1990;
Bogdanov & Tilman 1992; Sengor & Natal'in
1996a, b). Nokleberg et al. (1993) and Sokolov et
al. (1997) use the term super-terrane for these
orogens. They formed as a result of several
deformational events during the late Jurassic -
Early Cretaceous collision of magmatic arcs with
the adjacent Siberian and North American cratons
against the background of their relative clockwise
rotation with respect to each other and subduction
of the Pacific plates (Parfenov 1991, 1995; Sengor

Fig. 3. Lithological sequences and metallogeny of the tectonic units of the North Pacific orogenic collage.



BAIKAL, TRANSBAIKAL AND NORTH PACIFIC OROGENS 277

& Natal'in 1996b; Oksman et al 2001). These
multiple deformations were also responsible for
oroclinal bending in the North Pacific orogenic
collage.

In its external portion, the Verkhoyansk-Kolyma
orogen, deformed into the Kolyma orocline, con-
sists of craton-facing Palaeozoic to Mid-Jurassic
passive margin shelf limestone and turbidite rocks
(Fig. 3), which are now incorporated into imbri-
cated allochthonous sheets thrust onto the rest of
the Siberian craton (Prokopiev 1998). In the core
of the Kolyma orocline there is an Alazeya-Oloy
arc (Fig. 2, unit A3) consisting of Palaeozoic to
Mesozoic rocks of magmatic and subduction-
accretionary affinity. The arc remains attached to
the Siberian craton via its Omolon segment (Fig.
2). The oldest magmatic rocks of the arc are
Devonian to Carboniferous felsic and intermediate
volcanics and intrusives found in the Alazeya and
Omolon segments, and also in the Uda-Murgal
segment (Fig. 2, unit A2) (Nokleberg et al. 1993;
Sengor & Natal'in 1996b).

In their present structure, magmatic arc and
passive margin units of the Siberian craton are
separated by the Chersky zone (Fig. 2, unit 1),
which bears the Palaeozoic ophiolites (Oksman et
al. 2001). Late Jurassic collisional granites were
emplaced within the suture zone, but formed a
wider belt.

This orogen hosts several provinces of orogenic
gold deposits constituting the Yana-Kolyma me-
tallogenic belt (Fridovsky 2000), hosting medium
to large and even world-class gold deposits
(Nokleberg et al. 1993). The belt consists of
several metallogenic provinces (Fig. 4), which
form two sub-parallel strips in the external and
internal portions of the orogen. Fridovsky (2000)
classified the Verkhoyansk, Allakh-Yun and Ula-
khan-Sis-Solur provinces as early collisional ore
fields formed in the Late Jurassic to Neocomian,
whereas the South Verkhoyansk, Kular and Ad-
ycha-Nera-Central Kolyma provinces are late
collisional ore fields formed in the Early Cretac-
eous. The orientation of the provinces generally
follows the strike of the orogen, but individual
metallogenic clusters, especially those of orogenic
gold deposits in the Verkhoyansk-Kolyma orogen,
usually display an oblique orientation with respect
to the general strike of the orogen.

The Novosibirsk-Chukotka orogen, forming the
western part of the Chukotalaskides of Sengor &
Natal'in (1996a, b), extends for approximately
2000 km from the Novosibirsk Islands in the
Arctic Ocean towards northern Alaska. In the
south, the Novosibirsk-Chukotka orogen is bound
by the Alazeya-Oloy magmatic arc rocks (Fig. 2,
unit A3), which were thrust northward onto
Triassic passive margin rocks. In between there is

a South Anyui suture (Fig. 2, unit 2c) hosting late
Palaeozoic and Mid-Late Jurassic ophiolites
(Sengor & Natal'in 1996b; Oksman et al. 2001).

The Verkhoyansk-Kolyma and Novosibirsk -
Chukotka orogens were oroclinally bent and amal-
gamated in the early Late Cretaceous in response
to the opening of the Amerasian basin (Nokleberg
& Diggles 2001). This deformation also entrapped
accretionary complexes of the Okhotsk-Alaska
arc-backarc system in the core of the Kolyma
orocline. Since the Mid-Cretaceous, the Okhotsk -
Chukotka magmatic arc (Fig. 2, unit B) started to
form above the amalgamated fragments of the two
orogens. This magmatic arc system extended from
Transbaikalia and the southern margin of the
Siberian craton towards Alaska (Sengor & Nata-
l'in 1996a, b).

The magmatic events related to the evolution of
this latter arc are considered to be responsible for
emplacement of some orogenic gold deposits,
such as Nezhdaninskoe and Natalka, in its rear
part in the Central Kolyma province of the
Verkhoyansk-Kolyma orogen and a majority of
orogenic gold deposits in the Novosibirsk-Chu-
kotka orogen (Nokleberg et al. 1993). The arc
developed on top of the older Devonian arc, which
hosts epithermal gold deposits, e.g. Kubaka. The
Cretaceous arc hosts small to medium epithermal
Au deposits, e.g. Pokrovskoe, as well as medium
to large Cu-porphyry deposits and occurrences
such as Peschanka (Fig. 4). They host hypogene
mineralization and lack supergene enrichment
blankets (Nokleberg et al. 1993). In Alaska, the
late Palaeozoic arc-related ultramafic rocks host
platinoid mineralization (Nokleberg et al. 1993).
Carlin-type gold mineralization was recognized in
the southeastern portion of the Siberian craton in
the rear of this arc (Yakubchuk 2000), where the
Allakh-Yun province of the Sette-Daban orogen
is considered to be prospective for this type of
mineralization (Eirish 1998).

Transbaikal-Mongolian orogenic collage Here
(Fig. 5), the accretionary complexes occur in the
Khantei zone, and then they can be traced via the
500 km long Mongol-Okhotsk suture into the
North Pacific orogenic collage (Yakubchuk &
Edwards 1999). Sengor et al. (1993) and Sengor
& Natal'in (1996a, b) recognized this link, but
they considered the orogens of central Mongolia
to be a part of the Altaid orogenic collage. The
late Palaeozoic to early Mesozoic differentiated
magmatic rocks form a Transbaikalian arc (Fig. 2,
unit Al; Fig. 4, unit G), which is bent into the
Central Mongolian and Hingan oroclines and
extends from the Greater Hingan in NE China via
southern and central Mongolia to Russian Trans-
baikalia and the Stanovoy Range on the southern
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Fig. 4. Distribution of porphyry, epithermal, Alaska-type PGM, and orogenic gold deposits in the North Pacific
orogenic collage. See Figure 2 for arc symbols.

rim of the Siberian craton. This magmatic arc
represents a continuation of the synchronous mag-
matic arcs of the Verkhoyansk-Chukotka arc-
backarc system. These structures are now almost
completely tectonically isolated from the rest of
the North Pacific orogenic collage.

In central Mongolia, the Transbaikalian arc
rests on Neoproterozoic to early Palaeozoic rocks,

consisting of turbidite sequences, ophiolites, and
late Proterozoic to mid-Palaeozoic magmatic arcs.
The tectonic affinity of the Neoproterozoic ophio-
lites and early to middle Palaeozoic terrigenous
rocks in central Mongolia is not quite clear. In
particular, previous studies (Sengor et al. 1993;
Sengor & Natal'in \996a, b) considered them as
part of an accretionary complex of the Tuva-
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Fig. 5. Tectonics of the Baikalide-Altaid orogenic collage and adjacent cratons. Semi-arrows show direction of
strike-slip displacement of major blocks. Magmatic arcs: A, Kipchak arc (Al, Kokchetav-North Tien Shan segment;
A2, Bozshakol-Chingiz segment; A3, Salair-Kuznetsk Alatau segment); B, Tuva-Mongol arc (Bl, Tuva segment;
B2, Bureya segment); C, Kazakh-Mongol arc (Cl, mid-Palaeozoic segment; C2, late Palaeozoic segment); D,
Mugodzhar-Rudny Altai arc (Dl, Tagil segment; D2, Magnitogorsk segment; D3, Rudny Altai segment); E,
Valerianov-Beltau-Kurama arc; F, Qilian arc; G, Transbaikalian arc; H, Hingan arc.Backarc rifts and backarc basin
sutures: 1, Baikonur-Karatau backarc rift; 2, Khanty-Mansi backarc suture (2a, South Tien Shan segment; 2b, East
Urals segment; 2c, Irtysh-Zaissan segment); 3, Sakmara backarc suture. MOSZ, Mongol-Okhotsk suture zone.

Mongol arc (Fig. 5, units B1-B2), which was
framed by synchronous accretionary complexes on
both sides.

All pre-Carboniferous differentiated magmatic
rocks within the Transbaikal-Mongolian collage
can be attributed more or less definitely to the

Tuva-Mongol or Kazakh-Mongol arcs whose
magmatic rocks were produced due to subduction
in the Altaids.

The Transbaikalian magmatic arc consists of
late Palaeozoic to early Mesozoic rocks, occurring
on top of the older arc rocks and accretionary
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complexes to the west. It is rimmed by a late
Palaeozoic to Triassic accretionary complex to the
east, in the core portion of the Central Mongolian
orocline. This allows subduction to be restored
from the east, and if the link of this unit with the
North Pacific collage is accepted, the accretionary
complex might have been produced by subduction
of the Palaeo-Pacific Ocean prior to the oroclinal
bending of the arc in the Jurassic that caused
collision of its present eastern part in the Hingan
segment with the Stanovoy unit, producing the
Mongol-Okhotsk suture zone and isolating the
Transbaikal-Mongolian orogenic collage from the
other Circum-Pacific orogens.

The Transbaikalian arc hosts large Triassic Cu-
porphyry (Erdenet), Mo-porphyry (Zhireken), and
large epithermal Au (Baley) deposits (Kirkham &
Dunne 2000; Sotnikov & Berzina 2000; Yakubchuk
et al. 2001). The Mesozoic (Cretaceous?) magma-
tism in the Stanovoy Range might be responsible
for emplacement of large Carlin-type deposits of
the Kuranakh group (Yakubchuk 2000).

The Okhotsk-Alaska arc-backarc system extends
from the Korean Peninsula in the south to Alaska
in the NE. Various units, such as the Tuva-
Mongol arc of the Altaids, the Siberian craton, the
Verkhoyansk-Chukotka arc-backarc system, and
Transbaikalian arc and Khantei accretionary com-
plex of central Mongolia, occur behind the mag-
matic arcs that form a discontinuous belt (Fig. 3)
that starts in the Sikhote-Alin mountains in the
south of the Russian Far East (Fig. 2, unit Cl),
then follows two oroclinal bends of Sakhalin and
Okhotsk, and can be traced further using magnetic
data on the Okhotsk shelf towards western Kam-
chatka (Fig. 2, unit C2). From Kamchatka, it
continues northward to the Koryak segment. It
constitutes several oroclines in the Bering Sea,
finally extends into the Aleutian arc (Fig. 2, unit
C3) and links the magmatic arcs of the North
American Cordillera. This long magmatic arc rests
in its various parts on Precambrian slivers and
Palaeozoic accretionary complexes or consists of
immature ensimatic magmatic arc fragments. The
accretionary complexes of late Palaeozoic to
Cretaceous age mark part of this arc. The oldest
differentiated magmatic rocks of late Palaeozoic
age are found in western Kamchatka above the
Precambrian metamorphic rocks (Nokleberg et al.
1993), constituting the only fragment of the sialic-
type basement in this arc. Sengor & Natal'in
(1996a, b) suggest that it is an expelled fragment
of the Palaeozoic orogens in northeast China,
which was incorporated into this generally ensi-
matic arc, formed almost in the middle of the
Pacific Ocean, and separated the floor of its north-
ern part from the rest of its plates (Nokleberg &

Diggles 2001). This northern part was then sub-
ducted under Eurasia and North America and the
arc docked to these continents as suggested in the
reconstructions by Nokleberg et al. (1998),
Parfenov (1995) and Nokleberg & Diggles (2001).

In the Greater Hingan (Fig. 2, unit Al) , there
are Jurassic to Early Cretaceous magmatic arc
rocks. The origin of this magmatism is debatable
due to its location more than 500 km from the
nearest palaeotrench. Sengor & Natal'in (1996a)
suggested that strike-slip duplication of Precam-
brian slivers in front of this arc might significantly
increase the width of its Pacific-facing accretion-
ary complex in the late Mesozoic. The growth of
a wide accretionary wedge could then have
stopped subduction-related magmatism in the
Greater Hingan and have been responsible for the
eastward migration of the magmatic front in the
Cretaceous to form the bulk of magmatic arc
rocks in Cretaceous to Palaeogene times.

The rocks that can be identified with the back-
arc basin settings of the Okhotsk-Alaska system
occur either in isolated sedimentary basins in the
rear flank of the arc in eastern Mongolia and NE
China or were incorporated into subduction-accre-
tionary complexes accumulated in the front of the
arcs of the Verkhoyansk-Chukotka system. Ocea-
nic crustal rocks of this backarc basin are Late
Cambrian to Cretaceous ophiolites within accre-
tionary complexes in the Russian Far East and
NE, which represent a mixture of oceanic crust
generated in the backarc basin and the main ocean
(Sokolov et al. 1997). The East Bering backarc
basin with oceanic crust remains unsubducted. Its
Mesozoic basaltic floor is now buried under deep
sea and terrigenous sediments.

Metallogenically, this arc-backarc system hosts
several minor Late Cretaceous to Palaeogene
Cu-porphyry deposits and occurrences (Fig. 4) in
the Kamchatka Peninsula and Sikhote-Alin
(Nokleberg et al. 1993; Gusev et al. 2000). They
host low-grade hypogene mineralization and lack
supergene enrichment blankets. In Sikhote-Alin,
there are medium-size economically viable Pa-
laeogene-Neogene Au-Ag epithermal deposits
such as Mnogovershinnoe (Khanchuk & Ivanov
1999). The latter province is also a host to
important tin deposits (Khanchuk 2000). In central
Alaska, the arc rocks host a Tintina gold province
with major granitoid-related gold deposits
(Goldfarb et al. 2001). Various workers emphasize
difficulties in classifying these deposits as Au-
porphyry or granitoid-related orogenic gold depos-
its (Lang et al. 2000). The Late Cretaceous
immature arc rocks in northern Kamchatka host
Alaska-type ultramafic intrusives, which are a
bedrock source of significant platinum-producing
placers in northern Kamchatka.
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The Kurile-Komandor arc-backarc system ex-
tends from the Japanese Islands along the Kurile
Islands to eastern Kamchatka and the Komandor
Islands as a presently active system of magmatic
arcs (Fig. 2, units D1-D2). Its Neogene-Quatern-
ary volcanics rest on the Mesozoic arc or accre-
tionary complex rocks accumulated due to
subduction of the Pacific oceanic crust. In the rear
of this arc, there is a system of still actively
spreading backarc basins in the Kurile basin and
in the western Bering Sea. However, in eastern
Kamchatka, there is a suture with Cretaceous
ophiolites (Fig. 2, unit 3), which separates the
magmatic arcs of the Kurile-Komandor and
Okhotsk-Alaska systems, thus representing an
intra-arc suture.

The arc rocks host minor VMS deposits known
in the Kurile and Komandor islands. Medium-size
epithermal Au-Ag deposits of Neogene-Quatern-
ary age are a potential source of these metals in
Kamchatka. Some deposits of this type located in
the Kurile Islands were gold producers in the past.

Distribution of mineralization in the North
Pacific and Transbaikal-Mongolian
collages

It was shown in numerous previous works that in
the active Circum-Pacific orogens there is a
regional-scale correlation between tectonic setting
and principal types of mineral deposits (e.g.
Nokleberg et al 1993; Khanchuk 2000). In parti-
cular, the Cu-(Au) porphyry and epithermal Au
deposits formed within the magmatic arcs with
sedimentary hosted Cu and Pb-Zn deposits in
backarc settings, whereas orogenic gold deposits
form during or after collision in the orogens. A
slab window theory was recently employed to
explain clustering of giant Cu-(Mo-Au) por-
phyry, epithermal Au and Sn deposits in various
orogens around the Circum-Pacific rim (Kirkham
1998; Khanchuk 2000). Similar factors may con-
trol the distribution of orogenic gold deposits.

Figure 4 shows the distribution of principal
metallogenic belts of Cu-(Au) porphyry, epither-
mal Au, and Alaska-type ultramafic related PGM
deposits, as well as orogenic Au deposits in the
North Pacific collage. Analysis of the orogenic
gold endowment using the data collected by
Goldfarb et al. (2001) reveals that the most sig-
nificant gold accumulations (>30 Moz Au) occur
in the Yana-Kolyma, Verkhoyansk, Chukotka,
Selemdzha-Niman, Kuskokwim, Tintina and Ju-
neau provinces. Of these, the Yana-Kolyma pro-
vince is the most anomalous region, which
originally contained about 150 Moz of gold. Only
placer operation in the Yana-Kolyma province

produced in excess of 125 Moz of gold during the
past 55 years (Goldfarb et al. 2001). In addition,
the Verkhoyansk-Chukotka system hosts several
world-class and large orogenic gold deposits (Fig.
4), e.g. Nezhdaninskoe (16 Moz) in the South
Verkhoyansk province, Natalka (>6 Moz) in the
Central Kolyma province, Kyuchus (>10Moz)
in the Ulakhan-Sis-Solur province, Maiskoe
(>8 Moz) in the Chukotka province, numerous
medium-size deposits and multiple prospective
targets (Nokleberg et al. 1993; Goldfarb et al.
2001). The adjacent Okhotsk-Alaska and Kurile-
Komandor systems host much smaller orogenic
Au deposits (Goldfarb et al. 2001). However, they
host medium to large epithermal Au deposits in
western Canada and USA and in Kamchatka in
Russia, large Au-porphyry deposits (Fort Knox,
Tintina province in Alaska; Lang et al. 2000), and
also large Carlin-type Au deposits in the Great
Basin (Ludington et al. 1993) and in the Kuranakh
area located in the Aldan shield of the Siberian
craton in South Yakutia.

The search for what might be a reasonable
explanation for such an irregular distribution of
orogenic gold deposits in the North Pacific collage
reveals two principal factors, which identify un-
ique features in the Verkhoyansk-Chukotka sys-
tem. These factors include the occurrence of
black-shale-bearing passive margin sedimentary
rocks, on the one hand, and a time affinity to
major collisional/suturing events in the respective
backarc basin, on the other. Several gold deposits,
e.g. Fort Knox and Pogo in the Tintina belt in
Alaska reveal an affinity to granitoid intrusives
(Smith et al. 1999; Lang et al. 2000), a factor that
may come to be recognized as very common with
further progress of geological studies. These pas-
sive margin sediments accumulated on the craton-
facing side of the Verkhoyansk-Chukotka backarc
basin, and emplacement of orogenic deposits and
granitoids also took place in the rear part of its
frontal magmatic arc in the Late Jurassic. The
orogenic gold deposits of the Verkhoyansk-Chu-
kotka system form several clusters in the Yana-
Kolyma belt. This region of the former backarc
basin coincides with the area where its frontal
magmatic arc was attached to the rear craton. The
Early Cretaceous Okhotsk-Chukotka Andean-type
magmatic belt amalgamated the oroclinally bent
late Palaeozoic to Jurassic magmatic arcs of the
Verkhoyansk-Chukotka system (Oksman et al.
2001). Orogenic gold deposits in other parts of the
North Pacific collage, e.g. Mongol-Okhotsk, Chu-
kotka, and Alaska, were also emplaced in the rear
parts of the other arcs in the Early to Mid-
Cretaceous, but they occur within former accre-
tionary complexes and not in the deformed passive
margin sediments. Their gold endowment is smal-
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ler by an order of magnitude. I speculate that this
difference in tectonic setting might control the
amount of gold emplaced or regenerated within
the system. In addition, it seems to be important
that the largest gold endowment is concentrated in
the backarc basin area where a magmatic arc is
attached to its craton.

Although orogenic gold deposits form metallo-
genic belts which are parallel to the strike of
deformed arc-backarc systems, the distribution of
the metallogenic provinces is often oblique with
respect to the extent of such structures. They are
clearly superimposed onto already amalgamated
tectonic units forming several major provinces
within the belt. The distribution of these provinces
seems to be controlled by local structural factors.

This suggests searching for similar localities in
other fossil backarc basins of the North Pacific
orogenic collage. It appears that, with the excep-
tion of the Verkhoyansk-Chukotka arc-backarc
system, the other structures host in general much
smaller orogenic gold deposits within other arc-
backarc systems of the North Pacific orogenic
collage. Some areas, such as the East Bering
basin, may represent one of the most favourable
targets after its suturing.

Baikalides and Altaids

The Altaid orogenic collage of Palaeozoic age
(Sengor et al. 1993), also known as the Ural-
Mongolian, Ural-Okhotsk, or Central Asian fold
belt (Coleman 1989; Zonenshain et al. 1990;
Mossakovsky et al. 1993), is framed by the
Neoproterozoic orogens of the Baikalides (Fig. 5).
Many workers consider the Baikalides and their
analogues as part of the Ural-Mongolian fold
belt, whereas others identify them as an indepen-
dent orogenic system (Milanovsky 1996).

The Baikalides and the Altaids consist of
Neoproterozoic-Palaeozoic rocks forming an oro-
genic collage lying between the East European
and Siberian cratons in the west and NE respec-
tively The Karakum, Alai-Tarim and North China
blocks in the south (the intermediate units of
Sengor & Natal'in 1996a, b) separate the Altaids
from the Tethysides (Sengor & Natal'in \996a, b).
Traditional interpretations suggest that Palaeozoic
structures of central Mongolia also constitute a
part of the Altaids and join the Circum-Pacific
belt via the Mongol-Okhotsk suture zone
(Milanovsky 1996; Sengor & Natal'in 1996a, b).
However, in western and southern Mongolia and
in NE China, there are numerous Precambrian
slivers that form the basement of the Neoproter-
ozoic-Palaeozoic magmatic arc, known as the
Tuva-Mongol arc (Fig. 5, units B1-B2) (Sengor
et al. 1993; Yakubchuk et al. 2001). This arc

everywhere separates the accretionary complexes
of the Transbaikal-Mongolian and North Pacific
orogenic collages, on the one hand, and the Altaid
orogenic collage, on the other. In the east the
Precambrian slivers in the basement of this arc
have a T-shaped junction with the North China
craton, thus providing a natural barrier between
the Altaids and the Circum-Pacific belts. On this
basis, I suggest using the Precambrian units in the
basement of the Tuva-Mongol arc as a boundary
between the Altaids and the Circum-Pacific belt
and therefore to exclude the Palaeozoic structures
of central Mongolia (Transbaikal-Mongolian or-
genic collage) from the Altaids.

The absence of large Precambrian massifs in
the east, if the narrow Precambrian slivers in
Mongolia are excluded, allowed a reconstruction
of the Neoproterozoic-Palaeozoic Palaeo-Asian
Ocean as an embayment of the Palaeo-Pacific
Ocean (Zonenshain et al. 1990; Mossakovsky et
al. 1993; Sengor et al. 1993), in place of the
Altaid orogenic collage. This assumption was
based on the idea that the Alai-Tarim and North
China cratons constitute a single block, whereas
the significance of the Precambrian slivers in
Mongolia was underestimated. However, as was
shown above, these latter units can be considered
as a boundary between the Altaid and Transbai-
kal-Mongolian orogenic collages, whereas the
Alai-Tarim and North China cratons are clearly
separated in their present structure by a Beishan
orogen and, therefore, their identification as a
single block is not correct. I suggest that this latter
area and the Qinling orogen can be used as a link
between the Altaids, to the north, and the Tethy-
sides, to the south (Fig. 5).

Sengor et al. (1993) and Sengor & Natal'in
(1996a, b) indicated that the stucture of the
Altaids consists of several oroclines. They recog-
nized that all early Palaeozoic magmatic arc and
accretionary complex rocks in the Altaids are very
similar across this vast region and suggested on
this basis that they might be formed in front of a
former single magmatic arc, which they named as
the Kipchak arc (Fig. 5, units A1-A3). They
interpreted almost all ophiolites as fragments of
the main ocean-facing accretionary complex and
largely ignored their possible position in the
sutures of the backarc basins. They suggested that
the Precambrian slivers found in the basement of
this arc were rifted off the combined Eastern
Europe-Siberia forming the Khanty-Mansi
Ocean, which spread behind the Kipchak arc.
According to Sengor et al. (1993) and Sengor &
Natal'in (1996a, b), the Kipchak arc and its
accretionary complex were later multiply repeated
along giant strike-slips and oroclinally bent
against the background by clockwise rotation of
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Siberia relative to Eastern Europe. Palaeozoic
magmatic arcs of the Urals were considered as an
independent system formed during subduction of
the oceanic crust of the Khanty-Mansi Ocean
under Eastern Europe and Siberia, thus suggesting
the presence of a second arc behind the Kipchak
arc. In their work, these authors used magmatic
arc fronts as structural markers, which helped
them to identify the direction of the accretionary
growth in the entire collage.

However, significant portions of the Neoproter-
ozoic-early Palaeozoic basement of the Altaids
are obscured under Mesozoic-Cenozoic sedimen-
tary basins (Fig. 1) and middle to late Palaeozoic
magmatic arcs (Fig. 5). This creates significant
difficulties for correlation and understanding how
different parts of the Altaids link to each other
and how they strike under the sedimentary basins.
The airborne magnetic data (National Geophysical
Data Center 1996) employed in this study allow
the orientation of the belts under the basins to be
deciphered.

In addition, not all Neoproterozoic to early
Palaeozoic volcanic and terrigenous rocks repre-
sent an accretionary complex, e.g. Baikonur-
Karatau zone (Fig. 5, unit 1), which hosts alkaline
basalts and chert to clastic sedimentary rocks,
lacks ophiolites and might be better interpreted as
a rift structure (Mossakovsky et al 1993) behind
the Kipchak arc. Its sedimentary rocks host vana-
dium-molybdenum deposits, which makes them
metallogenically distinct from all other chert-
terrigenous sequences in the area, where they
might be interpreted as an accretionary complex.
In addition, some ophiolites occur in sutures
between the former magmatic arcs, reveal petro-
logical signature of supra-subduction origin
(Yakubchuk & Degtyarev 1991; Yakubchuk 1997;
Degtyarev 1999) and are coeval with the differ-
entiated magmatic rocks in the adjacent magmatic
arcs, whereas others occur as slivers within long-
lived, viz. longer than 200 Ma, and very wide
accretionary wedges that might therefore face a
former major ocean. The regional aeromagnetic
data (National Geophysical Data Center 1996)
allow magnetically distinct magmatic arcs and
ophiolitic sutures to be traced, on the one hand,
and non-magnetic accretionary complexes and
passive margin sedimentary sequences, on the
other. The orientation and relationships between
various units recognized on this basis (Fig. 5)
appears to differ from the maps suggested by
Sengor & Natal'in (see Sengor & Natal'in 1996/7,
fig. 21.18) and therefore the details of the tectonic
evolution of the Altaid orogenic collage can be
also viewed differently.

However, this study recognizes the importance
of Precambrian slivers and magmatic fronts in the

same manner as suggested initially by Sengor et
aL (1993). In the Baikalides and Altaids, there are
several generations of arc magmatism from the
Riphean (<1650>680 Ma) to the Mesozoic (Fig.
6). Recognition of the synchroneity of some
ophiolites, largely neglected by Sengor et al
(1993) and Sengor & Natal'in (1996a, b), and
magmatic arc rocks was the basis for a new
tectonic interpretation of the Baikalides and the
Altaids suggested recently by Yakubchuk et al.
(2001).

Each fragment of the Baikalides consists of one
magmatic arc separated by an ophiolitic suture
from the craton-facing passive margin sequences,
whereas the Altaid collage consists of two sub-
parallel major island arcs of Vendian (<680 Ma)
to early Palaeozoic age (Figs 5 and 6): Kipchak
arc in Central Kazakhstan and Altai (Fig. 5, units
A1-A3) and Mugodzhar-Rudny Altai in the
Urals (Fig. 5, units D1-D2) and Altai (Fig. 5, unit
D3), constituting the Kazakh orocline in the
western half of the Altaids. The sutures, which
trace former backarc basins, separate the Kipchak
(Fig. 5, units 2a-2c) and Mugodzhar-Rudny Altai
arcs (Fig. 5, unit 3) from the cratons and each
other. The Tuva-Mongol arc in the east, an
intermediate unit between the Altaids, on the one
hand, and the Transbaikal-Mongolian and the
North Pacific collages, on the other hand, is
deformed into several en echelon oroclines. In the
mid-Palaeozoic, the Kipchak and Tuva-Mongol
arcs amalgamated into a single Kazakh-Mongol
arc (Fig. 5, units C1-C2).

In their present structural configuration, there
are difficulties and uncertainties in recognizing the
affinity of accretionary complexes to the respec-
tive arcs. If the above-mentioned recognition that
magmatic arc complexes of the Urals and Rudny
Altai form a single structure is correct and that it
is sub-parallel with the Kipchak arc, then it is
difficult to interpret them as a result of strike-slip
repetition of the same structure, because, on the
one hand, they are not synchronous and, on the
other hand, there would be a significant space
problem if they constituted a single arc. One can
constrain this problem using the migration of
magmatic fronts with respect to magmatic arcs.
Accretionary complexes might also develop within
a system of several sub-parallel magmatic arcs,
which may be considered as an alternative to a
single, but complexly deformed arc. If there were
several evolving arc-backarc systems in the wes-
tern part of the Altaid collage, e.g. Ural-Altai,
Kazakh-Khanty Mansi, each of them might gen-
erate its own accretionary complex, a magmatic
arc and a backarc basin. This option does not
require 'construction' of a single arc, whose
length would exceed the length of the combined



284 A. YAKUBCHUK

Fig. 6. Lithotectonic units and mineralization in the Baikalide-Altaid orogenic collage.

margin of united Eastern Europe-Siberia. In addi-
tion, each of these units reveals quite a distinct
subduction-related metallogeny, which better fits
into a system of more than one arc, and only late
Palaeozoic orogenic gold deposits are superim-
posed onto various pre-orogenic tectonic units.
The following describes an alternative tectonic
interpretation of the Altaids employing the pre-
sence of several magmatic arcs in its western
portion.

The Baikalides

The Baikalides and their analogues, such as the
Pre-Uralides, were identified in the Patom High-
lands, in the southwestern margin of the Siberian
craton in the Eastern Sayan, in the Yenisey Range,
in the Taimyr Peninsula, and in the Pechora Low-
lands. In all these locations they bound either the
Siberian or East European cratons. It is suggested
that the Baikalides may constitute significant areas
of the Arctic shelf (Shipilov & Tarasov 1998).
Their analogues are also known as Neoproterozoic

crustal slivers within the Altaid orogenic collage
in the Urals, Altai, and in the Kazakh uplands.

The Baikalides and Pre-Uralides host sutures
with late Proterozoic ophiolites (Vernikovskiy ei
al 1996, 1999). The sutures represent traces of
former backarc basins between late Proterozoic
magmatic arcs and craton-facing passive margin
sedimentary sequences. Around the Siberian cra-
ton, the late Proterozoic passive margin sedimen-
tary rocks in the Baikalides host giant orogenic
Au-(PGM) (Fig. 6) and large Pb-Zn deposits.

The Neoproterozoic ophiolitic sutures can be
more or less clearly traced on the flanks of the
East European and Siberian cratons. In orogenic
belts in Transbaikalia and Mongolia, it is possible
that ophiolitic sutures of the Patom orocline in
northern Transbaikalia and the Tuva-Mongol arc
might be dextrally offset by 1000km (Yakubchuk
el al. 2001). This indicates that a province of
medium-size mesothermal gold deposits in south
Transbaikalia may represent an offset continuation
of the Lena orogenic gold province.

Other fragments of the Riphean magmatic arcs
can also be found as slivers in the basement of



BAIKAL, TRANSBAIKAL AND NORTH PACIFIC OROGENS 285

younger magmatic arcs in the Kuznetsk Alatau,
West Sayan, in the Kazakh uplands, and in the
Northern Tien Shan.

The Altaid orogenic collage

The Altaid orogenic collage consists of the
Palaeozoic orogens of the Urals, Kazakh uplands,
Tien Shan and Altai. In their present structural
configuration, these systems occur as apparently
independent orogens separated by vast oil-bearing
Mesozoic-Cenozoic sedimentary basins in wes-
tern Siberia and Central Asia. However, the air-
borne magnetic data (National Geophysical Data
Center 1996) suggest that they represent exposed
fragments of a single orogenic collage.

The Tuva-Mongol arc can be traced from south-
ern Transbaikalia to western and southern Mongo-
lia and NE China. It now constitutes the Central
Mongolian and the Hingan oroclines. The arc
separates Vendian-Palaeozoic accretionary com-
plexes of the Altaids from the mid-late Palaeo-
zoic accretionary complexes of the Transbaikal-
Mongolian collage. Within the Tuva-Mongol arc,
there are intra-arc sutures with Vendian-Early
Cambrian ophiolites in Transbaikalia, northern
and central Mongolia.

The early Palaeozoic magmatic rocks of the
ensimatic portion of this arc in Tuva and Transbai-
kalia host Cu-Pb-Zn-Ag-Au VMS deposits
(Kovalev et al 1998) and Cu-porphyry occur-
rences (Sotnikov & Berzina 2000) in its western
portion in Tuva and western Mongolia (Figs 6 and
7). There are granite-related orogenic gold depos-
its emplaced after suturing of the intra-arc basins
in the south Transbaikalia province (Yakubchuk et
al 2001).

The Kazakh-Khanty-Mansi arc-backarc system.
consists of the Vendian-early Palaeozoic Kipchak
arc and its Palaeozoic accretionary complex in the
core of the Kazakh orocline, and a suture of the
Khanty-Mansi backarc basin whose fragments are
exposed in the southern Tien Shan, east Urals and
Irtysh-Zaissan segments. The Kipchak differen-
tiated magmatic rocks occur above the heteroge-
nous basement in several ensialic fragments in the
Gorny Altai, Salair, and Kuznetsk Alatau in
Russia (Fig. 5, unit A3), the ensimatic Bozsha-
kol-Chingiz segment in Kazakhstan (Fig. 5, unit
A2), and the ensialic Stepnyak-Betpakdala seg-
ment in Kazakhstan and Kyrgyzstan (Fig. 5, unit
Al). Even in their present structure the fragments
of this arc remain attached to the Siberian craton
in the east. Its opposite 'end' stops in the Kyrgyz
and Chinese Tien Shan. The Palaeozoic magmatic
arc rocks in the Altyn and Kunlun mountains on

the southern rim of the Alai-Tarim, Karakum and
perhaps including the Qaidam block may also
represent equivalents of this arc. In this case, the
Alai-Tarim and Karakum blocks could have been
part of the Kipchak arc since the Late Proterozoic,
in contrast to their traditional interpretation as
fragments of Gondwana docked to Laurasia only
in the late Palaeozoic (Scotese & McKerrow
1990; Zonenshain et al. 1990; Sengor & Natal'in
1996a). This means that the Altaids may have
been formerly related to the Palaeo-Tethys Ocean
and not to the Palaeo-Pacific Ocean.

The backarc structures of the Kipchak arc
include a 1000km long Vendian-early Palaeozoic
Baikonur-Karatau backarc rift (Fig. 5, unit 1) in
west Central Kazakhstan (Mossakovsky et al.
1993).

Within the Kipchak arc, there are several 500-
1000km long sutures with Cambrian-Ordovician
ophiolites. However, even in their present structur-
al configuration they appear as a system of en
echelon sutures, which may represent a system of
former intra-arc basins. Their ensimatic segments
host early Palaeozoic VMS deposits in Central
Kazakhstan (Maikain) and Altai (Salair group)
and also Cu-porphyry deposits in Northern Ka-
zakhstan (Bozshakol) (Heinhorst et al. 2000).
Suturing and related strike-slip deformation at the
end of the Ordovician led to the emplacement of
Late Ordovician granitoid plutons which host
orogenic granite-related gold deposits in the North
Kazakhstan province (Shatov et al. 1996;
Heinhorst et al 2000) and in the Kuznetsk Alatau
province in Russia (Distanov & Obolensky 1993;
Yakubchuk et al. 2001). Their emplacement took
place synchronously with the above-mentioned
similar orogenic deposits in the South Transbaikal
province.

In the rear part of the Kipchak arc, there is a
very long suture marked by Ordovician-Devonian
ophiolites, which strike from the South Tien Shan
(Fig. 5, unit 2a) to the East Urals (Fig. 5, unit 2b)
and then ends at the Irtysh-Zaissan segment (Fig.
5, unit 2c) (Yakubchuk et al. 2001). This suture
marks the Khanty-Mansi backarc basin that
started to open in the Latest Proterozoic to the
early Palaeozoic.

The Kazakh-Mongol arc-backarc system formed
as a result of reorganization at the Ordovician-
Silurian transition. The mid-Palaeozoic ophiolites
occur in the suture of the Khanty-Mansi backarc
basin and the Kazakh-Mongol magmatic arc
extending from Central Kazakhstan to Mongolia
and NE China (Fig. 5, units Cl and C2). Its very
wide accretionary complex occurs in the core of
the Kazakh orocline and then extends to South
Mongolia (Fig. 5). The synchronicity of ophiolites



Fig. 7. Distribution of porphyry, epithermal, VMS, Alaska-type PGM, and orogenic gold deposits in the Baikalide-Altaid orogenic collage. See Figure 5 for symbols and unit
numbers.
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and magmatic arc rocks suggests an island arc
setting for this arc.

The Silurian-Devonian Kazakh-Mongol mag-
matic arc (Fig. 5, unit Cl) amalgamated fragments
of the older Kipchak and Tuva-Mongol arcs. The
mid-Palaeozoic arc rocks host several VMS and
important porphyry Cu deposits in Central Ka-
zakhstan (Nurkazghan), Mongolia (Oyu Tolgoi),
and northeast China (Duobaoshan) (Fig. 7). The
accretionary complex of this arc is not spectacular
in terms of mineralization, but it is a good
structural marker, which can be traced from the
core of the Kazakh orocline via south Mongolia to
the core of the Hingan orocline.

In the Early Carboniferous, there was a key
transitional event in the tectonic and metallogenic
evolution of Central Asia. In the Early-Mid-
Carboniferous, the Kazakh orocline began to
collide with the Mugodzhar-Rudny Altai arc to
form a 3000 km long suture extending from the
South Tien Shan to the East Urals and Irtysh-
Zaissan zones (Puchkov 1993). Most porphyry
deposits in Kazakhstan and Central Asia formed
during this time (Heinhorst et al. 2000).

In the western part of the Kazakh-Mongol arc,
a collision caused migration of the magmatic front
and emplacement of numerous Cu-Mo-porphyry,
skarn and epithermal deposits in Kazakhstan. In
western Central Kazakhstan and Uzbekistan there
is the Early-Mid-Carboniferous Valerianov-Bel-
tau-Kurama arc. This arc magmatism produced
large Fe-skarn deposits in northwest Kazakhstan
and very large porphyry (Kalmakyr-Dalnee) and
epithermal deposits in Uzbekistan (Kirkham &
Dunne 2000). The giant sedimentary-Cu deposits
of Dzhezkazghan formed between these two mag-
matic arcs. In the Late Carboniferous, Mo-W
deposits controlled by pull-apart structures
(Heinhorst et al. 2000) were emplaced in Central
Kazakhstan.

In southern Mongolia and northeast China the
Kazakh-Mongol arc produced large volumes of
Early Carboniferous to Permian magmatic rocks
(Fig. 5, unit C2) lacking significant mineralization.
This magmatism buried the mineralized Silurian-
Devonian arc, whose rocks are now found only in
erosion windows. The frontal part of the arc is
clearly marked by a late Palaeozoic accretionary
complex striking from Central Kazakhstan to NE
China.

If this is accepted, it implies a dextral (west-
ward) displacement of the North China craton for
2000 km, its juxtaposition with the Tarim block,
and oroclinal bending of central Mongolia, Hingan
and the Yangtze craton with respect to North
China. This event completely separated the Al-
taids from the Tethysides, and Mesozoic magmatic
arcs and subduction-accretionary complexes began

to grow on the northern periphery of the Palaeo-
Tethys Ocean.

Collision of the Kazakh-Mongol arc with the
Mugodzhar-Rudny Altai arc produced a 3000 km
long suture in place of the Khanty-Mansi backarc
basin. It hosts the Tien Shan and East Kazakhstan
erogenic gold provinces with world-class deposits.
The provinces broadly coincide with this suture,
but their pattern indicates that they are clearly
superimposed onto the suture and adjacent struc-
tures. The East Kazakhstan province hosts the
Bakyrchik deposit; the Tien Shan province, ex-
tending from Muruntau to Kumtor and then to the
Chinese Tien Shan, is the world's second largest
gold province after the Witwatersrand (White et
al. 2001). The host rocks of these deposits are
early Palaeozoic black shale-bearing passive mar-
gin sedimentary sequences accumulated either on
or near the adjacent crustal blocks. However,
formation of economic gold deposits in these belts
took place in the Permian (Drew et al. 1996) or
even in the Triassic (Wilde et al. 2001).

Many orogenic-type gold deposits in the Tien
Shan are located within late Palaeozoic granitoid
intrusions or within their contact metamorphic
aureoles (Shayakubov et al. 1999). Where radio-
metric dates have been obtained, mineralization is
found to be broadly coincident with magmatism
(Boorder 2000; Cole 2000). A number of recent
studies, particularly in the Tien Shan, have devel-
oped geochemical, isotopic and fluid-structural
models that implicate highly evolved syntectonic
late Palaeozoic I-type granitoids as the source of
fluids and metals for spatially associated orogenic-
type gold deposits. In these examples, the gold-
quartz vein systems represent only part of a larger
magmatic -hydrothermal system that commonly
includes earlier scheelite (±Au) skarn mineraliza-
tion.

Ural-Altai arc-backarc system In this system,
there are several generations of early to middle
Palaeozoic island arcs extending from the South
Urals to Rudny Altai (Fig. 5). It is obscured under
Mesozoic-Cenozoic sediments of western Siberia,
and it is now exposed in the two apparently
separate locations in the Urals and Rudny Altai,
whose affinity to a single system is based on
magnetic data (Yakubchuk et al. 2001). In the
Altai, it unites with the Kazakh-Mongol arc, thus
making a system of two parallel, external and
internal, arcs, which were oroclinally bent to-
gether. An accretionary complex is known on the
eastern flank of the arc in the Urals and on the
southwestern flank in Rudny Altai. It was inter-
preted as a subduction product of the Khanty-
Mansi backarc basin (Yakubchuk et al. 2001).
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The Urals portion of this arc-backarc system is
better exposed. Its structure is traditionally simpli-
fied as a western slope hosting passive margin
sediments of the East European craton and an
eastern slope with magmatic arcs and intra-arc
sutures (Puchkov 1993). It is commonly assumed
that the Main Uralian fault represents a principal
boundary between the western and eastern slope
units. Some workers (Necheukhin 2001) recog-
nized that the orientation of individual tectonic
units of the eastern slope is oblique with respect
to the Main Uralian fault. In particular, the
Silurian Tagil arc is well known only in the
Middle and North Urals and does not trace well to
the South Urals. Its analogues constitute al-
lochthonous fragments in the South Urals. The
Devonian Magnitogorsk arc is exposed in the
South Urals. Its southern continuation is obscured
under Cenozoic sediments. Analysis of the present
structural pattern suggests that the structure of the
Urals is controlled by north-south-trending late
Palaeozoic faults (Sazonov et al. 2001), which
sinistrally offset some fragments of this arc.

In the South Urals, the Sakmara ophiolitic
suture separates the Magnitogorsk arc segment
and the East European craton. It can be traced to
the south on the basis of magnetic data for 200-
300 km. Its northern continuation is believed to
coincide with the Main Uralian fault continuing
towards the North Urals, representing a main trace
of the sutured basin with the early-middle Palaeo-
zoic oceanic crust (Puchkov 1993). Everywhere to
the east this suture is bounded by the early to
middle Palaeozoic magmatic arc rocks. This sup-
ports interpretation of these ophiolites as products
of backarc spreading behind this arc. However, the
Devonian-Early Carboniferous history of the clo-
sure of this basin is viewed as an east-dipping
subduction of its oceanic crust under the Mugodz-
har arc (Matte et al. 1993; Puchkov 1993) before
collision with Eastern Europe and exhumation of
the ultra-high pressure rocks in the Early Carboni-
ferous (Matte et al. 1993).

Airborne magnetic patterns suggest that the
Mugodzhar arc might have remained attached by
its southwestern edge to the East European craton.
This arc can be relatively well traced along the
Urals orogen but, from the Polar Urals, this arc
can be further traced southeastward under West
Siberian Mesozoic-Cenozoic sediments towards
Rudny Altai.

In the Urals, the main collision between the
Mugodzhar-Rudny Altai arc and the East Eur-
opean craton took place in the Middle Carbonifer-
ous, with total suturing of the Sakmara backarc
basin by the Early Permian (Puchkov 1993;
Mossakovsky et al. 1993). This collision was
associated with sinistral strike-slip translation,

which provoked emplacement of a number of
granite-related erogenic gold deposits in the Urals
(Sazonov et al. 2001) and offset some tectonic
units, possibly for up to 300 km.

The Urals and Rudny Altai host famous VMS
deposits in the Middle Devonian differentiated
volcanic rocks (Figs 6 and 7) in the Magnitogorsk
arc of the Urals (Gusev et al. 2000) and in the
same age rocks in Rudny Altai (Popov 1995,
1997; Yang 1994). There are also middle Palaeo-
zoic Mo-(Cu)-porphyry sub-economic deposits in
this arc in the Urals (Gusev et al. 2000; Kirkham
& Dunne 2000) and in the Altai-Sayan region
(Sotnikov & Berzina 2000). The Silurian Tagil arc
segment hosts VMS deposits and numerous ultra-
mafic massifs of the so-called Ural platinum belt
associated with the Alaska-type intrusions. These
intrusions contain minor to medium-size hard rock
PGE deposits, which are a source of PGE placers
(Dodin et al. 2000).

Paikhoi-Novaya Zemlya, North Barents and North
Caspian basins The structures of Paikhoi and
Novaya Zemlya orogens consist of Palaeozoic
passive margin equivalents of the Urals' western
slope. These orogens occur at the northern closure,
of the Kazakh orocline. Their setting is disputed.
Some believe that it is a 'degenerated' northern
continuation of the Urals whose further offset
continuation is suggested to be found in the south-
ern zones of the Taimyr Peninsula (Milanovsky
1996) or in the Arctic shelf (Zonenshain et al.
1990). These structures, however, may represent a
part of another (en echelon?) system of backarc
basins which developed due to stretching of the
continental crust of the East European craton and
Pre-Uralides further behind the Voikar backarc
basin.

Similar basins remained undeformed in the
North Barents and in the North Caspian areas.
They host petroliferous sedimentary rocks that
accumulated on oceanic crust from at least middle
Palaeozoic time until the Mesozoic, in the North
Caspian basin and, until the Quaternary, in the
North Barents Sea. The thickness of these se-
quences now exceeds 15km (Shipilov & Tarasov
1998). In the North Caspian basin, there are
Permian evaporites that represent a fragment of
the evaporite belt extending from Central Europe
to the South Urals. The famous sedimentary rock-
hosted base metal deposits of East Germany and
Poland occur on the flanks of this basin, and their
equivalents are found in the Ural fore-deep as far
as Timan. Similar mid-late Palaeozoic sedimen-
tary copper and lead-zinc deposits were discov-
ered on the Novaya Zemlya archipelago on the
periphery of the North Barents basin (Evdokimov
et al. 2000).
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Distribution of mineralization in the
Baikalides and Altaids

The distribution of orogenic and pre-orogenic
metallogenic belts in the Baikalides and Altaids is
irregular. Porphyry and epithermal mineralization
within magmatic arcs constituting the Baikalides
and the Altaids occurs mostly within mature arcs
(Fig. 6) and mostly within their oroclinally bent
fragments (Fig. 7). The VMS and Alaska-type
PGM deposits occur within immature magmatic
arcs of the Urals and Rudny Altai.

Orogenic gold deposits formed at the final
stages of suturing of the backarc basins between
the magmatic arcs and cratons. As the Baikalide-
Altaid collage is a product of several collided
arc-backarc systems there are several metallo-
genic belts of orogenic gold deposits of various
ages ranging from the Late Proterozoic to late
Palaeozoic, which were superimposed onto su-
tured structures. Their calculated total gold re-
source exceeds 300 Moz (Goldfarb et al. 2001;
White et al. 2001). However, analysis of the
distribution of their gold endowment shows that
the most significant deposits are clustered within
the Yenisey and Lena provinces of Late Protero-
zoic to Late Palaeozoic age, containing in excess
of 70 Moz of gold each, and in the Tien Shan gold
province of late Palaeozoic age, containing in
excess of 250 Moz of gold, whereas early to
middle Palaeozoic orogenic gold provinces of the
Urals, northern Central Kazakhstan and Altai host
medium-size deposits. Analysis of the factors
controlling distribution of such deposits reveals
the same result as in the North Pacific orogenic
collage. The deposits with the largest gold endow-
ment are superimposed onto deformed black-
shale-bearing craton-facing passive margin sedi-
mentary sequences. In contrast to the North
Pacific orogenic collage, they more clearly associ-
ate with the granitoid intrusions in the Tien Shan.

Tectonic evolution of the Altaid,
Transbaikal-Mongolian and the North
Pacific collages

The above description of the Altaid, Transbaikal-
Mongolian and North Pacific orogenic collages
reveals many similar features in their structural
patterns and distribution of metallogenic belts. It
is especially intriguing that both areas host world-
class orogenic Au provinces in similar setting and
timing of emplacement relative to the evolution of
their respective orogens. The following discussion
will compare their tectonic and metallogenic
evolution.

Evolution of the Altaid and Transbaikal-
Mongolian orogenic collages

In the 1990s, several plate-tectonic interpretations
were proposed to explain the evolution of the
Altaid orogenic collage (Zonenshain et al. 1990;
Puchkov 1993; Mossakovsky et al. 1993; Sengor
et al. 1993; Sengor & Natal'in 19960; Yakubchuk
1997). Zonenshain et al. (1990) and Mossakovsky
et al. (1993) suggested that Precambrian blocks
occurring in the internal part of the Altaids and
also Karakum and Alai-Tarim were rifted off the
Gondwana super-continent in the Latest Protero-
zoic; then, they drifted across the Panthalassic
(Palaeo-Pacific) Ocean and docked to Siberia and
Eastern Europe to produce the orogenic collage.

An alternative interpretation by Sengor et al.
(1993) suggested that the Precambrian slivers
occurring in the internal portion of the Altaids
were rifted off combined Eastern Europe-Siberia
during the Neoproterozoic to produce the base-
ment of the Kipchak magmatic arc. A similar
mechanism was recently suggested to explain the
Tuva-Mongol arc (Yakubchuk et al. 2001) as a
structure, which might have rifted off combined
Siberia-Laurentia together with the North China
craton to form the Palaeo-Pacific ocean, which
initially evolved as a backarc basin. The model by
Sengor et al. (1993) suggested that clockwise
rotation of the Siberian craton with respect to the
East European craton caused oroclinal bending
and strike-slip duplication of all arcs and their
accretionary complexes, which then collided with

.the framing cratons.
All models suggested after 1993 employed the

palaeomagnetic data of Torsvik et al. (1992) for
the major cratons, which showed that the East
European and Siberian cratons were attached to
each other by their present northern margins
during the early Palaeozoic. Since the Late Ordo-
vician, Siberia began clockwise rotation with
respect to Eastern Europe due to spreading events
between Siberia and Laurentia (Fig. 8). This
rotation continued until the late Palaeozoic when
the Altaids had been finally amalgamated in the
form of the present orogenic collage.

Yakubchuk et al. (2001) suggested a new inter-
pretation for the tectonic evolution of the Altaids
showing the setting and timing of emplacement of
mineral deposits of VMS, porphyry, epithermal,
Alaska-type PGM and orogenic Au types. This
latter interpretation is in general agreement with
the model by Sengor et al. (1993), but it recog-
nizes a greater number of arc-backarc basins
within the Altaid collage, puts more emphasis on
collision, suggests lesser amplitude of displace-
ment during strike-slip duplication of the struc-
tures and differs in the understanding how the
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Fig. 8. Geodynamic evolution of the Altaid and North Pacific orogenic collages. Both erogenic systems evolved
through backarc spreading in several basins and following collision of magmatic arcs with each other and adjacent
cratons. Epithermal, porphyry, VMS, and Alaska-type PGM deposits formed within magmatic arcs. The
amalgamation of orogenic collages took place due to clockwise rotation of adjacent cratons and subsequent arc-arc
and arc-continent collisions with associated emplacement of orogenic gold deposits. See Figures 4 and 7 for deposit
symbols and province names. Compiled using Parfenov (1995) and Yakubchuk et ai (2001).
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oroclines were deformed into their present pat-
tern.

According to this latter model, several episodes
of rotation of the major cratons caused spreading
in the two sub-parallel, external and internal,
Khanty-Mansi and Sakmara backarc basins be-
hind the Kipchak and Mugodzhar-Rudny Altai
arcs, respectively, and also in the smaller intra-arc
basins within these arcs (Fig. 8a). The external
Kazakh-Khanty Mansi arc-backarc system
started to form in the latest Proterozoic, whereas
the internal Urals-Rudny Altai arc-backarc sys-
tem began to evolve during the Late Ordovician-
Silurian. This intra-arc rifting and spreading was
associated with emplacement of the early Palaeo-
zoic VMS and porphyry deposits in the Kipchak
arc (Fig. 8a). The suturing of its intra-arc basins
at the end of the Ordovician generated emplace-
ment of granite-related orogenic gold deposits in
northern Kazakhstan, North Tien Shan and also in
southern Transbaikalia and Kuznetsk Alatau. The
same rotation simultaneously stimulated the begin-
ning of formation of the Mugodzhar-Rudny Altai
arc with its VMS and Alaska-type PGM deposits
in intra-arc basins in the Urals. Spreading in these
basins resulted in oceanic crust containing Cr-
(Os-Ir) deposits now found in the ophiolites,
which were emplaced into the Ural orogen after
suturing.

In the mid-Palaeozoic, the continuing rotation
was then responsible for oroclinal bending of the
Kipchak and Mugodzhar-Rudny Altai arcs and
suturing of their intra-arc basins (Fig. 8b). Simul-
taneously the Tuva-Mongol arc was oroclinally
bent as well. This process led to amalgamation of
the Kipchak and Tuva-Mongol arcs into a single
Kazakh-Mongol arc in the mid-Palaeozoic, but
spreading continued in the Khanty-Mansi backarc
basin and in the Sakmara backarc basin.

Spreading events and subduction against the
continuing clockwise rotation of Siberia and or-
oclinal bending of the new Kazakh-Mongol mag-
matic arcs in the Devonian coincided with
emplacement of the porphyry deposits of Central
Kazakhstan and Mongolia and a new episode of
VMS mineralization in the Mugodzhar-Rudny
Altai arc. The oroclinal bending of the Kazakh-
Mongol arc caused its intrusion between Tarim-
Karakum and Siberia towards the East European
craton. This created temporary subduction on the
present western flank of the Kazakh-Mongol arc
in the Early Devonian, but since the Mid-Devo-
nian the evaporite-bearing and molasse-filled rift-
related backarc basins started to cover the pre-
viously amalgamated fragments. In the early Car-
boniferous, continued clockwise rotation of major
cratons caused southeastward migration of the
western part of the Kazakh-Mongol arc and a

new episode of bending in the Kazakh orocline,
pushing it further towards the East European
craton along its bounding strike-slip faults. This
coincides with emplacement of main porphyry
deposits in Central Kazakhstan and a new episode
of temporary subduction to form the Valerianov-
Beltau-Kurama arc, which produced its large
porphyry, skarn and epimermal deposits.

In the Early to Mid-Carboniferous, the Kazakh
orocline collided with the Mugodzhar-Rudny
Altai arc to form a 3000 km long suture extending
from the South Tien Shan to the East Urals and
Irtysh-Zaissan zones (in place of the Khanty-
Mansi backarc basin) and the Main Ural suture (in
place of the Sakmara backarc basin) between the
Mugodzhar arc and the East European craton. By
the end of the late Palaeozoic, the continuing
rotation of major cratons caused collision of the
Kipchak and Mugodzhar-Rudny Altai arcs with
each other and with the East European and
Siberian cratons (Fig. 8c). These collisional events
continued throughout the late Palaeozoic. At the
final stage of amalgamation in the late Palaeozoic,
this rotation formed an orogenic collage of the
Altaids and produced transpressive strike-slip de-
formation in its external part in the Urals. This
suturing was an important event in the structural
preparation of the region, which later produced
world-class orogenic gold provinces in the Tien
Shan, eastern Kazakhstan and Urals.

The Tuva-Mongol arc in the eastern portion of
the Altaids was bent into the Central Mongolian
and Hingan oroclines mostly during the early
Mesozoic, after generation of the Transbaikal arc.
Since the Cretaceous, it was affected by Yansha-
nian arc magmatism of the Circum-Pacific belt,
and then the Indian collision produced Eurasia.

Evolution of the North Pacific orogenic
collage

Most publications about the early stages of evolu-
tion of the North Pacific orogenic collage suggest
that the magmatic arcs were generated in the
Pacific Ocean and then accreted to Laurentia and
Eurasia (e.g. Sokolov et al 1997). Similar to the
Altaids, an alternative viewpoint (Sengor & Nata-
1'in 1996b) suggests that first an arc was rifted off
combined Siberia-Laurentia and then accreted
back to the cratons.

In the Alaska-Kolyma portion, the shaping of
the North Pacific orogenic collage started in the
mid-late Palaeozoic with backarc rifting and
spreading behind the Uda-Murgal, Alazeya-Oloy
and Stikene magmatic arc segments in the Ver-
khoyansk-Chukotka arc-backarc system (Fig. 8d,
e). This stimulated accumulation of the clinoforms
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on the craton-facing passive margins in the back-
arc basins. The arcs host Cu-Mo porphyry,
epithermal Au and Alaska-type PGM occurrences.
Spreading in the Amerasian basin caused rifting
of the Chukotka-Brooks Precambrian crustal
block off Laurentia and its migration towards
Siberia to form the Verkhoyansk-Kolyma and
Novosibirsk-Chukotka collisional orogens by the
Late Jurassic to Early Cretaceous (Fig. 8f)
(Nokleberg et al 1993; Nokleberg & Diggles
2001). This collision was responsible for genera-
tion of the erogenic gold deposits in the Yana-
Kolyma metallogenic belt.

In the Transbaikal-Mongolian collage, the late
Palaeozoic-early Mesozoic Transbaikalian arc
was the first arc, which can be explained via
subduction from the Palaeo-Pacific Ocean. It
continued to develop until the Early Cretaceous,
but only Triassic arc magmatism is responsible for
economic Cu-(Mo)-porphyry and epithermal Au
mineralization in Mongolia and Transbaikalia.
The magmatic products of the Tuva-Mongol and
Kazakh-Mongol arcs of the Altaids occur now in
its basement. Prior to oroclinal deformation, this
arc might have formed a single structure with the
North China craton.

The Sikhote-Alin-West Kamchatka-Aleutian
arc and its backarc basin started to develop in the
late Palaeozoic-early Mesozoic. Some workers
(Nokleberg et al. 1998; Nokleberg & Diggles
2001) suggested that this arc formed in the centre
of the Pacific Ocean and then docked to Siberia
and Laurentia. In the Mid-Cretaceous-Palaeo-
gene, there were two magmatic arcs, the internal
Okhotsk-Chukotka and external Sikhote-Alin-
West Kamchatka-Aleutian arc, which developed
above the amalgamated portions of the Ver-
khoyansk-Chukotka and Transbaikal-Mongolian
orogens. The front of the Okhotsk-Chukotka arc
retreated towards the continent with respect to the
Jurassic fronts in the same manner as in the
Chilean segment of the Andean belt. This subduc-
tion-related magmatism produced medium-size
epithermal Au-Ag and Cu-porphyry deposits in
the Okhotsk-Chukotka arc. The Sikhote-Alin-
West Kamchatka-Aleutian arc produced VMS,
skarn, minor porphyry, and Alaska-type PGM
deposits. Medium to large orogenic gold provinces
were superimposed onto collisional and accretion-
ary orogens in the rear parts of the two arcs.

Evolution of the North Pacific orogenic collage
since the Cretaceous until the present can be
considered as a gradual oceanward rollback of
subduction zones with subsequent opening of a
series of backarc basins and accretion of ensimatic
arcs generated in the central parts of the Pacific
Ocean. The beginning of spreading in each new
backarc basin coincided with suturing of the

previous backarc basin in the rear part of the
former (Nokleberg & Diggles 2001). In the Pa-
laeogene, the strike-slip translation along the
active margins of the Pacific Ocean caused orocl-
inal bending of the Sikhote-Alin-West Kamchat-
ka-Aleutian arc and its collision with the rest of
Asia and Alaska. This collision stopped magma-
tism in the Okhotsk-Chukotka arc and sutured the
Okhotsk-Alaska backarc basin, but its East Ber-
ing portion has remained unsutured. This subduc-
tion produced the Au-porphyry deposits of
Alaska. At the same time, the intra-arc spreading
split the Sikhote-Alin-West Kamchatka-Aleutian
arc or intra-oceanic subduction produced a sepa-
rate Kurile-Komandor arc, which collided by the
end of the Palaeogene. In the Neogene-Quatern-
ary, a still active magmatic arc developed on top
of the previously collided structures in Kurile and
Kamchatka. This subduction-related magmatism
produced numerous medium size epithermal de-
posits in the Kamchatka Peninsula and some in
the Kurile Islands.

Discussion

The interpretation of tectonic patterns and models
of geodynamic evolution of the Baikalide-Altaid
and North Pacific orogenic collages described
above shows both similarities and differences
between the two collages. The common features
include similar tectonic patterns and similar dis-
tribution of Cu-porphyry, Au-Ag epithermal,
Alaska-type PGM, and orogenic Au metallogenic
belts. Besides the age, the differences relate
mostly to the sequence in opening of backarc
basins. For instance, in the Altaids the internal
magmatic arcs (e.g. Mugodzhar-Rudny Altai)
began to develop after and behind the external
arcs (e.g. Kipchak), whereas in the North Pacific
collage there is a subsequent oceanward younging
of magmatic arcs. The consequence of this differ-
ence in evolution, along with many other indivi-
dual differences, seems to be not critical for
metallogeny, but it is important to emphasize that
in both collages the largest gold deposits formed
during major orogenic (collisional) events and
occur predominantly within the deformed former
passive margin black shale-bearing sedimentary
sequences. This affinity of orogenic gold deposits
to black shale host rocks has been a reason for
intense discussions. At present, one can assume
that initial enrichment of sediments in gold is as
important as the later influence of collisional
tectonism and granitoid magmatism.

Analysis of the global setting of the two
orogenic collages shows that each of them evolved
in a similar position relative to the two adjacent
major oceans (Fig. 9). In particular, the North
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Fig. 9. Global tectonic patterns during backarc spreading in the Altaid (480 Ma ago) and North Pacific (80 Ma ago)
orogenic collages (major cratons are shown after Scotese & McKerrow 1990). The arc-backarc systems in both
collages initially evolved through rifting, which separated crustal fragments from adjacent cratons into arc basements
to form several sub-parallel arc-backarc systems occurring on the flanks of the two dominant oceans surrounded by
subduction zones on all margins, e.g. Palaeo-Tethys and Pacific Oceans respectively, whereas the margins of
subordinate or expanding oceans remain largely inactive. White circles show the location of orogenic gold provinces
with the most significant metal endowment. In the Altaid and North Pacific collages they are concentrated in a
backarc setting, in areas where magmatic arcs remained attached to the cratons.
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Pacific orogenic collage developed on the northern
flank of the Pacific Ocean, which displays the
most active spreading along its ridge, the most
dominant spreading system on Earth today. This
ridge extends from North America towards Aus-
tralia and Antarctica and then continues in the
Indian Ocean towards the Red Sea. Subduction
zones bound oceanic plates of these two oceans. It
is a global subduction zone, which can be sub-
divided into two major en-echelon segments. One
of them extends from the Mediterranean region
towards the Himalaya, Indonesia and SW Pacific
region; the other starts near the Philippines and
continues along the Asian island arcs towards the
western coast of the Americas. The magmatic arcs
developed near these zones are a host to all
principal deposit types of Mesozoic-Cenozoic
age. In contrast, the mostly passive margins of the
Atlantic Ocean, except the Caribbean region, do
not host Mesozoic-Cenozoic mineral deposit
types considered in this review.

Analysis of the geodynamic setting of the
Altaids against the global Palaeozoic plate tec-
tonic pattern is difficult due to uncertainty with
the existing global plate tectonic reconstructions
for the Palaeozoic. These uncertainties mostly
relate to the understanding of the relationships
between the Palaeo-Tethys and Palaeo-Pacific
Oceans (Scotese & McKerrow 1990). It is trad-
itionally considered that the Altaids formed due to
subduction of the oceanic crust of the Palaeo-
Asian Ocean, which is believed to represent
an embayment of the Palaeo-Pacific Ocean
(Zonenshain et al. 1990; Mossakovsky et al. 1993;
Sengor et al. 1993; Sengor & Natal'in 1996a). It
is assumed that in Meosozoic-Cenozoic times,
the latter developed into the present Pacific Ocean,
and subduction of its oceanic plates produced the
orogens of the Circum-Pacific rim. However, it
was shown above that the structures of the Altaid
orogenic collage cannot be directly traced into the
orogens of the Circum-Pacific belt as the former
and the latter are everywhere separated by Pre-
cambrian slivers in the basement of the Tuva-
Mongol magmatic arc. The dominant polarity of
this arc in Late Proterozoic-mid-Palaeozoic times
was SW facing. This means that the Late Proter-
ozoic-early Palaeozoic sequences occurring in the
core of the Central Mongolian orocline must be
considered as a portion of the Palaeo-Pacific
Ocean, which automatically places the latter in a
backarc position with respect to the Tuva-Mongol
arc. Subduction-related magmatic arc complexes
in the Eurasian portion of the North Pacific
orogenic collage started to form in the Devonian
and continued in the late Palaeozoic, whereas
older rocks are mostly of passive margin or
ocean-floor origin. This suggests that the Palaeo-

Pacific Ocean evolved as a large backarc basin or
Atlantic-type Ocean during its initial phases of
opening and began to generate its own subduction
zones when it expanded significantly.

On the other hand, the subduction-accretionary
complexes of the Altaids might be considered as
equivalents of similar complexes in the Tethysides,
and the entire Altaid collage may simply represent
a technically isolated fragment of the Tethysides.

Therefore, global Palaeozoic plate tectonics can
be considered in the following way. Based on the
distribution of the early-mid-Palaeozoic mag-
matic arcs one can suggest that by analogy with
the present Pacific-Indian Ocean, dominant Pa-
laeozoic spreading ridges were located in the
Palaeo-Tethys Ocean, whereas the Palaeo-Pacific
Ocean could be analogous to the present Atlantic
Ocean. This means that the North Pacific and
Altaid orogenic collages occupied almost exactly
the same positions relative to the major cratons
during their respective phases of development of
the Pacific and Palaeo-Tethys Oceans, and there-
fore their global settings were principally the same
at the respective times of their evolution.

Conclusion

The Baikalide-Altaid and North Pacific orogenic
collages each consist of several oroclinally bent
magmatic arcs separated by accretionary com-
plexes and ophiolitic sutures located between the
major cratons. The tectonic patterns of the two
collages are principally similar as they were
formed as a result of rotation of the framing
cratons and strike-slip translation along the former
convergent margins. Sometimes this includes such
details as similarity of the oroclinal structural
patterns of the Alaska orocline in the North
Pacific collage and West Sayan orocline in the
Altaid collage.

As a consequence, the two collages have princi-
pally the same distribution of metallogenic belts.
In particular, the mid-late Palaeozoic belts of
porphyry and epithermal deposits in the Altaids
occupy the same position as the Mesozoic-Cen-
ozoic belts of the North Pacific collage. The Ural
platinum belt occupies the same position as the
belt of platinum-bearing intrusions in Alaska.
Major mineralizing events producing world-class
intrusion-related Au, Cu-(Mo)-porphyry and
VMS deposits in the Altaid and North Pacific
collages coincided with plate re-organization and
oroclinal bending of magmatic arcs. Formation of
porphyry, epithermal and Alaska-type PGM de-
posits took place simultaneously with the episodes
of oroclinal bending.

The tectonic setting of the orogenic gold belts
in the Tien Shan and Verkhoyansk-Kolyma pro-



BAIKAL, TRANSBAIKAL AND NORTH PACIFIC OROGENS 295

vinces, hosting large and giant hard rock gold
deposits, is also similar, especially the distribution
of their gold endowments. Major orogenic gold
deposits occur within the sutured backarc basins.
The craton-facing passive margin rock sequences
initially formed within backarc basins. As they
were entrapped within such oroclines, they repre-
sent favourable locations for emplacement of
orogenic gold deposits.
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Abstract: The North Asia craton is a crustal block including the Siberian platform and
marginal fold-and-thrust belts. On the eastern margin of the North Asia craton there is the
Verkhoyansk fold-and-thrust belt making up the western part of the Verkhoyansk-Chersky
collisional orogenic belt extending for 2000 km from the Laptev Sea in the north to the Sea of
Okhotsk in the south. A system of frontal thrusts separates the belt from the platform structures.
The frontal part of the belt is mainly made of Carboniferous and Permian terrigenous rocks of
palaeodeltas and submarine fans which grade eastward into Triassic and Jurassic sediments of
the continental slope. The front of the belt is characterized by thrusting and strike-slip faulting
with large horizontal displacements. The largest anticlinoria at the front of the belt have a
duplex structure. Formation of the major gold deposits and fold and fault structures, as well as
igneous activity in the region, are related to the collision of the North Asia craton with the
Kolyma-Omolon superterrane and the Okhotsk terrane in the Late Jurassic-Neocomian. The
collision occurred in two stages: the early Neocomian frontal collision and the late Neocomian
oblique collision.

The principal gold potential of the western part of
the Verkhoyansk-Chersky orogen (Republic of
Sakha, Yakutia, Russian Federation) was created
during the late Mesozoic collision of the North
Asia craton (Siberian platform and its Ver-
khoyansk passive margin in the east) with the
Kolyma-Omolon microcontinent (large composite
terrane, or superterrane) and the Okhotsk micro-
continent (terrane with Archaean basement). The
early frontal collision took place in the Late
Jurassic and Neocomian and the late oblique
collision occurred in the Early Cretaceous.

Two groups (early and late collisional) of gold-
quartz deposits are recognized, localized in five
metallogenic zones. The early collisional group is
related to the Verkhoyansk, Alakh-Yun, and Kular
metallogenic zones; the late collisional group is
localized in the Adycha-Nera and South Ver-
khoyansk metallogenic zones. These metallogenic
zones are within the Yana-Indigirka metallogenic
belt (Fig. 1). Some of the deposits described in
this paper were mentioned earlier in overviews by
Nokleberg et al. (1996, 1997).

The formation of the early group was related to
the tectono-metamorphic transformation of gold-
bearing sedimentary rocks on the shelf of a
passive continental margin and to the transport of
ore components by solutions expelled from source
rocks up to the ore-localizing barriers in shear

zones of the thrust structures (Fridovsky & Proko-
piev 1998). Deposits of the late group are consid-
ered to be derived from ore-magmatic systems
related to the main granite batholith belt (Parfenov
& Kuz'min 2001) and localized in the thrust and
strike-slip zones. The deposits considered in this
paper mainly belong to the type of Au deposits in
shear zones and quartz veins' (after Nokleberg et
al. 1996). The characteristics of the gold deposits
are presented in Table 1.

Verkhoyansk-Cher sky orogen

Main geological features of the orogen

Collisional orogens (orogenic belts) are mountain-
fold structures resulting from collision of large
continental blocks of the Earth's crust, such as
continents and microcontinents or superterranes
(Hatcher 1990; Twiss & Moores 1992). They are
distinct from accretionary orogenic belts formed
during accretion of comparatively small blocks of
the Earth's crust of different origin to the con-
tinental or superterrane margin along the subduc-
tion zone.

The Verkhoyansk-Chersky orogen comprises
all tectonic structures east of the Siberian platform
including the Zyryanka Basin (Figs 2 and 3). It
also covers the western part of the Verkhoyansk -

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 299-317.
0305-8719/02/$ 15.00 © The Geological Society of London 2002.
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l̂ :̂  I Collisional granites

Fig. 1. Metallogenic zones of the Yana-Indigirka metallogenic belt.Faults (letters in boxes): Ya, Yana-Indigirka; AT,
Adycha-Taryn; B, Billyakchan; MK, Minor,Kiderikin; Yu, Yudoma. Early collisional ore fields (numerals in figure):
1, Kyllakh; 2, Burguat; 3, Dzhuotuk; 4, Dyandi,Okhonosoi; 5, Meichan; 6, Dzhardzhan; 7, Balagannakh; 8,
Sereginsky; 9, Aialyr; 10, Sudyandalakh; 11, Imtachan; 12, Kygyltas; 13, Sagandzha; 14, Kitin; 15, Barain; 16,
Kharangak; 17, Bular-Onocholokh; 18, Yursky-Brindakit. Late collisional ore fields: 1, Yakutsky; 2, Saninsky; 3,
Badran; 4, Kurun-Agalyk; 5, Sokh; 6, Tuora-Tas; 7, Ol'chan; 8, Talalakh; 9, Bazovsky; 10, Zhdaninsky; 11,
Nezhdaninskoe; 12, Zaderzhinsky.



Table 1. Significant gold deposits and occurrences of the Yana-Indigirka metallogenic belt

Groups of gold
deposits

Early collisional

Late collisional

Main fault
kinematics

Thrust faults

Thrust faults

Strike-slip faults

Orebody morphology

Saddle veins at crests and sheet veins at
limbs of the folds

Sheet, lenticular, and ladder veins

Sheet and lenticular veins, stratiform
stockwoks, mineralized crush zones

Mineralized crush zones, concordant and
cross-cutting veins, stockwoks, lenticular
bodies

Concordant lenticular bodies, cross-cutting
veins and veinlets at limbs and crests of
folds with steeply dipping hinges

Mineralized crush zones, concordant and
cross-cutting veins, stockwoks, lenticular
bodies

Mineral deposits and
occurrences

Yurskoe*

Nekur
Duet
Fin
Burguat
Emelyanovskoe
Kyllakh
Estakadnoe
Srednee

Kieng Yuryakh
Verkhnee
Onocholokh
Dyandi
Balbuk
Anna-Emeskhin
Mastakh

Yakutskoe
Zhdannoe

Tuora-Tas
Sokhatinoe
Venera
Sokh Bar
Kellyam
Bazovskoe

Badran
Nezhdaninka
Zaderzhinskoe

Deposit type

Au in shear zone and quartz vein

Au in shear zone and quartz vein

Au in shear zone and quartz vein

Au in shear zone and quartz vein

Au quartz vein

Au in shear zone and quartz vein

Metallogenic zone

Allakh-Yun

Allakh-Yun
Allakh-Yun
Allakh-Yun
Kular
Kular
Kular
Kular
Kular

Kular
Kular
Allakh-Yun
Verkhoyansk
Verkhoyansk
Verkhoyansk
Adycha-Nera

Adycha-Nera
Adycha-Nera

Adycha-Nera
Adycha-Nera
Adycha-Nera
Adycha-Nera
Adycha-Nera
Adycha-Nera

Adycha-Nera
South Verkhoyansk
South Verkhoyansk

Ore field

Yursky-Brindakit

Yursky Brindakit
Yursky-Brindakit
Yursky Brindakit
Burguat
Burguat
Kyllakh
Kyllakh
Kyllakh

Dzhuotuk
Dzhuotuk
Bular- Onocholokh
Dyandi - Okhonosoi
Barain
Meichan
Yakutsky

Yakutsky
Zhdaninsky

Tuora-Tas
Tuora-Tas
Tuora-Tas
Tuora-Tas
Sokh
Bazovsky

Badran
Nezhdaninskoe
Zaderzhinsky

Ma'or metals

Au 

Au
Au
Au 

Au 

Au 

Au 

Au 

Au

Au 

Au 

Au
Au

Au

Au, Ag
Au

Au

Au

Au
Au, Ag
Au 

Deposits in production
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Fig. 2. Tectonic sketch-map of the Verkhoyansk-Chersky collisional orogen (orogenic belt).

Kolyma Mesozoides and resulted from collision
between the North Asia craton and the Kolyma -
Omolon superterrane at the end of the Late
Jurassic-Neocomian, and from the closing of the
smaller Oimyakon ocean basin. The formation of
the Kolyma-Omolon superterrane (microconti-
nent) is linked to amalgamation of several terranes
at the end of the Mid-Jurassic, part of which had

been earlier separated from the North Asia craton
in the course of Late Palaeozoic rifting (Parfenov
1991, 1995; Prokopiev 1998). The Verkhoyansk-
Chersky orogen bears all the characteristic fea-
tures found in collisional belts. The structure of
the Verkhoyansk-Chersky collisional orogen has
bean subdivided into outer, inner and rear zones
(Prokopiev 1998; Fig. 3).
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Fig. 3. Geological section through the central part of Verkhoyansk-Chersky collisional orogen. Section line shown in
Figure 2.

Outer zone of the orogen

The zone is represented by the Priverkhoyansk
foreland basin and the Verkhoyansk fold-and-
thrust belt. The Priverkhoyansk foreland basin,
consisting of Late Jurassic-Cretaceous sedimen-
tary sequences, stretches for 1100 km at the front
of the fold-and-thrust belt. Continental units of
Cretaceous age conformably overlie shallow-water
marine deposits in the north and continental
Upper Jurassic units in the south. Their maximum
thickness (3-4 km) is at the front of the fold-and-
thrust belt. The Verkhoyansk fold-and-thrust belt
has a typical miogeoclinal structure and is sub-
divided into the West Verkhoyansk and South
Verkhoyansk sectors. The sediments of the fold-
and-thrust belt were deposited on the Verkhoyansk
passive continental margin of the North Asia
craton.

Close to the platform, the West Verkhoyansk
sector is made up of predominantly Carboniferous
and Permian rocks, which to the east are replaced
by Triassic and Jurassic units. The sediments
make up a thick wedge (up to 15 km) of frag-
mental coastal-marine, deltaic and shelf rocks of
the Verkhoyansk terrigenous complex. To the
west, within the Siberian platform, they are re-
placed by synchronous coastal-marine and alluvial
accumulations, and to the east grade into turbi-
dites and deep-sea black shale deposits.

In the frontal zone of the West Verkhoyansk
sector fault-propogation folds, back thrusts and
intercutenous wedges are mainly developed. The
detachment is confined to clay horizons at the
base of the Triassic, shifting eastward along the
fault onto Permian clay horizons and, apparently,

Middle-Upper Devonian gypsum (Parfenov et al.
1995). The width of the frontal zone reaches
100km in the central part of the West Ver-
khoyansk sector, decreasing both northward and
southward. The structure of the central zone is
characterized by a blind duplex in a carbonate
Late Precambrian-Mid-Palaeozoic complex, and
by imbricate fans and back thrusts of the Late
Palaeozoic-Mesozoic Verkhoyansk terrigenous
complex (Fig. 4a). The detachment there is dis-
placed onto the basement of a sedimentary se-
quence, is traced by the roof of the crystalline
basement, and is the floor thrust of the duplex.
The roof thrust of the duplex is a floor thrust for
deformation in the Verkhoyansk complex. Duplex
development in the carbonate complex determined
the formation of the largest anticlinoria of the
fold-and-thrust belt. The culminations of the anti-
clinoria correspond to the most uplifted parts of
the duplex structures (Prokopiev 1998). Transverse
belts of Cretaceous granite massifs intrude the
fold structures of the sector.

The South Verkhoyansk sector along the bound-
ary with the platform is made up of Upper
Precambrian, Lower and Middle Palaeozoic terri-
genous-carbonate shelf sediments, which are re-
placed eastward by coeval slope units. In the
central part of the sector, Middle-Upper Devonian
rift-related rocks are exposed. The Lower Carbo-
niferous-Lower Permian terrigenous deposits on
the east of the sector are turbidites typical of
deep-sea slope fans. The Upper Permian-Meso-
zoic sediments, consisting mainly of sandstone
units, are of a deltaic nature. In the South
Verkhoyansk sector, three tectonic zones of
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Fig. 4. Geological sections of the central part of the West Verkhoyansk sector (a) and of the central South
Verkhoyansk sector (b), Verkhoyansk fold-and-thrust belt. K, Kyllakh thrust; S, Svetlyi fault (Prokopiev 1998). For
locations see Figure 2.

north-south strike are distinguished, differing
from each other in the style of deformation (Fig.
4b). Along the boundary with the platform is the
Kyllakh zone, which has a fold-and-thrust struc-
ture. The structure of the zone is determined by
the Kyllakh thrust with an amplitude of horizontal
displacement of 90 km, the largest thrust in the
fold-and-thrust belt (Parfenov et al. 1998). The rear
part of the zone is a ramp anticline formed above
a large truncated duplex. The Sette-Daban zone,
occupying an axial position within the sector, has
a 'flower' or a 'palm tree' structure in its trans-
verse section. The formation of a fan-shaped
structure and an approximately north-south meta-
morphic belt is linked to transpressional sinistral
displacements along the zone axis. The strike-slip
deformations are superimposed on the early thrust
structures exposed in the Kyllakh zone. The
Allakh-Yun zone is characterized by tight folds
with a cleavage of the axial plane of eastern
vergence, which are associated with steep thrusts
(Prokopiev 1989; Parfenov et al. 1995). The inner
and the rear zones of the Verkhoyansk-Chersky
orogen include rocks of the Kular-Nera slate belt,
southwestern and northeastern flanks of the Koly-
ma-Omolon superterrane.

The inner zone (core) of the orogen

This zone is represented by the Chersky-Selen-
nyakh belt encompassing the Kolyma-Omolon
superterrane and the Kular-Nera slate belt (Figs 2
and 3). The Kular-Nera slate belt is made up of
intricately and multiply deformed deep-sea black

shale units of Permian, Triassic and Lower Jur-
assic age, which are distal accumulations of the
continental slope of the Verkhoyansk passive
margin (North Asia craton). The units of the slate
belt are separated from the outer shelf deposits of
the passive margin by the NW-striking Adycha-
Taryn fault zone with indicators of substantial
thrust and subsequent sinistral strike-slip displace-
ments. It is presumed that the black shale units are
overthrust for 150km in a westerly direction
(Norton ef al. 1994).

The peripheral assemblages of the Kolyma-
Omolon superterrane are represented predomi-
nantly by shallow water, dominantly carbonate
deposits of Ordovician, Silurian and Devonian
age, with, at the base, cherty-clay deep-sea depos-
its from the Carboniferous, Permian, Triassic and
Lower Jurassic. All these strata are intensely
deformed by thrusts and strike-slip faults. The
Ordovician-Upper Devonian carbonate assem-
blages of the orogen core are akin to the coeval
units of the Sette-Daban zone (southern part of
the orogen outer zone) (Bulgakova 1997). In the
Early-Mid-Palaeozoic they were located at the
margin of the North Asia craton, became sepa-
rated from it as part of the terranes during Mid-
Palaeozoic rifting and were subsequently moved
for a distance of 1500-2000 km with respect to
the craton during the Carboniferous, Permian and
Triassic. This resulted in the formation of the
Oimyakon minor ocean basin (Parfenov 1995).
Now the tectonic blocks consisting of Lower-
Middle Palaeozoic, dominantly carbonate rocks
are separated from the Upper Palaeozoic-Meso-
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zoic deposits of the superterrane periphery by
systems of gentle thrusts and strike-slip faults.

Within the orogen core, scattered ophiolitic
fragments are known. These, of presumably Early
Palaeozoic age, make up tectonic nappes and have
been described as the Chersky Range ophiolite
belt by Oxman et al.(1995). The obduction of
these ophiolites and subsequent metamorphism
occurred at the end of the Mid-Jurassic during
amalgamation of terranes and formation of the
Kolyma-Omolon superterrane (Parfenov 1995).
During the collision, these ophiolites were de-
formed by late thrusts and strike-slip faults. The
Upper Jurassic calc-alkaline volcanites of the
Uyandina-Yasachnaya arc, which unconformably
overlie Palaeozoic and Early Mesozoic sediments,
formed above the subduction zone in which the
oceanic crust of the Oimyakon basin moves under
the Kolyma-Omolon superterrane during its ap-
proach to the North Asia craton. The Polousnyi
and In'yali-Debin synclinoria are made up of
thick, intricately deformed flysch units of Mid-
Late Jurassic age and have been interpreted as
assemblages of forearc basins of the Uyandina-
Yasachnaya arc (Parfenov 1991). The assemblages
of the orogen core are intruded by collisional
granites of Late Jurassic-Cretaceous age.

Units of the Kular-Nera slate belt are assigned
to the accretionary wedge of the Uyandina-
Yasachnaya volcanic arc (Fig. 3; Parfenov 1991,
1995). Deep-sea Lower Carboniferous-Lower Jur-
assic cherty-clay deposits of the superterrane slope
and foot occurring as tectonic sheets and wedges
along the periphery of the carbonate unit outcrop
in the orogen core. The sediments of the Polousnyi
and In'yali-Debin forearc basins were moved
during collision in a westerly direction and over-
thrust on the assemblages of the Kular-Nera slate
belt along the Yana-Indigirka suture. They are
less deformed than the underlying, more ancient
deposits of the accretionary wedge. The Yana-
Indigirka suture separates the accretionary wedge
and forearc basins, and includes the Chai-Yur-
einskiy, Charky-Indigirka and Yana faults, recog-
nized earlier (Gusev 1979), which successively
replace each other towards the northwest. The
Debin outcrops of ophiolites in the SE of the
In'yali-Debin synclinorium are, in all likelihood,
relics of the oceanic crust of the Oimyakon Basin
(Oxman et al. 1995). Their presence in the middle
reaches of the Khroma and Berelyokh Rivers can
also be presumed, where they are overlapped by
Cenozoic rocks of the Primorsk lowland. Here,
they are indicated by intense positive gravity and
magnetic anomalies (Spektor & Dudko 1983; Fig.
2). Details of the structure of the accretionary
wedge complex remain debatable because it has
as yet been poorly studied. The absence of sub-

stantial ophiolite outcrops may be evidence that
the oceanic crust in the Oimyakon Basin was
nearly completely absorbed in the subduction
zone. However, the formation of the orogen in the
environment of development of an A-subduction
zone cannot be excluded (Fujita & Newberry
1982).

An intense gradient in the gravity field corre-
sponds to the accretionary wedge and the orogen
core (Fig. 3). The gravitational model (Norton et
al. 1994), computed on the basis of a profile
transverse to the strike of the Verkhoyansk -
Chersky orogen, shows that rocks of the orogen
core are overthrust in its southwestern sector.
Examples include units of the Kular-Nera slate
belt, which are overthrust by as much as 150km
westwards, overlying the craton margin. This
value approximates to the width of the gravity
gradient. Northwards, the width of the gradient
decreases to 50-70 km, which may give evidence
of a smaller-scale overthrust there.

The rear zone of the orogen

The rear zone includes the Ilin-Tas fold-and-
thrust belt of northeastern vergence and the Zyr-
yanka reardeep basin (Figs 2 and 3). The Ilin-Tas
fold-and-thrust belt is made up of thick (> 6 km)
Kimmeridgian-Volgian black shale of the backarc
basin of the Uyandina-Yasachnaya magmatic arc
(Parfenov 1995). Components of the orogen core
are thrust northeastward onto the rocks of the
backarc basin, which, in turn, overthrust the Low-
er Cretaceous-Neogene coal-bearing deposits of
the Zyryanka (rear) basin, whose thickness
reaches 5.5 km at the front of the fold-and-thrust
belt. The detachment of the Zyryanka basin occurs
at the bottom of Neocomian units (Gaiduk &
Prokopiev 1999). The western and southwestern
vergence of folding, characteristic of the outer
zone and southwestern flank of the core orogen, is
replaced by a northeastern vergence in the north-
east of the inner zone and in the rear zone.

Deformation history of the orogen

Folding in the orogen core and in the rear of the
outer zone began to form at the end of the Late
Jurassic, advancing southwest- and northeastward,
and terminated in the formation of systems of
frontal thrusts along the boundary with the Siber-
ian platform in the Late Cretaceous and of rear
thrusts of the Ilin-Tas fold-and-thrust belt in the
Cenozoic (Parfenov et al, 1995; Gaiduk & Proko-
piev 1999). In the first (early collisional) stage of
deformation (Tithonian-Neocomian), thrusts be-
gan to form in the orogen core and in the rear of
the West Verkhoyansk sector of the Verkhoyansk
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fold-and-thrust belt, where dislocations are in-
truded by collisional granites, whose age is given
as 150-134 Ma by 40Ar/39Ar dating (Layer et al.
2001). The Priverkhoyansk foreland basin and
syn-sedimentary folding began to form at the front
of the orogenic belt outer zone during that time
(Parfenov et al., 1995). In the rear zone, sediments
accumulated, transported from the orogen core
into the Ilin-Tas backarc basin. The Ilin-Tas
backarc basin is supposed to have formed as a
'pull-apart basin' structure in the course of
development of large strike-slip faults along the
northeastern boundary of the orogen core
(Prokopiev 1998). Late Mesozoic grabens in the
orogen inner zone could have formed similarly. At
the beginning of the Neocomian, the Zyryanka
rear basin began to form. The stage terminated in
the formation of thrusts and strike-slip structures
in the South Verkhoyansk sector, which in the east
are overlain by Neocomian volcanites of the Uda
belt (Fig. 5).

In the second (late collisional) stage (Barre-
mian-Late Cretaceous), fold-thrust structures and
frontal thrusts of the West Verkhoyansk sector of
the Verkhoyansk fold-and-thrust belt were formed.
A southwestern advance of folding at 132 to
98 Ma, according to 40Ar/39Ar dating (Layer et al.
2001), is marked by a rejuvenation in the same
direction as the trend of intruding granite plutons.
At the end of this stage, the thrusts in the orogen
core and in the rear of the outer zone are
transformed into sinistral strike-slip faults, which
is probably linked to the change in the direction
of the movement of the Kolyma-Omolon super-
terrane. The thrusts and strike-slip faults along the
southwestern margin of the superterrane are syn-
chronous with them and are intruded by colli-
sional granites (40Ar/39Ar age of 127-120 Ma;
Parfenov 1995). In the rear zone, the formation of
the Zyryanka basin was by then in progress, and
the front of the thrusts of the Ilin-Tas fold-and-
thrust belt was shifted northeastwards. The forma-
tion of the Ilin-Tas fold-and-thrust belt could
occur at the expense of strike-slip displacements
along its axial part with the appearance of a
transpressional structure of a 'flower' or 'palm
tree' pattern, which is indicated by distribution of
faults with composite thrust - strike-slip kine-
matics (Gusev 1979).

Fig. 5. Geodynamic conditions of collision-related gold
ore formation in the Verkhoyansk-Chersky orogen. SP,
Siberian platform; KOS, Kolyma-Omolon superterrane;
OT, Okhotsk terrane; VFTB, Verkhoyansk fold-and-
thrust belt; KNSB, Kular-Nera slate belt.

Yana—Indigirka metallogenic belt

The 500-600 km wide Yana-Indigirka metallo-
genic belt extends in a northwest direction for
1200km, encompassing central and western parts
of the Verkhoyansk-Chersky orogen. Its formation
was related to a collision between the Kolyma-
Omolon superterrane and the North Asia craton,
which occurred in the latest Late Jurassic to Early
Neocomian.

A metallogenic belt is a basic unit in the
zonation of a region. A belt includes all the
mineral deposits and occurrences that formed in a
particular geodynamic environment. Metallogenic
belts are subdivided into metallogenic zones,
including mineral deposits and occurrences of
common genesis. A zone is characterized by the
short time of its formation (within 10 million
years) and an irregular distribution of mineral
deposits. Metallogenic zones tend to group into
ore fields, which combine deposits of similar
composition and genesis. Recognition of metallo-
genic zones and ore districts makes it possible to
conduct the zonation of metallogenic belts and to
reveal the dynamics of their formation in time and
space (Parfenov et al. 1999).
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Early collisional group of gold fields and
deposits

The early collisional group of gold fields and
deposits is localized in the the Allakh-Yun,
Verkhoyansk, and Kular metallogenic zones within
the western part of the Verkhoyansk fold-and-
thrust belt and on the northwestern flank of the
Kular-Nera slate belt (Fig. 1). The early group
consists of gold-quartz deposits, the type of 'Au
deposits in shear zonse and quartz veins' (after
Nokleberg et al 1996).

The Allakh-Yun metallogenic zone extends north-
south for 300 km in the central part of the South
Verkhoyansk sector of the Verkhoyansk fold-and-
thrust belt (Fig. 1). It is confined to the Minor-
Kiderikin zone of highly deformed rocks within
the western South Verkhoyansk synclinorium. In
the northern part of the South Verkhoyansk syncli-
norium, the Minor-Kiderikin zone consists of a
system of en-echelon tight folds, while in the
south there is a high-angle monocline separating
compressive folds of Upper Carboniferous rocks
on the west and simple open folds of Permian
deposits on the east. The Minor-Kiderikin zone
makes up an eastern termination of the Sette-
Daban transpression shear zone (Fridovsky &
Prokopiev 1997). The metamorphogenic gold-
quartz veins, characteristic in the zone, are older
than large granitic plutons of the South Ver-
khoyansk synclinorium, which are dated by 40Ar/
39Ar at 120-123 Ma (Layer et al. 2001) and cut
the ore bodies (Silichev & Belozertseva 1980).

The main ore bodies of the metallogenic zone
are concordant and cross-cut veins occurring in
the hinges and limbs of minor folds. The concor-
dant veins thin out to form concordant stockwork-
like bodies. There are also tabular ore bodies
confined to tension fractures in sandstone beds.
They are oriented sub-perpendicular to the con-
tacts of the beds and parallel to the fold hinges.
The concordant veins exhibit a zoned structure.
The early thin-banded quartz of grey colour on
the periphery of the veins grades towards the
centre into the late milk-white massive quartz
(Amuzinsky 1975; Silichev & Belozertseva 1980;
Konstantinov et al. 1988). The early quartz occurs
in the areas of bedding-plane slip and bedding-
plane slaty cleavage. It replaced schistose rocks
and has a thinly banded structure. The veins
normally contain angular fragments of the host
rocks measuring a few tens of centimetres across.
Maximum thickness of the ore bodies is 3-4m,
and length ranges up to a few kilometres.

Principal minerals of the ore bodies are quartz
(90-95%) and carbonate (5-8%). Pyrite, arseno-
pyrite, pyrrhotite, sphalerite, galena, and chalco-

pyrite constitute 1-2%. The early quartz-pyrite -
arsenopyrite assemblage is followed by a quartz
assemblage, then by productive quartz-gold-gale-
na-sphalerite assemblage, and a late carbonate-
quartz assemblage (Konstantinov et al. 1988).
Gold from the productive assemblage is pure
(830%o fine) and coarse-grained (0.5-1 mm)
(Seminsky et al 1987; Konstantinov et al. 1988).
Significant gold concentrations (up to several
grams per tonne) also occur in pyrite and arseno-
pyrite of the early mineral assemblage. Maximum
Au values (up to 3 kg t - 1 ) are found in galena and
sphalerite (Kokin 1994).

The Allakh-Yun metallogenic zone exhibits a
characteristic mineralogical, temperature, and geo-
chemical zonality along strike (Kokin 1994). From
south to north, the amount of arsenopyrite
decreases and that of carbonates increases,
decrepitation temperature of productive mineral
assemblages goes down, and content of Ag, Sb,
and Hg rises to high values. This zonality pattern
is attributable to general upwarping of the struc-
tures in this direction and to ore formation at
higher hypsometric levels. The zone includes the
Yursky-Brindakit and the Bular-Onocholokh ore
fields (Fig. 1).

The Yursky-Brindakit gold ore field can be
traced for 36 km from the Yudoma river in the
south to Brindakit creek in the north, within the
western limb of the Minor-Kiderekin zone of
strongly deformed rocks, Figure 6. The boundaries
of the district are defined by the outcrops of Upper
Carboniferous and Lower Permian ore-bearing
rocks of the Surkechan and Khalyya formations
which are subdivided into five units, each up to a
few hundred metres thick. Mineralization is con-
fined to the base of the units and occurs in
concordant veins. The lower parts of the units are
made of sandstones, gritstones, conglomerate, and
tuffaceous diamictites, which grade up section into
siltstones. Total thickness of the ore-bearing de-
posits of the Surkechan and Khalyya formations
ranges from 1200 m to 2200 m. The fold structure
of the ore district is determined by open linear
synclines and anticlines. The fold hinges are
gently inclined (5-20°) towards the ore field. The
largest fold structures up to 1 km wide are traced
throughout the ore field. Vergence of the folds
changes from western in the north and south of
the ore district to eastern in the centre. The
anticlines are asymmetric, with short western and
longer eastern limbs. Fracture cleavage is devel-
oped, oriented parallel to axial surfaces of the
concentric folds, and is well seen in aleuropelitic
rocks and almost indistinguishable in psephitic
and psammitic varieties. There are some localities
with more compressive folding, including isoclinal
and compressed folds which in plan form lens-
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Fig. 6. Schematic geological structure of the Yursky-Brindakit gold ore field.
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and-band patterns, non-persistent in width. Com-
pressive folding is characteristic of shear zones
which are the main ore-controlling structures of
the Yursky-Brindakit ore field (Fridovsky 1998).
Within the ore field, the Yurskoe, Nekur, and Duet
deposits are known.

The Yurskoe gold-quartz deposit occurs within
the limits of a low-angle monocline complicated
by minor (with an amplitude of 100 m) folds and
the ore bodies make up part of these folds (Fig.
7). Mineralization occurs in the third and fourth
horizons of the Upper Carboniferous rocks. The
ore bodies are massive in the centre and banded
around the periphery. The thickness varies from
0.5 m to 5 m. The ore bodies occur at the base of
sandstone units as thick as 1 -20 m. Several
north-south shear zones are recognized here. The
rocks near the shear zones are draped into com-
pressed and isoclinal folds filled with saddle reefs
parallel to the cleavage and axial surfaces of the
shear folds.

Fig. 7. Geological structure of the Yurskoe gold-quartz
deposit, Yursky-Brindakit field.

The Verkhoyansk metallogenic zone extends as a
narrow (up to 100km) band for 1200km along
the western margin of the northern and central
sectors of the Verkhoyansk fold-and-thrust belt
(Ivensen et al. 1975). It is made largely of
Carboniferous and Permian terrigenous rocks me-
tamorphosed at greenschist facies. Metamorphism
is thought to be related to thrust zones (Arkhipov
et al. 1981), regional metamorphism (Kossovskaya
& Shutov 1955) or to unexposed granitoid plutons
(Yapaskurt & Andreev 1985). Early authors pro-
posed the relation of gold mineralization with
high-grade metamorphism of greenschist facies
(Ivensen et al. 1975). Later on it was established
that gold content is low in higher-grade rocks of
the biotite sub-facies and that best gold values
occur in the muscovite-chlorite subfacies
(Andreev et al 1990).

The zone consists of several ore fields corre-
sponding to culminations of major anticlinoria
(Amuzinsky 1975; Ivensen et al. 1975; Fridovsky
1998). From north to south these are the Dyandi -
Okhonosoi, Meichan, Dzhardzhan, Balagannakh,
Sereginsky, Aialyr, Sudyandalakh, Imtachan, Ky-
gyltas, Sagandzha, Kitin, Barain, and Kharangak
gold ore fields (Fig. 1). The main ore bodies of
the zone are concordant veins complicated by
cross veinlets clustering into stockworks in sand-
stone beds. Mineral composition of the ore bodies
remains unchanged in all of the ore districts of the
zone (Amuzinsky 1975). Quartz and carbonates
predominate (98-99%). Ore minerals are pyrite,
gold, pyrrhotite, galena, arsenopyrite, and
chalcopyrite. Hydrothermal alterations include
silicification, argillization, carbonatization, and
sulphidization.

The Dyandi-Okhonosoi gold ore field is recog-
nized in the north of the Verkhoyansk fold-and-
thrust belt. It is made of undifferentiated Middle-
Upper Carboniferous siltstones (with sandstone
beds) and Lower Permian siltstones, sandstones
and slates (Fig. 8). The ore field extends approxi-
mately north-south for 90km and is 10-15 km
wide. Gold-quartz mineralization occurs at three
stratigraphic horizons. The ore bodies include
concordant and cross veins, as well as stockworks
in sandstone strata (Abel' & Slezko 1988). The
Dyandi gold field and a suite of gold occurrences
are known here. The structure of the Dyandi
gold-quartz deposit area is determined by linear
overturned folds and thrusts. Flow cleavage is
clearly defined, following orientation of the
thrusts. The deposit consists of stockworks, veins,
and mineralized breccias controlled by approxi-
mately north-south high-angle faults. The stock-
works are up to 900 m long and 100 m wide (avg.
20 m). Concordant and cross-cutting veins are
present, ranging up to 80 m in length and 3 m in
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Fig. 8. Schematic geological structure of the southern
Dyandi-Okhonosoi gold-quartz ore field.

thickness. The veins and stockworks are accompa-
nied by mineralized breccias. The highest Au
values occur in the stockworks—up to 4.3 g t - 1 .
Ag content of the stockworks is up to 1 g t-1. The
gold is 700-900%o fine and occurs as grains up to
2-3 mm in size.

The Kular metallogenic zone is located on the
northwestern flank of the Kular-Nera slate belt. It
extends northeastward for 150km and is 30-
40km wide (Fig. 1). The zone is formed from
deep-marine black slates of Permian-Triassic age
which are intruded by granites dated at 103 Ma by
40Ar/39Ar (Layer et al. 2001). Early authors con-
sidered the zone to be a fault-fold uplift with
simple box and slit-shaped folds (Ivensen et al.

1975; Gusev 1979). Detailed structural studies
conducted at a later time revealed a complex fold-
and-thrust structure of the zone with a wide
distribution of refolded recumbent isoclines
(Parfenov et al, 1989; Fridovsky & Oxman 1997).
The rocks are metamorphosed to greenschist
facies (muscovite-chlorite and biotite subfacies).

Metamorphogenic gold-quartz veins form the
Kyllakh, Burguat and Dzhuotuk ore fields recog-
nized within the limits of antiforms composed of
Permian rocks. The ore bodies consist of quartz,
carbonates (ankerite, calcite), chlorite, muscovite
and albite. The early pyrite-arsenopyrite assem-
blage was followed by the later productive Au
pyrrhotite-chalcopyrite-sphalerite-galena one
(Sustavov 1995). The gold is 750-850%o fine.

The Kyllakh gold ore field is the most inten-
sively studied (Ivensen et al. 1975; Fridovsky &
Oxman, 1997). It is delineated in the axial part of
the Ulakhan-Sis antiform. The structure of the
district is defined by two systems of low-angle
thrusts of opposite vergence which control gold
mineralization. The ore bodies occur in concor-
dant veins and as mineralized crush zones. The
veins are several hundreds of metres long and up
to 4m thick. They contain 1% Pb, 1% Zn, and
0.01% Ag (Ivensen et al. 1975). The mineralized
crush zones are confined to thrusts or their feath-
ering fractures. Within the ore field, the Emelya-
novskoye and Kyllakh deposits are known. The
Emelyanovskoye gold-quartz deposit consists of
concordant ore bodies. Stratabound saddle, lenti-
cular, and sheet-like veins are typical. Closely
spaced veins and veinlets form concordant stock-
works. Most of the veins and veinlets follow the
orientation of cleavage structures and some of
them occupy S-shaped shear fractures. Both up
and down dip, the veinlets pass into concordant
veins or are truncated by decollement faults. The
ore bodies are a few hundreds of metres long and
up to 1.5 m thick. They consist mainly of quartz
and carbonate, along with subordinate pyrite,
galena, sphalerite, gold, pyrrhotite, arsenopyrite,
fahlore and chalcopyrite. Gold grains are 3-4 mm
in the longest dimension. The Kyllakh gold-
quartz deposit consists of three mineralized zones:
West, Central and East (Fig. 9). Morphology of
the veins is defined by the degree of deformation
and metamorphism of the host rocks (Fridovsky &
Oxman, 1997). The West zone occurs in an area
of highly deformed rocks of greenschist facies
(biotite) and is characterized by en-echelon quartz
veins of various shape (saddle, beaded and lenti-
cular), ranging in thickness from a few centi-
metres to 6 m. The Central zone occurs within the
less deformed rocks of the stilpnomelane subfa-
cies. Saddle veins here coexist with those devel-
oped along the thrust planes ranging up to 1.5 m
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Fig. 9. Schematic geological map of the Kyllakh gold-quartz deposit (modified from Fridovsky & Oxman 1997).

in thickness. The East zone is delineated in
monoclinal rocks of the chlorite-muscovite sub-
facies and consists of tabular ore bodies about 1 m
thick. Gold concentration does not exceed a few
grams per tonne.

Late collisional gold fields and deposits

The late collisional group of gold fields and
deposits is localized in the Adycha-Nera and
South Verkhoyansk metallogenic zones within the
eastern part of the Verkhoyansk fold-and-thrust
belt and at the centre of the Kular-Nera slate belt
(Fig. 1). The late group includes deposits of gold-

quartz type ('Au deposits in shear zones and
quartz veins', after Nokleberg et al. 1996).

The Adycha-Nera metallogenic zone extends over
the central and southwestern sectors of the Kular-
Nera slate belt formed from Permian and Triassic
deep-water black slates and the adjacent part of
the Verkhoyansk fold-and-thrust belt made of
Upper Triassic and, locally, Lower Jurassic shelf
deposits. The zone extends northwesterly for
600km and is 150km wide (Fig. 1). It includes
several hundred gold-quartz vein deposits and
occurrences of different morphology. A long
history of ore deposition is presumed here, begin-
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ning with accumulation of disseminated gold in
the Upper Palaeozoic and Lower Mesozoic black
slate units in distal parts of the Verkhoyansk
passive continental margin and its subsequent
mobilization during metamorphism and emplace-
ment of granitoids in the course of Late Jurassic-
Early Neocomian collision between the northeast-
ern margin of the North Asia craton and the
Kolyma-Omolon superterrane (Fridovsky 1998).
The zone includes the Tuora-Tas, Badran, Yakuts-
ky, Saninsky, Kurun-Agalyk, Sokh, Ol'chan,
Talalakh, Bazovsky and Zhdaninsky ore fields
(Fig. 1).

The Tuora-Tas gold ore field is about 40 km2

in area, located in the central sector of the Kular-
Nera slate belt. The district is composed of Lower
Norian and Carnian siltstones and slates with rare
sandstone beds. The rocks are metamorphosed at
lowest greenschist facies. There are several ande-
site-basalt dykes up to a few hundred metres
long, stiking NE. The dykes exhibit silicification,
carbonatization, and chloritization. Small-sized
massifs of biotite porphyry granite occur 7 km
northwest of the ore district border and hornfels
are found at a distance of 3.5 km. The main fold
structures of the district trend northeasterly, paral-
lel to the orientation of major north-south faults
and cleavage. They seem to be superposed on the
earlier isoclinal folds. The ore bodies normally
have NE and, more rarely, east-west strike. There
are concordant veins (Sokhatinoe deposit, Shyro-
koe occurrence), mineralized crush zones, and
stockworks (Venera and Sokh-Bar occurrences)
(Fig. 10). The concordant veins occur at the
contacts of beds with contrasting physico-mech-
anical properties. They often change into high-
angle cross-cutting veins. The veins are up to
100m long, ranging in thickness from a few tens
of centimetres up to 2.5 m. The mineralized crush
zones can be traced for a distance of 1.5 km and
have a variable thickness. The stockworks are
confined to areas of en-echelon mineralizing
faults, ranging up to 100m in thickness. The ore
bodies are composed of quartz, carbonates, and
ore minerals such as pyrite and arsenopyrite (early
assemblage), along with subordinate sphalerite,
chalcopyrite, and galena (late assemblage). The
gold is free and is 792%o fine (Rozhkov et al.
1971).

The Sokhatinoe gold-quartz deposit consists of
concordant quartz veins up to 200 m long and 2 m
thick accompanied by cross-cutting veinlets and
veins up to 0.5 m thick. Mineralization is confined
to a 1.5km long mineralized crush zone in
Carnian sandstones and siltstones (Fig. lOa). Gold
content runs to a few tens of grams per tonne. The
Venera gold-quartz occurrence is restricted to
areas of en-echelon left-lateral strike-slip faults on

Fig. 10. The structure of ore zones in the Tuora-Tas ore
field, (a) Sokhatinoe deposit. Ore occurrences: (b)
Venera, (c) Sokh-Bar.

the southern limb of an approximately east-west-
striking fold. The ore body is a stockwork 100m
wide and 200 m long consisting of numerous
quartz veinlets and rare master quartz veins up to
2m thick (Fig. lOb). Gold content ranges from
trace amounts to a few grams per tonne.

The Badran gold ore field is composed of
Upper Triassic sandstones and siltstones deformed
into wide low-angle anticlines and narrow slit-like
synclines. Gold mineralization is controlled by
northwesterly thrusts and strike-slip faults dipping
to the NE, which are complicated by east-west-
and NE-striking offset faults. The Badran gold-
quartz deposit is confined to the plane of the
Badran-Egelyakh strike-slip fault with a reverse
fault component on which the amount of horizon-
tal displacement is 800 m. The footwall of the
fault is formed from Norian elastics, whereas the
hanging wall is made of largely Carnian rocks
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(Fig. 11). There is no apparent relationship of the
deposit to magmatic rocks. The nearest granitoid
rocks occur 30 km to the SE of the deposit. Quartz
veins and veinlets tend to occur in mineralized
crush zones within the Badran-Egelyakh strike-
slip fault plane and are traced for a distance of
6km to a depth of 800m (Fridovsky 1999). The
quartz veins in the fault zone are 200 m long and
up to 4.2 m thick in swells. They are accompanied
by thin quartz veinlets, most abundant in places
where the veins pinch out. Along with the veins
and veinlets, disseminated gold is found (miner-
alized boudins and tectonites). Maximum gold
concentrations occur in the massive quartz veins.
The ore bodies mainly consist of quartz, calcite,
and dolomite. Ore minerals include pyrite,
goethite, arsenopyrite, galena, sphalerite, tetrahe-
drite, along with minor ((1%) chalcopyrite, stib-
nite, bournonite, and free gold (Amuzinsky et al.
1989; Anisimova 1993). Gold is lumpy and inter-

stitial. Fineness varies from 689%o to 1000%o
(Anisimova 1993).

The South Verkhoyansk metallogenic zone occurs
in the South Verkhoyansk sector of the Ver-
khoyansk fold-and-thrust belt. It is bounded, on
the west, by the Minor-Kiderikin fault and, on the
east, by the Yudoma fault. The zone is traced in a
north-south direction for about 300 km. It is
made of Upper Carboniferous to Middle Jurassic
terrigenous rocks. Fold structures of the zone are
characterized by wide gentle crests with smoothly
undulating hinges. Northward, northeast striking
strike-slip faults are important, with horizontal
displacements of up to 10 km and vertical displa-
cements ranging up to 1 km (Korostelev 1981).
Magmatic rocks are represented by large poly-
phase plutons, as well as stocks, dykes, and

Fig. 11. Schematic geological structure of the Badran gold-quartz deposit.
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subvolcanic bodies. There are gold-quartz veins
and crush zones and gold-rare metal deposits
within and above the apices of granitoid plutons.
The zone includes the Nezhdaninskoe and Zaderz-
hinsky ore fields (Fig. 1). The Nezhdaniskoe gold
ore field occurs in the northern part of the
Allakh-Yun tectonic zone and is composed of
Permian and Triassic shallow-marine sediments
deformed into large linear folds of north-south
trend. The major fold is the Dyby anticline about
10 km wide which extends throughout the metal-
logenic zone for 60 km. It has a gentle crest and
rather steep (up to 40°) limbs, with well-defined
cleavage of the axial plane. The folds are faulted
by diagonal right-lateral northeasterly strike-slips
with horizontal displacements of a few hundred
metres. Two large (5-7 km2) granite stocks are
known. These are the Dyby stock in the north of
the district dated by 40Ar/39Ar at 121 Ma and the
Kurumsk stock in the south dated at 92-97 Ma by
the same method (Layer et al. 2001). Dykes of the
district range widely in composition and age. The
oldest are NW-trending pre-granitoid dykes of
lamprophyre and gabbro-diorite dated at 157-
138 Ma (K-Ar) (Indolev 1979). Quartz diorite,
granodiorite-porphyry, and plagiogranite-porphyry
dykes have younger K-Ar ages (140-110 Ma).
The youngest are quartz-porphyry and rhyolite
dykes dated at 81-79 Ma which strike NE and
approximately north-south for 15 km. The Nezh-
daninskoe ore field includes the Nezhdaninka
gold-silver-quartz deposit which is the largest in
Yakutia. The Nezhdaninka gold-silver-quartz de-
posit occurs in the crest of the Dyby anticline and
is confined to the intersection of four regional
fault systems: approximately north-south, north-
easterly, northwesterly and approximately east-
west. The north-south system hosts the main
mineralized crush zones of the deposit. The
diagonal fault systems control the location of
offset veins (Fig. 12). The deposit consists of
mineralized crush zones, rather persistent along
strike and down dip, and smaller veins. A total of
117 bodies with ore-bearing potential have been
recognized at the deposit, of which only 12 have
been thoroughly investigated. The richest is an ore
zone in which two thirds of the ore reserves are
contained. It is localized in a 15 km long and 1-
40 km wide crush zone. The mineralized intervals
extend continuously for 1 km along the strike of
the zone to a depth of a few hundred metres. The
host rocks within the ore field underwent the
beresite facies metasomatism and the accompany-
ing synberesite sulphidization. Alteration halos are
about 50 m thick around individual zones, while
in places where the zones are in close proximity
to each other the thickness of the halos ranges up
to a few hundred metres. Metasomatic sulphides

Fig. 12. Geology of the Nezhdaninskoe deposit.
Modified after Shour (1985).

are highly auriferous: 30-500 gt -1 gold in ar-
senopyrite and l0 - l50g t - 1 gold in pyrite. Gold
is 560-900%o fine, with most values falling into
the 780-820%o category. Mineralization occurs
mainly in veinlets and as disseminations. Quartz
lenses are no more than 100 X 50 m in size, with
the amount of sulphides up to 5%. The feathering
quartz veins are traced for 300-400 m along strike
and down dip. Their sulphide content does not
exceed 3%. Along with quartz, significant carbo-
nate (up to 5-7%) and arsenopyrite (2-3% and in
places of intensely sulphidized rocks up to 15-
20%) are found. Pyrite is less important. Late
sulphides are represented by sphalerite and lesser
galena. A range of sulphosalts are present includ-
ing fahlore, freibergite, geocronite, jamesonite,
pyrargyrite, miargyrite and stephanite, but bourna-
nite and boulangerite are prevalent. Some of the
ore bodies contain lens-like accumulations of
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stibnite (Gamyanin et al. 2001;Parfenov & Kuz'-
min2001).

Discussion

The structure of the Late Jurassic-Cretaceous
Verkhoyansk-Cherskiy collisional orogen (oro-
genic belt) shows virtually all major elements of
the idealized model of a collisional orogenic belt,
which make it a typical example of this a class of
tectonic structure (see Fig. 3). Details of the
structure of the accretionary wedge complex re-
main debatable due to insufficient previous cover-
age. The absence of substantial ophiolite outcrops
may be evidence that the oceanic crust in the
Oimyakon basin was nearly completely absorbed
in the subduction zone. The direction of move-
ment of the Kolyma-Omolon superterrane in the
period of its accretion and collision still remains
unclear. Available data (Oxman & Prokopiev
1995) permit us to presume that the collision of
the superterrane with the craton occurred in the
first stage not frontally but rather at an acute angle
during the process of oblique collision. Inciden-
tally, the superterrane, shifting in the northwestern
direction, was a rigid indentor analogous to the
Indian Plate during its collision with the Asian
continent (Tapponnier et al. 1982). This is fa-
voured by the fact that deformations are observed
along the periphery of the orogen core with com-
posite sinistral strike-slip kinematics, and the age
of the collisional granites of the Main Batholith
Belt rejuvenates northwestward from 150 to
134 Ma (Layer et al. 2001).

We have considered only gold-quartz deposits
of the Yana-Indigirka metallogenic belt within the
Verkhoyansk fold-and-thrust belt, which are re-
lated to two stages of collision between the North
Asia craton and Kolyma-Omolon superterrane
resultant in the formation of the Verkhoyansk -
Chersky orogenic belt. The early collisional Ver-
khoyansk metallogenic zone is within the West
Verkhoyansk sector of the Verkhoyansk fold-and-
thrust belt and deposits are confined to axial parts
of large anticlinoria in whose cores the oldest
Carboniferous rocks of the Verkhoyansk terrige-
nous complex are exposed. The anticlinoria are
located in culminations of large duplex structures
with their roof thrusts traced at the base of the
Verkhoyansk terrigenous complex. Deposits of the
Verkhoyansk zone appear to be related to shear
zones representing branches of these faults. It is
supposed that deposits of the Allakh-Yun metal-
logenic zone are located in fan-like thrust zones,
while deposits of the Kular metallogenic zone are
related to shear zones confined to detachment at
the base of the Permian in the Kular-Nera slate
belt. The late collisional Adycha-Nera and South

Verkhoyansk metallogenic zones are located in the
hinterland of the Verkhoyansk fold-and-thrust belt
and related to transpressional faults of combined
thrust and strike-slip kinematics which originated
during the second stage of the collision.

On the eastern margin of the North Asia craton
(Verkhoyansk fold-and-thrust belt) there are other
deposits assigned to the pre-collisional and post-
collisional stages of the development of the
territory. Formation of the pre-collisional deposits
was related to the development of the passive
margin of the Siberian continent. Typical are
stratiform lead-zinc deposits of Vendian and
Cambrian age (Sardana, Urui). Development of
the Verkhoyansk passive continental margin was
disturbed by Mid-Late Devonian rifting processes
which produced copper mineralization here of the
type of cupreous sandstones and schists and native
copper in basalts (Kurpandzha), as well as cop-
per-complex metal occurrences and apatite-pyro-
chlore mineralization in alkali-ultrabasic rocks
and carbonatites (Gornoe Ozero). Some authors
also include into the belt stratified silver-complex
metal (Mangazeika) and gold-silver (Kysyl-Tas)
deposits supposing that they formed in the Late
Palaeozoic-Early Mesozoic in the course of sedi-
mentation processes on the passive margin of the
continent (Parfenov & Kuz'min 2001).

The post-collisional deposits include gold-anti-
mony-mercury, gold-antimony, silver-complex
metal, arsenic, antimony, and mercury deposits,
among them Kyuchus, Sarylakh, Sentachan, and
Prognoz. They were formed in the Late Cretac-
eous and, possibly, Early Cenozoic, i.e. in
general synchronously with the formation of the
Okhotsk-Chukotka volcanic-plutonic belt.
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1.05-1.01 Ga Sveconorwegian metamorphism and deformation of
the supracrustal sequence at Saesvatn, South Norway: Re-Os dating

of Cu-Mo mineral occurrences
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Abstract: Re-Os dating of a suite of nine molybdenite samples from two small Cu-Mo
mineral occurrences in the epidote-amphibolite facies Saesvatn supracrustal sequence provides a
temporal record of Sveconorwegian metamorphism and deformation. The sequence is situated
in the western allochthonous lithotectonic domain of the Sveconorwegian orogen, the
Rogaland-Hardangervidda terrane of south Norway. Onset of metamorphism occurred at about
1047 ± 2 Ma, as recorded in small gash veinlets, followed by a deformational peak at about
1032 ±2 Ma, as recorded in mineralized breccia and mineralized metagabbro comprising a
ductile shear zone constituting the Langvatn deposit. Deformation waned significantly by about
1017 ±2 Ma, based on mineralization hosted in a brittle fault zone within stratigraphically
higher metabasalts exposed at the Kobbernuten deposit. The origin of the mineralization at both
deposits is most probably metamorphic with ore constituents provided by metasomatism of
hosting basalt and gabbro. A metamorphic origin is supported by an array of Re-Os ages that
can be related to structural features and the stratigraphic sequence, the absence of plutons
related in time and space, the confinement of ore occurrences to mafic sequences in a bimodal
supracrustal package that includes rhyolites and clastic units, and clear evidence for Cu
mobility in mafic units. The 'main' Sveconorwegian orogenic event, probably a continent-
continent collision involving imbrication, stacking, and burial of terranes took place at about
1.05 Ga and thereafter. Peak deformation in the Saesvatn supracrustal sequence in the western
part of the Sveconorwegian orogen (South Norway) may correlate with thermal metamorphism
in the Idefjorden terrane in the eastern part of the orogen (SW Sweden), with a timing of about
1.03 Ga for both regions. The results of this study indicate that comparatively low grade
domains in the orogen (greenschist to epidote-amphibolite facies), corresponding to upper crust,
were deformed in a ductile fashion at about 1.03 Ga and were affected by brittle deformation as
early as 1.025-1.015 Ga. In the high-grade domains (amphibolite to granulite facies),
corresponding to middle and lower crust, ductile deformation is younger, beginning at about
1.025 Ga and persisting until 0.97 Ga.

One of the outstanding problems in understanding cies). The stratigraphic and tectonic relations
the Sveconorwegian (Grenvillian) province in SW between the low- and high-grade regions have
Scandinavia is the relation between major terranes been controversial for decades (Dons 1960).
and lithotectonic domains bounded by continental Although the timing of metamorphism has been
scale orogen-parallel shear zones (Berthelsen estimated with a variety of techniques in the high-
1980; Romer & Smeds 1996; Ahall et al 1998; grade regions (Kullerud & Machado 1991;
Bingen et al. 2001). Geochronology is key to Kullerud & Dahlgren 1993; Bingen & van Bree-
documenting and linking events that are unique to, men, 1998a; Cosca et al. 1998; Johansson et al.
or shared by, different terranes. It includes estima- 2001), direct dating of metamorphism is virtually
tion of the timing and duration of metamorphism lacking in low-grade region. Attempts to date low-
and its relation to a complex tectonic and mag- grade metamorphism using Rb-Sr and Sm-Nd
matic history. The Sveconorwegian province have yielded spurious or unreliable results (Priem
contains regions affected by high-grade meta- et al. 1973; Brewer & Menuge 1998). Since low-
morphism (amphibolite to granulite facies) and grade regions were not involved in a protracted
regions affected by comparatively low-grade meta- middle- to lower-crustal metamorphic cycle, dat-
morphism (greenschist to epidote-amphibolite fa- ing metamorphism in these regions provides im-

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore 3 1 9
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portant information on the tectonic evolution of
the orogenic belt.

We present a new approach to these problems,
focusing on a low-grade region in the western
allochthonous Rogaland-Hardangervidda terrane
in southern Norway. Using carefully documented
molybdenite samples from two well-studied miner-
al prospects that record the local development of
ductile and brittle structures, we have tracked the
evolution of metamorphism and deformation. The
Re-Os dating of molybdenite provides a robust
chronometer whose value reaches far beyond the
dating and understanding of ore genesis (Stein et
al 1998, 2001). However, in order to obtain
meaningful and accurate ages, the molybdenite
mineral separates must be representative, and the
data plotted appropriately (Stein et al. 2000,
2001). Molybdenite is unique among geochron-
ometers in that new growth apparently does not
seek existing grains. Indeed, unlike other com-
monly dated minerals using the U-Pb method
(e.g. zircon, monazite), molybdenite overgrowths
are exceedingly rare (Stein et al. 2001). And,
although earlier-formed molybdenite may recrys-
tallize during subsequent orogenic events, the
chronometer remains intact, as chalcophile-side-
rophile Re and Os will not move from sulphide to
silicate sites. The Re-Os chronometer in molyb-
denite has been shown to survive granulite facies
metamorphism (Raith & Stein 2000; Bingen &
Stein 2001), making it an ideal tool to address
events in the Archaean and Proterozoic. Since
large regions of the Earth's crust are locally
endowed with molybdenite (e.g. southern Norway
and Fennoscandia), the Re-Os dating of this
mineral serves to accurately pinpoint and preserve
the age of orogenic pulses related to its deposition.
The high precision possible using ID-NTIMS for
Re-Os dating of molybdenite allows confident
discrimination of events that may be closely
spaced in time.

The Sveconorwegian orogen

The Sveconorwegian orogen is situated at the
southwestern margin of the Fennoscandian shield
(Berthelsen 1980; Gorbatschev & Bogdanova
1993). It is made up of four main Palaeoproter-
ozoic to Mesoproterozoic lithotectonic domains,
bounded by orogen-parallel shear zones (Fig. 1).
The orogen is partly covered by Caledonian
nappes of Early Palaeozoic age and is cut ob-
liquely by the Late Palaeozoic Oslo rift. The
easternmost domain (Eastern Segment) is parau-
tochthonous relative to the foreland and consists
mainly of reworked granitoids of the 1.85-
1.65 Ga Transcandinavian igneous belt (TIB) fore-
land (Christoffel et al. 1999; Soderlund et al.

1999). The other domains are allochthonous (Park
et al. 1991; Romer & Smeds 1996; Stephens et al.
1996; Moller 1998; Andersson et al. 2002). From
east to west, these are the Idefjorden terrane, the
Telemark-Bamble terrane, and the Rogaland-
Hardangervidda terrane (Fig. 1). These terranes
are further divided into sectors. Major accretion of
crust took place during the 1.7-1.5Ga Gothian
period in these terranes (Ahall & Larson 2000).
Stacking of terranes took place during the 'main'
Sveconorwegian event between 1.05 and 0.97 Ga
(Bingen & van Breemen 1998a; Johansson et al.
2001; Andersson et al. 2002; this work), probably
as a result of a continent-continent collision
between the Fennoscandian shield and an un-
known continent (possibly Amazonia; Romer &
Smeds 1996). Evidence for early Sveconorwegian
metamorphism is recorded in the Bamble sector,
where granulite-facies metamorphism took place
at about 1.15-1.10Ga (Kullerud & Machado
1991; Cosca et al. 1998). Late to post-orogenic
granitoids are particularly abundant in the western
part of the Svenconorwegian province and in-
truded between 1.00 and 0.92 Ga, with several
distinct magmatic pulses in this window (Eliasson
& Schoberg 1991; Kullerud & Machado 1991;
Scharer et al. 1996).

Supracrustal rocks

Supracrustal sequences of rhyolite, basalt, and
metasedimentary units that were affected by
greenschist- to epidote-amphibolite-facies meta-
morphism are especially well exposed over a large
area in the Telemark sector (Dons 1960). In this
region, the Telemark supracrustals range in age
from about 1.5 to 1.1 Ga (Fig. 1) and have been
divided into four groups. Depositional ages and
relationships between the groups are not fully
established and are not transferable to other
terranes. Several recent studies bracket the age of
local Supracrustal packages either by dating volca-
nic rocks, interleaving sills and dykes, or detrital
zircons contained in metasedimentary units
(Dahlgren & Heaman 1991; Menuge & Brewer
1996; de Haas et al. 1999). In the Rogaland-
Hardangervidda terrane, several isolated supra-
crustal sequences have been described (Sigmond
1975, 1978, 1998; Ragnhildstveit et al. 1998).
One of these, the Saesvatn-Valldal Supracrustal
sequence, is interpreted as a continental rift
sequence beginning at about 1.27 Ga (Prestvik &
Vokes 1982; Bingen et al. 2002). The well-
exposed Saesvatn segment of this sequence con-
tains the two Cu-Mo mineral occurrences de-
scribed in this paper.
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Fig. 1. The Sveconorwegian orogen in southern Norway and southwest Sweden. Modified from Bingen et al. (2002).
Ages cited are U-Pb on zircon or monazite, unless otherwise indicated.

The Saesvatn Synclinorium of supracrustal
rocks

The supracrustal rocks at Saesvatn (Fig. 2) have
been described as a small outlier belonging to the
Precambrian Telemark Suite (Prestvik & Vokes
1982). The basement complex discordantly under-
lying the Saesvatn-Valldal supracrustals is com-
posed mainly of augen gneiss with a magmatic
intrusion age of 1.48 ± 0.06 Ga, as estimated by a
Rb-Sr whole-rock errorchron (recalculated from
22 points on augen gneiss and amphibolite;
MSWD = 40; initial 87Sr/86Sr = 0.703; data from
Berg 1977). This is similar to a U-Pb zircon age
of 1468 ±12 Ma for migmatitic gneissic base-

ment associated with supracrustal quartzite rafts in
the Hardangervidda area, although in this area the
age was interpreted as reflecting a migmatization
event (Sigmond et al. 2000). The Saesvatn outlier
is about 15 by 10km (150km2) and the strati-
graphic sequence is clearly dominated in the lower
part by rhyolite (Breive group, c. 2000 m thick-
ness) with a basal sheet of sub-volcanic quartz
porphyry, and in the upper part by basalt and
clastic sedimentary rocks (Skyvatn group, c.
3000 m thickness). The change from felsic to
mafic magmatism is abrupt and there is local
discordance reported at the boundary, which has
been debated (Bingen et al. 2002). Chemically,
the basalts are transitional between tholeiitic and
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Fig. 2. Geological map and cross-section of the Saesvatn supracrustal sequence, underlying basement gneisses, and
overthrust Caledonian nappes. Locations of the Langvatn and Kobbernuten Cu-Mo deposits are shown. Modified
from Prestvik & Vokes (1982). Stratigraphy and U-Pb ages cited for the Saesvatn supracrustal rocks from Bingen el
al. (2002).
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alkaline (Prestvik & Vokes 1982). Within the
massive basalt sequences, intrusions of gabbro are
present as concordant lenses but locally displaying
cross-cutting relations to the hosting basalts. All
units have been folded into an asymmetric, partly
overturned synclinorium in association with
uppermost greenschist facies (epidote-amphibolite
facies) metamorphism.

The age of the Saesvatn supracrustal sequence is
younger than 1275 ± 8 Ma, based on U-Pb dating
of the basal quartz porphyry; the immediately
overlying rhyolite sequence is 1264 ±4 Ma
(Bingen et al. 2002). The age of the metabasalts
and sill-like metagabbros (Skyvatn group), host
rocks for Langvatn-Kobbernuten mineralization,
is not directly constrained, but is younger than
1.26 Ga. From the uppermost part of the Saesvatn
sequence, above the majority of the basaltic
magmatism, U-Pb dating of detrital zircon from
the Svartepodd formation (Skyvatn group) in the
core of the synclinorium yields three main popula-
tions at 1.79, 1.56, and 1.22 Ga, with two Archae-
an grains detected. The youngest analysed zircon
yielded an age of 1211 ± 18 Ma, which indicates
that sedimentation took place after this time. This
broad age distribution suggests that the Saesvatn
basin received detritus from felsic rocks of a
variety of ages in a continental to pericontinental
environment (Bingen et al. 2002).

The metagabbros and metabasalts are the rele-
vant units for work reported here and, together
with a few metasedimentary clastic and conglom-
eratic units, they constitute the outcrop area
surrounding the Langvatn-Kobbernuten mineral
occurrences. These units are strongly folded along
NW-SE trending axes (Fig. 2). The metabasalts
are dark green massive to schistose amphibolite
with little preservation of original textures. One
particularly striking variety of metabasalt, occur-
ring locally, displays a mottled texture produced
by disseminated 2-4 mm dark green ovoids of
amphibole aggregate. All metabasalts are charac-
terized by the presence of widespread lenses and
pods of epidote + quartz + calcite, and at the thin
section scale these secondary minerals are found
in abundance (Prestvik & Vokes 1982). The sill-
like metagabbros vary from seemingly unaltered
coarse-grained massive varieties to foliated coarse-
to medium-grained units. Like the metabasalts,
widespread epidotization and uppermost greens-
chist facies mineral assemblages are characteristic.
Regionally, the metagabbro unit containing the
Langvatn deposit (Fig. 2) displays increasing
deformation and epidotization as the ductile shear
zone hosting the mineralization is approached.
Some original textures and sedimentary structures
are still preserved in the clastic units in the SW
part of the Saesvatn area (Prestvik & Yokes 1982).

The last magmatic event in the Saesvatn area is
exposed in the NW along the shores of Holmavatn
where several post-orogenic (non-foliated) granite
intrusions have pierced the supracrustal sequence,
clearly cross-cutting all units. Prestvik & Yokes
(1982) suggest that these granites form the south-
eastern margin of a large granite batholith that
extends to the NW for about 60 km. It has also
been proposed that a similar granite intrusion may
be present beneath the mineralization at Langvatn,
thereby providing a magmatic origin for the
deposit (Prestvik & Vokes 1982). However, there
is no field evidence for the existence of a buried
granite intrusion. The Holmavatn granites have
not been dated but they resemble other granites
widespread in southern Norway with U-Pb ages
of about 0.93 Ga. The Holmavatn granites are
most probably of similar age and origin to the
nearby Haukelisaeter granite that intrudes the
Saesvatn-Valldal supracrustal rocks between the
Valldal and Saesvatn segments, less than 10km
north of Langvatn (Fig. 1). The Haukelisaeter
granite provides a Rb-Sr age of 931 ± 40 Ma
(Fig. 3; recalculated from 21 data points on the
granodiorite and medium-grained facies; MSWD
= 64; initial 87Sr/86Sr = 0.7045; data from Berg
1977). Applying the maximum 2-sigma uncer-
tainty in the older direction (931 + 40 = 971 Ma)
yields an age that does not overlap the signifi-
cantly older Re-Os ages for mineralization re-
ported in this study.

The Langvatn and Kobbernuten Cu-Mo
deposits

The Langvatn-Kobbernuten deposits are small,
non-economic mineral occurrences of copper and
molybdenum. The Kobbernuten prospect has not
been described in the literature, but is noted as a
small Cu prospect (Prestvik & Yokes 1982, plate
1). The Langvatn deposit, mined from 1911 to
1913, was evaluated for its mineral potential in
the years 1965-1968, but geochemical and geo-
physical investigations followed by subsequent
drilling failed to discover additional mineraliza-
tion, along strike or at depth (Yokes et al. 1975).

The Langvatn Cu-Mo deposit lies in a steeply
dipping (70-80° SW) to vertical ductile shear
zone within a concordant metagabbro unit 200-
300 m wide (Fig. 2). The zone of mineralization is
characterized by extremely coarse-grained masses
of gangue minerals hosting locally rich concentra-
tions and disseminations of Cu-Mo mineraliza-
tion. Massive calcite and epidote, with generally
subordinate quartz, dominate the gangue mineral-
ogy, and prominent ore minerals are chalcopyrite
and molybdenite. Vokes et al. (1975) describe
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Fig. 3. Rb-Sr whole-rock isochron for the Haukelisseter post-orogenic granite intruding the Saesvatn-Valldal
supracrustal sequence. Rb-Sr data from Berg (1977). One data point (square with x) has been excluded. Even using
the less robust Rb-Sr method, age calculations based on regressions of the isotopic data provide no indication that
post-orogenic granites in this region are older than about 930 Ma.

minor bornite, plus traces of pyrite and pyrrhotite
at Langvatn. Considerable magnetite is present. At
one of the Langvatn adit entrances (UTMvGs84-
32V 0398921 6614172) an earlier mineralization
can be seen in calcite + quartz breccia clasts
caught and deformed in the ductile shear zone
(Fig. 4a). In addition, mineralization is present in
the intensely deformed metagabbro within the
shear zone and is parallel to the foliation, suggest-
ing that it is at least as old as the ductile
deformation in the shear zone (Fig. 4b, e). Miner-
alization occurring in coarse-grained and unde-
formed gangue includes occurrences in open-
space vugs that must postdate this deformation.

The adit for the Kobbernuten Cu-Mo prospect
(UTMvGS84.' 32V 0397682 6612390) is located at
the base of a high angle planar fault zone, with
two sub-parallel structures about 5 m apart, that
reaches a height of about 10m (Fig. 4c). Miner-
alization appears to have been localized between
the two sub-parallel faults as noted by the bright
blue Cu staining remaining. Epidote is present in
the fault zone. In contrast to the metagabbro host
rock at Langvatn (coarse-grained amphibolite), the
Kobbernuten prospect is situated in massive fine-
grained metabasalt (fine-grained amphibolite).
Whereas mineralization was abundant at Lang-
vatn, mineralization at Kobbernuten is scarce and

generally confined to remaining mine dump mate-
rial. Kobbernuten mineralization is dominated by
bornite with much subordinate chalcopyrite and
occurs in clots and as irregular and discontinuous
stringers and veinlets with calcite, epidote, amphi-
bole, and quartz gangue. Relative to Langvatn,
molybdenite mineralization at Kobbernuten is very
scarce. It may be directly associated with the
bornite clots, but is more common a few cm
removed as mm slivers and tiny bladed rosettes
penetrating the metabasalt (Fig. 4d). Open-space
textures associated with massive coarse-grained
material as observed at Langvatn are absent in the
ore samples observed on the Kobbernuten mine
dump. Bornite-bearing stringers and veinlets of
calcite with delicate undeformed acicular needles
of amphibole growing inward from the vein wall,
document post-deformational growth of gangue
and ore minerals at Kobbernuten.

The country rock and gangue mineral assem-
blages dominated by calcite + epidote + mag-
netite + actinolite + quartz suggest that
mineralization conditions were associated with
moderately high oxygen fugacity. Furthermore,
ore assemblages with limited pyrite and pyrrhotite,
but dominated by bornite, chalcopyrite, magnetite,
and molybdenite support moderately high oxygen
fugacity, and relatively low sulphur activity.
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Fig. 4. The adits and ores at Langvatn-Kobbernuten. (a) Entrance to one of the adits at Langvatn located in
metagabbro exhibiting ductile deformation. Cu staining is abundent above and to the right of the hammer. (b) Earlier
mineralized calcite + quartz breccia clasts appear as boudinaged material in a Cu-Mo mineralized ductile shear zone
at Langvatn. (c) Entrance to adit at Kobbernuten located in a brittle fault zone cutting a sequence of massive, fine-
grained metabasalt. Cu-Mo mineralization was localized within the fault zone, and is also present as small clots and
veinlets in the metabasalt. (d) Randomly oriented tiny blades and rosettes of late molybdenite cut the strong foliation
in fine-grained metabasalt at Kobbernuten. (e) Analysed Langvatn molybdenite samples depict an earlier
mineralization event in a deformed breccia clast (NW97-LG1), and a subsequent mineralization episode associated
with ductile deformation in the metagabbro (NW97-LG3). Coin diameter is 2.0 cm.
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Samples dated in this study

A total of nine different molybdenite samples
were collected for this study, five from Langvatn
and four from Kobbernuten. All samples were
taken from the mine dumps, and reflect different
types of ore-gangue-host rock relationships. The
samples are also representative of mineralized
outcrop at both mine adits.

Brief descriptions of the hand samples used for
Re-Os dating are provided here. These are aug-
mented by thin section descriptions and the photo-
micrographs in Figure 5. Samples NW97-LG1,
NW97-LG2, and NW97-LG3 all represent gabbro-
hosted ore samples from within the zone of ductile
deformation at Langvatn. In particular, NW97-
LG1 contains mineralized breccia clasts with
rolled pyrite exhibiting well-developed pressure
shadows, presumably developed as the breccia
fragments were caught in the ductile deformation.
Molybdenite and chalcopyrite are abundant. The
NW97-LG1 molybdenite analysed in this study
represents an occurrence confined to a carbonate

+ quartz breccia fragment (Fig. 4e). Massive and
discontinuous fans and bladed patches of molyb-
denite, intergrown with chalcopyrite, are charac-
teristic (Fig. 5a). Samples NW97-LG2 and NW97-
LG3 are representative of Cu + Mo mineralization
developed within ductile-deformed metagabbro
(Fig. 4e). In all three samples, molybdenite is
commonly kinked and recrystallized within single
blades and laths, and gangue minerals quartz +
calcite have marked undulatory extinction in thin
section. Sample NW97-LG2 clearly shows that
mineralization occurred prior to and in association
with brecciation (Fig. 5b). Langvatn sample
NWOO-LG1 is representative of disseminated mo-
lybdenite associated with late, massive, coarse-
grained, pink calcite. Langvatn sample NWOO-
LG2 is a segregation of epidote + molybdenite in
the metagabbro.

The samples from Kobbernuten include NWOO-
LG4, NWOO-LG5, and NWOO-LG7, which consist
of massive fine-grained metabasalt with small
clots to irregular veinlets of calcite + quartz +
epidote + amphibole ± pyrite ± chalcopyrite, up

Fig. 5. Photomicrographs of Langvatn-Kobbernuten ores (mo, molybdenite; cp, chalcopyrite; mag, magnetite; bn,
bornite). (a) Massive mo + cp intergrowths depicting early mineralization hosted in a carbonate + quartz breccia
clast at Langvatn (plane polarized light), (b) Sulphide breccia clasts of mo ± cp hosted by massive mag ± cp
mineralization at Langvatn (ppl). In this view, the cp is barely visible in the upper middle margin of a single clast. (c)
Undeformed bn + cp blebs with poorly developed myrmekitic texture (barely visible) in metabasalt containing fine-
grained chlorite and epidote patches. Cp is generally minor and bn blebs are more characteristic of the mineralization
at Kobbernuten (ppl). (d) Blades of mo are locally parallel but mostly cross-cut a strong and complex foliation in
metabasalt at Kobbernuten (crossed polars).
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to 3 cm blebs of massive bornite ± chalcopyrite
(Fig. 5c), and scattered 2-5 mm molybdenite
blades. The molybdenite blebs may occur within
the Cu-bearing veins, but they are more common
as monomineralic occurrences in the metabasalt,
but in close proximity to the veins. The molybde-
nite in NWOO-LG4 and NWOO-LG5 can be seen
both closely parallel to and cross-cutting the
pronounced foliation, with the cross-cutting occur-
rence dominating (Fig. 5d). The molybdenite in
NWOO-LG7 clearly cross-cuts foliation and post-
dates deformation, as minute delicate blades and
small rosettes (Fig. 4d). Thin section examination
shows that a fourth Kobbernuten sample NWOO-
LG6 is in fact a metasedimentary clastic rock,
containing minor disseminated chalcopyrite, and
molybdenite as 1 -2 mm platelets along the mar-
gin of a quartz + carbonate veinlet.

Analytical methods

The Re-Os chronometer in molybdenite provides
robust single mineral ages, provided the mineral
separates are representative and homogeneous
(Stein et al. 2001). Dating is based on the beta
decay of 187Re (about 62% of total Re) to 187Os.
Since there is no measurable initial (common) Os
in molybdenite (and common 187Os is only about
1.5% of total Os in bulk Earth), essentially all Os
is radiogenic 187Os, whose abundance is depen-
dent on Re concentration in the molybdenite and
time for in-growth. Molybdenites typically have
Re concentrations in the ppm range.

Re and 187Os concentrations were determined at
the AIRIE molybdenite laboratory at Colorado
State University (CSU). For this study, a Carius-
tube digestion was used, whereby molybdenite is
dissolved and equilibrated with 185Re and I90Os
spikes in HNOs-HCl (inverse aqua regia) by
sealing in a thick-walled glass ampoule and heat-
ing for 12 hours at 230 °C. The Os is recovered by
distilling directly from the Carius tube into HBr,
and is subsequently purified by micro-distillation.
The Re is recovered by anion exchange. The Re
and Os are loaded onto Pt filaments and isotopic
compositions are determined using NTIMS on
NBS 12-inch radius, 68° and 90° sector mass
spectrometers at CSU. Two in-house molybdenite
standards, calibrated at AIRIE, are run routinely
as an internal check (Markey et al. 1998; Stein et
al. 1997). The age is calculated by applying the
equation 187Os = 187Re (e t - 1), where A is the
decay constant for 187Re and t is the calculated
age. The 187Re decay constant used is 1.666 X
10-1 a-1 with an uncertainty of 0.31% (Smoliar
et al. 1996). Uncertainties in age calculations
include error associated with (i) 185Re and 190Os
spike calibrations, 0.05% and 0.15%, respectively,

(ii) magnification with spiking, (iii) mass spectro-
metric measurement of isotopic ratios, and (iv)
the 187Re decay constant (0.31%). Molybdenites
rarely require a blank correction. In the AIRIE
molybdenite laboratory, blanks are <20 pg for Re
and <3 pg for 187Os.

Analytical results

The Re-Os data and associated ages, derived
from a Carius tube sample dissolution and ID-
NTIMS, are presented in Table 1. Common Os
and blank corrections have been applied, but are
insignificant. Replicate ages are shown for two
samples (two different mineral separates each
from NWOO-LG6 and NWOO-LG7), and their
agreement is excellent. These data are provided as
a demonstration that the analytical results are
reproducible at the geological (hand-sample) scale
and can be used to argue that the different ages
for different samples have geological meaning. It
is typical to find slightly different Re concentra-
tions with replicate runs of different mineral
separates from the same samples, but with the
proper preparation of mineral separates (Stein et
al. 2001), the Re and 187Os concentrations will be
coupled such that ages are reproducible.

It is significant that the Re concentrations are
highly distinct for the two deposits. At Langvatn,
Re concentrations fall in a narrow range of 90-
130 ppm. This suggests a fluid whose Re composi-
tion was stable and homogeneous throughout
deposition of Langvatn molybdenite. In contrast,
the Re concentrations for Kobbernuten molybde-
nite are markedly higher, ranging from 700 to
1000 ppm. We suggest that this concentration
difference can be attributed to the volume-dilution
effect (Stein et al. 2001), whereby a markedly
smaller amount of molybdenite must take in all
available Re present in the mineralizing fluid at
Kobbernuten. We suggest that the ore fluids at
both Langvatn and Kobbernuten were otherwise
similar in composition and origin.

Presentation of the Re-Os results for this study
is limited to a data compilation (Table 1). There
are no data sets that are appropriate for construc-
tion of an 187Re-187Os molybdenite isochron, the
most robust treatment possible for time-related
samples (Stein et al. 1998, 2001). Although
several molybdenite samples represent the timing
of brecciation and ductile deformation at Lang-
vatn, their Re concentrations have insufficient
variation for an isochron plot (Table 1; NW97-
LG1, NW97-LG2, NW97-LG3). If a single iso-
chron for all the Langvatn-Kobbernuten Re-Os
data is attempted, it is immediately apparent that
this is the wrong approach, as a resulting age of
1032 ± 14 Ma based on 9 points is accompanied
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Table 1. Re-Os data for the Langvatn-Kobbernuten Cu-Mo deposits, Scesvatn
supmcrustal sequence, Rogaland-Hardangervidda terrane, southern Norway

Replicate runs (rep) on same sample represent two different mineral separates. All sample
dissolutions by Carius tube, and isotopic ratio measurements by ID-NTIMS. Common 187Os and
blank corrections for molybdenites are insignificant. Errors (in parentheses) for concentration
data are at 2-sigma for last digit(s) indicated. Ages calculated by l87Os = 187Re (e t - 1) and
age uncertainty is absolute at 2-sigma. Weighted mean age uncertainties are less than the 187Re
decay constant uncertainty (± 0.31%).

by a MSWD of 2.5 X 106, a clear statement of
excess geological scatter. Therefore, the correct
approach for the Langvatn-Kobbernuten data set
is to calculate weighted mean ages for related
samples and replicate runs (Table 1). These
weighted mean ages are used in the discussions
presented in this paper.

Saesvatn Cu-Mo mineralization and
metamorphic evolution of supracrustal
rocks

We suggest that Saesvatn supracrustal sequences
experienced metamorphism and associated defor-
mation over a period of at least 40 million years
from about 1.05 to 1.01 Ga, and that Cu-Mo
mineralization occurred episodically for 30 mil-
lion years during this period. A model for the
mineralization is presented in Figure 6. The ear-
liest indication of metamorphism (c. 1047 ± 2
Ma) is recorded at Kobbernuten where millimetre
to centimetre scale gash veinlets of calcite ±
quartz in a metasedimentary rock locally contain
molybdenite and copper mineralization. These
veinlets are not continuous over large distances,
but may reflect local domains of extension, perhaps
better developed in clastic units where fluids may
migrate more easily, in a terrane that is embarking

on a metamorphic and folding cycle. These small
gash veinlets might also be concentrated along
fold axes where incipient extension in a compres-
sional regime is possible, or they may be localized
in association with pressure-solution and the
development of spaced cleavage domains in clas-
tic rocks (e.g. Wen et al. 1999). In either case, we
suggest that they are an early feature of regional
metasomatism. A sample containing an aggregate
of molybdenite and epidote in metagabbro from
Langvatn may also reflect early metasomatic
segregation with its age of 1038 ± 3 Ma. With
increasing metamorphism, culminating at upper-
most greenschist facies (epidote-amphibolite fa-
cies), local shear zones developed at deeper levels
within the supracrustal sequence at Saesvatn, and
ore deposition associated with Langvatn indicates
that mineralization pre-dated, occurred during, and
post-dated the development of a ductile shear
zone. Dating of differently hosted ores at Lang-
vatn, suggests that brecciation associated with
mineralization and the continuation of mineraliza-
tion during ductile shear zone development in the
gabbro occurred during a remarkably brief geolo-
gical period (1032 ± 2 Ma). This was followed by
deposition of open-space mineralization associated
with masses of extremely coarse crystalline unde-
formed calcite (1025± 3 Ma). Simultaneously
with the open-space mineralization at Langvatn,

AIRIE Run

Langvatn

CT-200
CT-227
CT-233

CT-457
CT-458

Kobbernuten

CT-285
CT-286

CT-287
CT-293 rep

CT-304
CT-459 rep

Sample No.

NW97-LG1
NW97-LG2
NW97-LG3

NWOO-LG1
NWOO-LG2

NWOO-LG4
NWOO-LG5

NWOO-LG6
NWOO-LG6

NWOO-LG7
NWOO-LG7

Total Re, ppm

110.02 (5)
91.29(4)

133.34(6)

106.18(8)
99.14(7)

980.7 (6)
697.8 (5)

957.5 (9)
790.7 (6)

685.8 (7)
831.7(9)

1870s, ppb

1200 (2)
993 (2)

1455 (2)
Weighted mean =

1149.0(8)
1087.3(7)

10618(15)
7564(11)

Weighted mean =

10595 (15)
8736 (6)

Weighted mean =

7358(8)
8937(11)

Weighted mean =

Age, Ma

1032 ±4
1030 ±4
1033 ±4
1032 ± 2

1025 ±3
1038 ±3

1025 ±4
1026 ±4
1025 ± 2

1047 ±4
1046 ±4
1047 ± 2

1016±3
1017±3
1017 ±2
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ScEsvatn supracrustal rocks

deposition in a continental rift basin

Onset of greenschist fades
metamorphism and deformation

> development of small, irregular
calcite + epidote + quartz + mo
veinlets and segregations

Peak ductile deformation

shear zone develops in metagabbro
> Langvatn shear zone-hosted

mineralization

Incipient extension/relaxation

> brittle fractures develop
> Kobbernuten mineralization
> Langvatn open-space mineralization

Full relaxation

waning mineralization cuts foliation
in metabasalt at Kobbernuten

Fig. 6. Metamorphic-metasomatic model for Cu-Mo mineralization at Langvatn (L) and Kobbernuten (K) based on
Re-Os dating and structural-paragenetic occurrence of the molybdenites dated. Stratigraphy is highly simplified; for
example, metasedimentary clastic rocks are intercalated with basalt units.
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the Kobbernuten deposit began to develop in
apparently overlying basalt sequences. At Kobber-
nuten, mineralization associated with post-peak
deformation (Fig. 5d) is recorded in two different
molybdenite samples dated at 1025 ± 4 and
1026 ± 4 Ma. By about 1017 ± 2 Ma, Kobbernu-
ten mineralization bears no relationship to the
strong metamorphic fabric in the basalts (Fig. 4d),
and single blades show no petrographic evidence
for deformation. The general ore hosting structure
at the Kobbernuten deposit reflects a brittle break
that cuts a strong foliation in the metabasalt (Fig.
4c). Therefore, outcrop-scale features at the pro-
spect site, coupled with petrographic observations,
indicate that main Kobbernuten ore deposition
occurred post-peak deformation. This is strongly
supported by the younger Re-Os age data for
Kobbernuten, using the 1032 ± 2 Ma Langvatn
age as a time marker for peak deformation.
Evidence of ductile shear development is clearly
absent at Kobbernuten, and we suggest that its
apparently higher stratigraphic position, coupled
with a difference in host rock rheology (metagab-
bro at Langvatn versus metabasalt at Kobbernuten)
may account for the distinct structural setting of
these two related deposits.

We suggest that the origin of mineralization at
both Langvatn and Kobbernuten is related to the
host rocks themselves on a regional scale that
includes perhaps a large part of the Saesvatn
supracrustal mafic sequence (Skyvatn group). In
rhyolitic melts, molybdenum is sequestered with
the crystallization of ferromagnesium or titanium-
bearing phases, such as magnetite and ilmentite
(Tacker & Candela 1987; Candela & Bouton
1990). Relative to a basaltic silicate melt, molyb-
denum is preferantially partitioned into Fe-S
liquid, and this partitioning becomes very large
for systems with Fe/S ratios that are above unity
(Lodders & Palme 1991). A typical copper con-
centration in normal greenstones is in the order of
one hundred ppm or more (Condie et al. 1977).
Yet chemical analyses of the metabasalts and
metagabbros in the Saesvatn supracrustal sequence
generally indicate only tens (most <50) of ppm
Cu (Fig. 7), although chalcopyrite + pyrite ±
pyrrhotite are petrographically described as opa-
que accessory minerals in the Saesvatn mafic
supracrustal rocks (Prestvik & Vokes 1982). Post-
magmatic mobility of copper in the sequence is
corroborated by the lack of correlation in binary
diagrams featuring Cu and the incompatible trace
element Zr, compared with a clear correlation
between the two incompatible trace elements Y
and Zr (Fig. 7), a feature typical for a magmatic
differentiation process. We suggest that the Cu
(and Mo) and the gangue epidote + calcite +
quartz were derived from the mafic sequences that

Fig. 7. Binary trace element diagrams in ppm for
metabasalt and metagabbro whole rock samples of the
Saesvatn supracrustal sequence. Data from Prestvik &
Vokes (1982) and Brewer & Atkin (1987).

host the deposits. Mobilization of Cu during
alteration of mafic volcanic rocks is a well-
documented phenomenon (e.g. Humphris &
Thompson 1978; Condie et al. 1977), and meta-
morphic processes have been attributed to the
formation of native copper deposits in metabasalts
(e.g. Jolly 1974; Lincoln 1981), and to copper
vein deposits in the Old Red Sandstone in Ireland,
but within a very different stratigraphic setting
(Wen et al. 1999). Epidosite, a rock type consist-
ing of epidote + quartz, may arise during the
metasomatic alteration of basalt, and large copper
depletions may be found in epidosite and in
epidotized greenstones (Kish & Stein 1989). In
the Saesvatn metabasalts, Prestvik & Vokes (1982)
describe lens-shaped bodies of coarse-grained
epidote + quartz ± calcite, and widespread
epidotization of metabasalts. Epidote is also de-
scribed in association with the metagabbro. Col-
lectively, these observations suggest that alteration
is regional and not a local effect in the vicinity of
the mineralized shear-fault zones. The low and
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scattered Cu values associated with Saesvatn meta-
basalt and metagabbro (Prestvik & Vokes 1982;
Fig. 7), the stratigraphic confinement of minerali-
zation to mafic units, the absence of spatially
associated plutons of the ages obtained for miner-
alization, and Re-Os ages that correspond to
structural, stratigraphic, and paragenetic positions
for molybdenite support mineralization in the con-
text of a metamorphic event lasting 30 million
years.

There are relatively few examples of Cu-Mo
deposits or occurrences whose origin is specifi-
cally attributed to greenschist- to epidote-amphi-
bolite-facies metamorphism. In western Norway,
calcite + quartz veins containing chalcopyrite ±
pyrite have been recognized in the Solund basin,
containing 6-7 km of Devonian sedimentary mo-
lasse floored by a late Caledonian detachment
zone (Svensen et al. 2001). Unlike two other
nearby basins (Hornelen and Kvamshesten) exam-
ined in their study, where the sedimentation is
representative of continentally derived alluvial and
fluvial deposits (sandstones, siltstones, and con-
glomerates), the Solund basin is dominated by
coarse conglomerates and locally abundant meta-
volcanic material. The mineralization is concen-
trated in the central and basal parts of the Solund
basin as veins associated with a shear zone and
fracture networks. Based on fluid inclusion stud-
ies, vein formation is attributed to deep burial
metamorphism at temperatures of 305-330 °C, at
a pressure of 3.4±0.2kbar corresponding to a
depth of 13.4 ±0.6 km (Svensen et al 2001).
Based on the mineralogy cited for Solund, condi-
tions in the lower part of the basin approached
lower greenschist facies. Similar to Langvatn, Cu
was apparently mobilized by metamorphic fluids
interacting with metavolcanic material (detritus).

In the Carolina Slate Belt (southeastern USA),
the Virgilina copper deposits, consisting of metre-
wide quartz + calcite vein systems with bornite +
chalcocite + hematite ± chalcopyrite are attribu-
ted to metasomatism associated with the waning
stages of Acadian (Devonian) metamorphism
(Kish & Stein 1989). Analogous to Langvatn-
Kobbernuten, the Virgilina copper deposits are
also situated in the core of a synclinorium. The
Virgilina synclinorium contains Neoproterozoic
felsic to mafic volcanic and epiclastic rocks,
intruded by granitoid and gabbroic plutons, all
metamorphosed to greenschist facies. The Virgili-
na copper veins are restricted to one of the
stratigraphic units consisting of metabasalts. Re-
gionally, the metabasalts have been epidotized,
and are characteristically marked by lenses, pods,
veins, and masses of epidosite. Although plutonic
rocks were present, they hold no spatial associa-
tion with the copper veins, and those dated by U—

Pb were found to be Neoproterozoic. Still, some
workers attributed the deposits to magmatic fluids
from unknown plutons (Linden 1981). Kish &
Stein (1989) determined that the age of the
Virgilina copper deposits was at least 235 million
years younger than the hosting crustal sequence of
mafic and felsic volcanic and associated clastic
rocks, and that the Virgilina veins formed at about
340 Ma in association with post-Acadian fractur-
ing that channelled metasomatizing fluids that
scavenged Cu from greenstones.

Copper removal during epidotization of green-
stone is sufficient to generate small vein-type
deposits. This removal may have both vertical
(structurally controlled) and lateral (stratigraphi-
cally controlled) components, depending on the
local geologic conditions. We suggest that this
type of metamorphic copper deposit may be more
common than realized, but its economic value will
be limited by the local stratigraphy, the extraction
ability of metamorphic-metasomatic fluids, the
ability to focus fluids in ductile shear zones and
fractures, and the likely vertical geometry of the
ore occurrences. The metamorphic model for Cu
is not unlike the widely applied orogenic Au
model (Cameron 1988; Groves et al. 1998), but
also has affinities with models where pre-existing
accessory magmatic sulphide may have supplied
metal through liquid-state chemical transfer
(Larocque & Hodgson 1995a, b; Marshall et al.
2000). At Langvatn-Kobbernuten, the present day
exposures coupled with the Re-Os age results
suggest that copper mineralization is not only late
metamorphic (recorded at Kobbernuten and simi-
lar to Virgilina), but also occurred during peak
deformation in association with possibly deeper
level ductile deformation (Langvatn). In addition,
gash veinlets of quartz ± calcite, with or without
mineralization, record prograde metamorphism at
Kobbernuten, whereas prograde metamorphism is
reflected in early epidote-rich metasomatic segre-
gations at Langvatn.

Regional implications

The geological evolution in the Saesvatn region
includes deposition of a supracrustal sequence
from 1.27 Ga to at least 1.21 Ga, in a pull-apart or
rift basin. The basin possibly formed at some
distance inboard from a subduction trench in a
continental setting possibly on the Fennoscandia
plate (Bingen et al. 2002). There is little else in
the geological record during this interval and, with
the exception of a few gabbro-tonalite complexes
in the Telemark-Bamble terrane (Pedersen &
Konnerup-Madsen 2000), extensive magmatic
activity during this period has not yet been
recognized in southern Norway. Regional meta-
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morphism in the Saesvatn region is recorded by
Re-Os dating of molybdenite from the Langvatn-
Kobbernuten Cu-Mo deposits (Table 1). It took
place from about 1047 ± 2 to 1017 ± 2 Ma, a 30
million years interval of time. Based on the
sample suite in this study, earliest metasomatism
is recorded in small gash veinlets and segregations
(1047 ± 2 Ma at Kobbernuten and 1038 ± 3 Ma
at Langvatn) at the onset of metamorphism and
folding. Ductile deformation at epidote-amphibo-
lite-facies conditions peaked at 1032 ± 2 Ma. The
development of open-space mineralization and the
onset of brittle faulting began at 1025 ± 2 Ma,
with full relaxation by 1017 ± 3 Ma.

Several robust age estimates fall within the
1.05-1.01 Ga metamorphism and deformation
window established for the Saesvatn supracrustal
sequence. In the southern part of the Rogaland-
Hardangervidda terrane, significant 1050+g Ma
high-K calc-alkaline syn-kinematic granite mag-
matism (Feda suite) is believed to represent the
youngest magmatism with a subduction-related
signature (Bingen & van Breemen 1998a, b).
These granite plutons have a generally narrow and
highly elongate outcrop pattern that in some
places hugs terrane boundaries and parallels shear
zones, suggesting that their intrusion may have
been localized along margins of Sveconorwegian
terranes that were converging and/or undergoing
transpression (Fig. 1). In the Rogaland-Hardan-
gervidda terrane, metamorphic grade increases
southwestwards from epidote-amphibolite facies
in the Saesvatn region to upper amphibolite and
granulite facies in the southwestern coastal region.
In this region, monazite ages in the 1024-970 Ma
range, associated with the Feda suite and other
charnockitic gneisses (Bingen & van Breemen
1998a), record amphibolite to granulite-facies
regional metamorphism.

About 125 km south of the Saesvatn area, the
Fennefoss feldspar porphyritic augen gneiss just
inside the Telemark sector (Fig. 1) is well dated
by U-Pb at 1035+3 to 1031 ± 2 Ma, and is noted
to have a geochemical signature transitional be-
tween high-K calc-alkaline and A-type (Bingen &
van Breemen 1998b; Pedersen & Konnerup-Mad-
sen 2000). About 170km north of the Saesvatn
area, U-Pb ages for exposures of Proterozoic
rocks underlying the Caledonian Jotun nappe
include a 1014 ± 35 Ma felsic dyke that cuts a
hosting high-grade gneiss complex of
1518 ± 17 Ma (Corfu 1980), the same age as the
basement underlying the Saesvatn-Valldal supra-
crustal rocks (1.48±0.06Ga; Berg 1977). This
1.01 Ga intrusive event is distinct from two nearby
granites dated at 932 ± 10 Ma (Corfu 1980).

Perhaps the most intriguing and supporting data
is found in recently dated molybdenite from

quartz + molybdenite + bornite + chalcopyrite +
galena + pyrite + hematite + tourmaline +
calcite + barite + epidote veins hosted in metaba-
salt in the Dalen district in the Telemark sector
(Hasan 1971). Like the Saesvatn sequence, supra-
crustal rocks in the Dalen district (quartz-schist,
quartzite, alkali metabasalt, metarhyolite of the
Bandak group) are deformed into steeply plunging
folds, which were metamorphosed to upper
greenschist (epidote-amphibolite) facies. Quartz +
calcite + epidote veins and massive segregations
occur in abundance in the area, and intrusions are
absent (Hasan 1971). The mineralized veins in the
Dalen district occupy fractures perpendicular to
regional folds. Although the veins are slightly
deformed, their formation clearly post-dates the
main phase of regional deformation in this region.
Re-Os ages of about 1015 Ma for the Askom
deposit (Stein & Bingen, unpublished data) indi-
cate that supracrustal rocks in the Telemark sector
(Bandak group) were affected, at least in part, by
the same metamorphic event(s) recorded in the
Saesvatn area in the Rogaland-Hardangervidda
sector, suggesting that they began to share a
common metamorphic history no later than about
1.015 Ga. This study shows that small ore occur-
rences in molybdenum-endowed regions of the
Earth's crust are capable of unleashing important
age information that bears on the metamorphic
history and tectonic assembly of major orogens.

Available data in the Rogaland-Hardangervidda
terrane suggest that this terrane was caught in the
'main' Sveconorwegian collision event at or
shortly after 1.05 Ga, as indicated by intrusion of
calc-alkaline syn-kinematic granites (Feda suite;
Bingen & van Breemen 1998a, b) and the oldest
metamorphic age on molybdenite in the Saesvatn
supracrustal sequence. In low-grade regions, peak
ductile deformation and metamorphism took place
at about 1.03 Ga (Saesvatn) and was followed by
brittle deformation at about 1.025-1.015 Ga (Saes-
vatn and Dalen). In the high-grade regions
(southwestern Rogaland-Hardangervidda), ductile
deformation and high-grade metamorphism is sig-
nificantly younger at about 1.025-0.97 Ga as
recorded in monazite geochronology. The succes-
sion of dates in the Rogaland-Hardangervidda
terrane supports a model where early deformation
(1.05-1.03 Ga) linked to 'main' Sveconorwegian
convergence was distributed over the entire crust
in this terrane, whereas later deformation (1.025-
0.97 Ga) was confined to the middle and lower
crust, with the upper crust behaving in a brittle
fashion.

We suggest that 1.05 to 1.045Ga metamorph-
ism may record the early stages of terrane im-
brication and stacking associated with the 'main'
Sveconorwegian collision across a wide area of
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the Sveconorwegian province. In the eastern part
of the province, the comparatively low-grade
Idefjorden terrane (greenschist to amphibolite
facies) is situated in the hanging wall of the
Mylonite zone and is separated from the para-
uthochthonous high-grade Eastern Segment by this
continental-scale shear zone (Park et al 1991;
Stephens et al. 1996; Romer & Smeds 1996;
Moller 1998; Andersson et al. 2002). In the
Idefjorden terrane, intrusion of 1041 ±2 to
1030 ± 1 Ma rare-mineral post-kinematic pegma-
tites are associated with a magmatic and meta-
morphic event in the underlying rocks and related
to stacking and imbrication of terranes in this part
of the orogen (Romer & Smeds 1996). In the
Idefjorden terrane, the tectonic regime probably
became extensional well before 1.00 Ga, whereas
in the underlying (footwall) Eastern Segment,
high-pressure granulites and eclogite-facies rocks
record compressional tectonics as young as
0.96 Ga (Johansson et al. 2001). The latest Sveco-
norwegian history is characterized by prolific
magmatic activity that produced a range of un-
deformed granitoid suites, and an anorthosite suite
(with associated thermal metamorphism) over a
wide region of the Sveconorwegian orogen from
about 1.00 to 0.92 Ga (Eliasson & Schoberg 1991;
Kullerud & Machado 1991; Scharer et al. 1996).
These suites are related to relaxation of the
orogen.
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Fluorine in orthoamphibole dominated Zn-Cu-Pb deposits:
examples from Finland and Australia
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Abstract: Volcanogenic massive sulphide (VMS) deposits commonly occur within much larger
fluorine (F)-bearing hydrothermal systems, where cordierite-orthoamphibole rocks are
characteristic pathfinder assemblages. Here we report whole-rock and mineral F contents for
orthoamphibole bearing rocks and associated rock types from Zn-Cu-Pb deposits in Finland
(Orijarvi, lilijarvi, Pyhasalmi, Mullikkorame) and central Australia (Oonagalabi). Textural and
mineralogical data suggest that F influx predates peak metamorphism in these deposits.

The Mullikkorame whole-rock data show positive correlations between F and XMg = molar
Mg/(Mg + Fe) and between F and elements of relatively low mobility (Ti, Al, Mg) and negative
correlations between Fe and these elements. This suggests that iron was leached from silicate
rocks by F-bearing fluids and was transferred to the Fe-rich sulphide ore. When normalized to
immobile elements, F correlates positively with total metal content (Cu + Pb + Zn + Fe),
consistent with the commonly observed increase of F content towards ore bodies.

Combining all microprobe data, hydrous minerals show the following order of decreasing F/
(F + OH) ratio when coexisting: apatite > chondrodite > biotite > gedrite > (hornblende,
muscovite, anthophyllite) > chlorite. The low- to medium-grade Finnish samples (Mullikkor-
ame: 500-560 °C at l-3kbar; Orijarvi: 550-650 °C at 3-5 kbar; Pyhasalmi: 600-700 °C at
5-7 kbar) contain mainly F-poor anthophyllite, whereas F-rich gedrite is dominant in the higher
grade Oonagalabi deposit (750-800 °C, 8-9 kbar). Temperature seems to have a significant, but
XMg a negligible influence on F partitioning between biotite and orthoamphiboles.

Fluid-rock interaction has become one of the
main issues addressed by metamorphic geologists
over the past few years. In order to evaluate the
potential of crustal fluids in transporting and
concentrating elements in different types of ore
deposits, it is critical to constrain their composi-
tion and source. Mineral chemical equilibria (e.g.,
papers in Humphris et al. 1995; Wood & Samson
1998), fluid inclusion and stable isotope studies
(e.g, Heaton & Sheppard 1977; Barnes 1979) have
been widely applied for this purpose. An alter-
native approach uses the capability of high-grade
minerals to act as a sink for fluids in crustal rocks
and hence to act as a monitor of fluid-rock
interaction.

Magmatic volatiles, such as H2O, F, Cl and Br,
play a crucial role in magmatic-hydrothermal ore
formation, and F (as well as Cl) can transport
metals as aqueous metal halide complexes. Many
volcanogenic massive sulphide (VMS) deposits
occur in F-bearing hydrothermal systems, which
are usually more voluminous than these ore
deposits and therefore more easily recognizable

(Lavery 1985). Hence, a geochemical exploration
strategy is to use F as a pathfinder element to trace
hydrothermal systems and then to locate possible
ore deposits within the system. The average F
content in volcanic rocks is usually below
500 ppm; in F-enriched rocks it can easily rise to
several thousand ppm. Anomalous F values often
define a distinctive zone stratigraphically above
and below the sulphide ores, and F contents are
usually highest near ore bodies (Lavery 1985).

Available studies on the behaviour and distribu-
tion of F in natural rocks and fluids suggest that
(i) F is strongly partitioned into the solid phases
during fluid-rock interaction (AnnTogov et al.
1977; Willner et al 1990; Zhu & Sverjensky
1991; Willner 1993); (ii) F stabilizes relict biotite
and amphiboles during high-grade metamorphism
and partial melting (Foley 1991; Peterson et al.
1991; Hensen & Osanai 1994; Tareen et al. 1995;
Dooley & Patino-Douce 1996); (iii) high F con-
tents are common in A-type granites (Collins et
al. 1982; Kovalenko & Kovalenko 1984; Rogers
& Satterfield 1994; Hogan & Gilbert 1997); and

From: BLUNDELL, D.J., NEUBAUER, F. & VON QUADT, A. (eds) 2002. The Timing and Location of Major Ore
Deposits in an Evolving Orogen. Geological Society, London, Special Publications, 204, 337-353.
0305-8719/02/$ 15.00 © The Geological Society of London 2002.
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(iv) high F contents are common in rocks asso-
ciated with massive sulphide deposits (Lavery
1985; Jiang et al. 1994) and Au deposits (Matthai
et al. 1995). Hence, it seems that pre-metamorphic
F may persist in high-grade metamorphic rocks. If
metamorphism is unrelated to F influx, this could
allow one to 'see through' the various meta-
morphic events and investigate the role of F in the
mineralizing fluids during earlier hydrothermal
processes.

Orthoamphibole-cordierite rocks are rare, but
characteristic rock types that have been studied
intensely ever since the first detailed petrographi-
cal descriptions of the Orijarvi outcrops in Finland
(Eskola 1914, 1915). Many of these rocks are
associated with sulphide ore deposits (Eskola
1914; Froese 1969; Zaleski & Peterson 1995;
Treloar et al. 1981; Wolter & Seifert 1984; Moore
& Waters 1990; Dobbe 1994; Pan & Fleet 1995),
which partly explains the interest in these possible
pathfinder assemblages. Alteration suites around
ore deposits often exhibit vertical and lateral
zonation, which is expressed as sericification,
silicification, chloritization and a cordierite-
orthoamphibole association (Vallance 1967;
Sanchez-Espana et al. 2000). The stabilizing
effect of F in orthoamphiboles is, however, not yet
well documented. In addition, orthoamphibole-
cordierite rocks have a high potential for the study
of phase relations and the derivation of the
medium- to high-grade segments of P-T paths
(Robinson et al. 1981; Schumacher & Robinson
1987; Visser & Senior 1990; Schneiderman &
Tracy 1991). Orthoamphibole-cordierite-bearing
rocks show a different mineralogy at higher P-T
conditions. In transitional granulites, orthoamphi-
bole may coexist with orthopyroxene and cordier-
ite (West Uusimaa, Finland: Schreurs & Westra
1985); with orthopyroxene and garnet (altered
felsic rocks in Oonagalabi, central Australia: Raith
& Kriegsman 1998) or with spinel, corundum,
chondrodite and sapphirine (same area, altered
mafic to ultramafic rocks). The high-pressure,
high-temperature Oonagalabi rocks occur in an
orthoamphibole-dominated unit, which hosts a
small, presently sub-economic, Cu-Zn-Pb deposit
(Stewart & Warren 1977), underscoring the simi-
larity with low-pressure, medium-temperature
orthoamphibole-cordierite rocks.

The present study uses whole-rock and mineral
chemistry to assess the role of F in (i) hydrother-
mal activity leading to strongly altered felsic and
mafic sequences and associated sulphide ore de-
posits and (ii) medium- to high-temperature meta-
morphism producing orthoamphibole bearing
assemblages. The emphasis is on samples from
Finland (Orijarvi, lilijarvi, Pyhasalmi, Mullikkor-
ame), but samples from Oonagalabi are used to

provide additional constraints on F partitioning
data between hydrous phases.

Methods employed

Whole-rock analyses were made on 20 selected
samples from Orijarvi, which were crushed and
powdered at the Department of Geology, Univer-
sity of Turku. Powders were analysed at Genalysis
Laboratory Services Ltd., Perth, Australia. ICP-
AES techniques were used for Na, Ca, Mn, P, Zn,
Cr, Ni, Cu and V (acid digest) and for K, Fe, Mg,
Al, Ti, S and B (peroxide fusion). ICP-MS
techniques were used for REE, Ba, Rb, Sr, Th, Y,
U, Pb, As, Te, Be and W (acid digest) and for Nb,
Ta, Zr and Hf (peroxide fusion). F and LOI (loss
on ignition) were also measured except for sample
LMR 49. For F extraction, the sample was fused
with a flux of sodium carbonate, potassium carbo-
nate, zinc oxide and silicic acid. The melt was
then leached with water to dissolve the fluoride.
International standards were fused with each set
of samples and a calibration curve plotted each
time the measuring electrode was used.

Whole-rock F contents varied from 150 to
3550 ppm (detection limit: 50 ppm; average:
979 ppm). SiO2 was not analysed for Orijarvi
samples, so their SiO2 content was calculated by
subtracting other element concentrations from
100% (Table 1). Existing geochemical databases
(>1000 whole-rock analyses, 52 of which include
F) on the lilijarvi, Pyhasalmi and Mullikkorame
deposits in central Finland, kindly provided by
Outokumpu Mining Ltd, were used as additional
sources of information and were critical for
improving the statistical relevance of observed
correlations. Some representative analyses are also
given in Table 1. The total weight of some
Mullikkorame samples exceeds 100% because a
considerable amount of Fe is in sulphide rather
than oxide form (see geochemistry section). The
total weight has also been corrected for oxygen in
baryte and CO2 (Table 1).

After petrological analysis (recognition of
minerals in thin sections, assessment of their
growth relationships and relative timing; qualita-
tive evaluation of P-T conditions and possible P-
T paths), minerals from polished thin sections of
selected samples were analysed for major ele-
ments and F, using the JEOL JXA 8600 electron
microprobe at the Department of Earth Sciences,
University of Bristol. The detection limit for F is
routinely put at 1000 ppm (= 0.1 wt%) but, with
special care, analyses down to 50-100 ppm give
reproducible results. Representative results are
given in Tables 2 and 3.



Table 1. Representative whole-rock analyses, including fluorine, from samples of the Orijarvi and Mullikkorame deposits

Area
Sample
Rock type

Si02

Ti02

A12O3

FeO
MnO
MgO
CaO
Na2O
K20
P205

LOI
F
Cl
C
S
Zn
Pb
Cu
Ni
Cr
V
Ba
Rb
Sr
Y
Zr
Nb
Ce
Th
U
Total*
*Orijarvi samp]

wt% Fe in sulpl
Real FeO (wt%
Oxygen in bary
Total corrected

ORI
L M R 7 1
Grt Bt
gness

56.54
1.5

14.74
11.58
0.1
5.31
2.17
2.7
3.49
0.46
0.88

1000
_
-

2700
125

12
15
0

70
155
920

64
106

13.5
72

7.5
38

4
2.1

100
les: SiO2 calculat

lides (calculated)
)
te and CO2

for Fe in sulphidi

ORI
LMR 34c
Crd-Ath

rock

64.90
0.33

12.09
7.72
0.14

11.61
0.17
0.16
1.04
0.05
1.46

2450
-
-

100
265
42
19
2

130
24
64
21.5

7.4
8.6

112
11.5
40

6
2.2

100
ed as 1 00 -

es and oxyg

ORI
LMR 42
Crd-Bt
gneiss

60.61
0.72

16.25
6.43
0.05
5.47
2.1
2.97
3.98
0.12
0.85

3550
-
-
0

62
8
2

4
80

114
330

92
58
9

94
7.5

54
6.6
2.1

100

ORI ORI
LMR 45 LMR 40a

Mafic Granodiorite
volcanite

52.69
0.7

15.87
9.78
0.17
8.95
6.58
3.57
0.51
0.09
0.89

300
-
-

500
125
32
50
64

280
220

94
9.6

235
12.5
42

3.5
17
2.2
1.0

100

72.58
0.3

13.6
2.44
0.05
0.9
2.8
4.58
1.87
0.07
0.58

650
-
-

500
27
8
4
3

160
14

490
42

140
27

145
12
64

8.2
3.1

100
total of other elements

en in baryte and CO2

ORI
LMR 54

Felsic
vulcanite

73.35
0.2

12.09
3.15
0.04
0.93
1.75
3.98
2.59
0.03
1

150

7200
68
14
37
3

108
0

900
36
74
21.5

165
13
56

9
4.1

100

MUL
MUR-273

Mafic
vulcanite

37.90
0.42
8.78

21.90
0.65

17.20
1.56
0.10
2.65
0.09

n.a.
4200

180
100

58600
22919

-
6986

_
_

101
5158

56
22
15

100
-
76
-
_
101.09

MUL
MUR-144

Felsic
vulcanite

61.50
0.33

11.60
6.41
0.07
4.35
3.24
0.73
0.89
0.10

n.a.
1000

_
200

45300
26304
11268
12289

13414
31

369
29

203
19

200
49
_
100.28

MUL
MUR-273

Skarn

32.60
0.20
9.14

16.56
0.14

11.60
7.62
0.85
1.35
0.18

n.a.
2800

90
200

124000
23465
4631
2390
-
_
_

5804
42

231
19

106
10
78

-
U
96.63

MUL
MUR-144
Tic skarn

30.00
0.06
2.60

21.60
0.14

22.70
1.28

_
-
0.107

n.a.
3400

_
200

177000
71354

1292
1348
-
-
_
20
_
-
_
31
-
_
-
14

103.94

MUL
MUR-293
Tlc-Chl

skarn

43.10
0.06
2.86

12.96
0.204

23.5
4.65

_
0.017
0.123

n.a.
4700

-
700

85600
49307

3300
2132

_
-
_

210
_
17
_
29
-
-
-
14

102.07

MUL
MUR-314
Phl-Chl
gneiss

53.50
0.28

11.00
13.86
0.10
7.46
1.54
1.41
1.72
0.09

n.a.
1300

100
100

81900
12053

533
641

21
-
_

4492
27
78
20

147
-
92
-
_
101.10

MUL
MUR-293

Plg-Uralite
porphyrite

40.80
0.02
1.24

15.57
0.061

22.6
1.39

-
0.104
0.079

n.a.
4400

-
100

117000
75158
9872
1322

_
-
_

120
16
14
_
12
-
-
37
_

102.66

MUL
MUR-144

Sphalerite-
galena ore

17.80
0.02
1.15

14.31
0.252

21.4
4.54

-
0.007
0.044

n.a.
3500

160
1700

167000
223330
22677

215
23
-
_

177
25
59
_
14
-
_
81
13

101.41

MUL
MUR-283
Pyrite ore

7.95
0.02
0.91

15.48
0.209

11
18.9
_

0.018
0.34

n.a.
900
-

55100
136000
98474
3733
5743

_
-
_

6956
_

117
-
15
-
_
-
20
85.53

MUL
MUR-326
Pyrite ore

18.30
0.01
0.86

29.69
0.171

13.4
4.23
0.24
0.004
0.165

n.a.
1400
-

3900
227000

96970
7525

34186
49
-
-
21
_
-
_
-
-
-
-
13

104.18

4.02
17.43
0.27

100.91

2.40
3.32
0.68

100.27

9.62
4.19
0.32

94.20

12.35
5.71
0.05

100.45

5.30
6.14
0.20

100.75

6.52
5.47
0.24

99.47

6.84
6.76
0.03

100.74

4.70
8.27
0.46

100.53

7.45
5.90

15.02
98.42

15.53
9.72
1.04

100.77



Table 2. Representative microprobe analyses and recalculated mineral formulae of amphiboles

Area

Sample

Mineral
ID

SiO2

A12O,

TiO2

FeO
MnO
MgO
CaO
Na2O
K2O
ZnO
Cl
F
Total wt.

-O=F,C1
H2O+ (calc.)

-FeO=
Fe2O3

Corr. wt
Cations / 23

Si
A1IV

A1VI

Fe3 +

Ti
Mg
Fe2 *
Mn
Ca
Na
K
Zn
C!
F
AV
AW

ORI

62b
Ath

65

5 1 .65
2.23
0.02

26.97
0.87

14.88
0.15

0.15

0.01
-

0.001
0.077

97.00

-0.03
1.96

0.04

98.97

1IL
214

Ath
178

50.71

3.00
0.05

24.63
1.18

15.47
0.16

0.17

0.03
-

0.000
0.036

95.43
-0.02

1.96
0.04

97.42
ixygens (total cations —

7.753
0.247
0.147

0.050
0.003

3.330
3.336
0.110

).()24
.042
.002
.000
.000

.036
).()18
).496

7.675

0.325
0.210
0.048

0.005
3.490
3.069

0. 1 5 1
0.026

0.051
0.005
0.000

0.000
0.017
0.009

0.528

I I L
266

Ath

435

51.22

2.48
0.09

23.69

1.01
15.74

0.23
0.23

0.01
0.27

0.000
0.025

95.01

-0.01
1.97
0.00

96.96

15 + Na+K)
7.762
0.238
0.205
0.000

0.0 1 0
3.554

3.003

0. 1 30
0.038
0.067

0.002
0.03 1
0.000

0.012
0.006

0.542

I IL
219

Ath

527

53.36

1.76
0.02

21.61
0.87

18.37
0.23
0.00

0.00
0.61
0.002
0.088

96.91

-0.04
2.00
0.00

98.88

7.829

0. 1 7 1

0. 1 34
0.000

0.002
4.0 1 9

2.652
0.108
0.036

0.000
0.000
0.066

0.001
0.041

0.020
0.602

OONA
AR227b

Ath
767

55.03

1.53
0.03

18.72
0.14

21.55

0.25
0.04

0.02

0.014

0.000
97.33
0.00

2.10
0.00

99.42

7.859
0.141

0 .117

0.002
0.004
4.589

2.234
0.016
0.039

0.012

0.003
0.000

0.003
0.000

0.000

0.672

ORI

62b
Oam

51

50.09

4.04
0.03

26.25
0.92

14.43
0.19

0.43
0.00
-

0.006
0.049

96.45
-0.02

1.96

0.02

98.41

7.564
0.436
0.284
0.019

0.004

3.248
3.297

0 .117

0.03 1
0.125

0.001
0.000
0.001
0.024

0.012
0.495

I IL
214

Oam
183

50.70
4.18
0.14

25.29

1.15
14.70

0.25
0.40
0.00

-
0.000
0.044

96.85

-0.02
1.98
0.00

98.81

7.587

0.413
0.325
0.000
0.016

3.278
3.165
0.145
0.040

0.1 17
0.000
0.000
0.000

0.021
0.010
0.509

ORI

62b
Ged

55

42.90
14.01
0.18

26.38

0.97
10.67
0.44

1.33

0.00
-

0.000
0.107

96.99

-0.05
1.92

0.03

98.90

6.513
1.487
1 .020
0.036
0.020

2.415
3.313

0.125
0.072
0.391
0.000

0.000
().()()()

0.05 1
0.026
0.419

OONA

AR126a
Ged
716

45.15
16.92
0.12

7.69
0.26

24.74

0.45

2.18
0.00

0.014

0.625
98.15

-0.26
1.87
0.24

100.00

6.203
1.797

0.942
0.249
0.012

5.065
0.634

0.030
0.067
0.580

0.000
0.000

0.003
0.271
0. 1 36

0.852

OONA
AR126a

Ged
216

45.15

16.92
0.12
7.69

0.26
24.74

0.45
2.18
0.00

0.010
0.620

98.14

-0.26
1.87
0.24

100.00

6.202
1.798

0.942

0.250
0.012
5.066

0.633
0.030
0.066

0.581
0.000

0.000
0.002
0.269

0.135
0.851

OONA

AR126b

Ged
38

43.25
18.64
0.32

8.51
0.71

23.00

0.73
2.46

0.02

-
0.011
0.218

97.88
0.09

2.05
0.23

100.06

5.993
2.007
1.037

0.237
0.034

4.751
0.749

0.084
0.109

0.662
0.004
0.000

0.002
0.095
0.048

0.828

OONA

AR126c
Ged
94

43.62
19.07

0.16
10.87
0.42

21.68
0.29

2.40
0.02

-
0.017
0.272

98.81

-0.11
2.03
0.11

100.84

6.043
1.957

1 . 1 56
0. 1 1 8

0.017
4.476

1.141
0.049

0.043
0.645
0.004
0.000
0.004
O.I 19

0.060
0.780

OONA

AR126d
Ged
444

45.00

17.25
0.15

7.66
0.30

24.85
0.43

2.31
0.01
-
0.000

0.765
98.73
-0.32

1.82

0.25

100.47

6.159

1.841
0.941

0.255
0.015
5.070
0.62 1

0.034
0.063

0.613
0.002
0.000
0.000

0.33 1

0.167
0.853

OONA
AR129

Ged
18

45.01
13.45
0.29

17.80
0.16

17.77
0.06
1.59

0.00

-
0.003
0.217

96.35
0.09

1.95
0.01

98.22

6.577

1 .423
0.893

0.015
0.03 1
3.871
2.160
0.019

0.0 10

0.451
0.001
0.000

0.001
0.100

0.050
0.640

OONA

AR131b
Ged

178

45.25

14.82
0.08

13.79

0.23
21.41

0.11
1.94

0.01
-
0.020
0.579

98.23
-0.24

1.84

0.24

100.06

6.372
1.628

0.831
0.249

0.008
4.494

1.375
0.027
0.016
0.530

0.002
0.000

0.005
0.258

0. 1 30
0.735

OONA
AR245a

Ged
198

49.08
9.61

0.02
14.81

0.25
22.05

0.08
1.56
0.01
-

0.017

0.653
98.14

-0.28
1.80
0.06

99.73

6.947

1 .053
0.550
0.066
0.002

4.653
1.687
0.030
0.012

0.430
0.003
0.000

0.004

0.292
0.146
0.726

I IL

266
Cum
439

51.46

1.48
0.00

23.47
0.98

15.39

1.07
0.06
0.02

0.13
0.005
0.034

94.10

-0.01
1.94

0.00

96.03

7.878
0.122

0.145
0.000
0.000

3.511
3.004

0.127
0.176
0.018
0.004

0.0 1 5
0.001

0.016
0.008
0.539



Table 3. Representative microprobe analyses and recalculated mineral formulae of sheet silicates

Place
Sample
Mineral
ID

SiO2

A1203

TiO2

FeO
MnO
MgO
CaO
Na2O
K2O
ZnO
Cl
F
Total wt.
-O=F,C1
H2O+ (calc.)
-FeO=Fe2O3

Corr. wt.
Nr. of oxygens
Si
A1 IV
Al VI
Fe3+
Ti
Mg
Fe2+

Mn
Ca
Na
K
Zn
Cl
F
Total cations
XF

XMg

IIL
214
Bt
179

36.79
17.02

1.51
17.73
0.10

12.58
0.00
0.35
8.79
—

0.00
0.24

95.11
-0.10

3.86
0.00

98.86
22

5.561
2.439
0.592

0.172
2.834
2.242
0.013
0.000
0.103
1.696
0.000
0.000
0.113

15.651
0.028
0.558

IIL
219
Bt

509

38.94
16.12
0.98

12.34
0.07

16.71
0.00
0.33
9.23
0.16
0.01
0.63

95.54
-0.27

3.77
0.00

99.04
22

5.732
2.268
0.529

0.108
3.666
1.520
0.009
0.000
0.093
1.733
0.018
0.004
0.295

15.675
0.074
0.707

IIL
266
Bt

445

35.88
17.53

1.61
15.58
0.16

12.58
0.10
0.29
9.51
0.18
0.00
0.13

93.55
-0.06

3.85
0.00

97.35
22

5.494
2.506
0.658

0.185
2.871
1.995
0.021
0.017
0.087
1.857
0.020
0.001
0.064

15.711
0.016
0.590

ORI
62b
Bt
73

37.14
18.17

1.20
17.30
0.02

13.07
0.01
0.25
8.49
0.00
0.01
0.20

95.87
-0.08

3.93
0.00

99.72
22

5.526
2.474
0.713

0.135
2.900
2.153
0.002
0.002
0.072
1.611
0.000
0.002
0.094

15.587
0.023
0.574

OONA
AR126a

Bt
240

42.50
13.67
0.52
2.32
0.02

26.19
0.02
1.04
8.63
-

0.02
1.76

96.68
-0.74

3.45
0.00

99.39
22

5.938
2.062
0.188

0.054
5.454
0.272
0.003
0.002
0.281
1.538
0.000
0.005
0.777

15.792
0.194
0.953

OONA
AR126b

Bt
46

40.42
15.86

1.13
3.77
0.04

24.49
0.00
0.71
8.88
-

0.02
0.87

96.20
-0.37

3.85
0.00

99.69
22

5.678
2.322
0.302

0.120
5.128
0.443
0.005
0.000
0.194
1.591
0.000
0.005
0.389

15.783
0.097
0.921

OONA
AR126c

Bt
101

39.67
16.84

1.15
5.33
0.04

22.66
0.00
0.73
9.19
-

0.04
0.75

96.39
-0.31

3.88
0.00

99.96
22

5.606
2.394
0.412

0.122
4.773
0.630
0.005
0.000
0.199
1.656
0.000
0.010
0.334

15.797
0.083
0.883

OONA
AR126d

Bt
371

42.22
13.82
0.41
2.29
0.02

26.93
0.01
1.12
8.61
-

0.03
1.90

97.36
-0.80

3.40
0.00

99.96
22

5.873
2.127
0.139

0.043
5.583
0.267
0.003
0.001
0.302
1.529
0.000
0.007
0.835

15.866
0.209
0.954

OONA
AR129

Bt
22

38.78
15.40
2.13
7.97
0.02

20.13
0.01
0.75
8.49
-

0.03
0.90

94.61
-0.38

3.68
0.00

97.91
22

5.657
2.343
0.305

0.234
4.376
0.972
0.003
0.002
0.211
1.580
0.000
0.006
0.415

15.681
0.104
0.818

OONA
AR131b

Bt
170

40.73
14.39
0.72
5.53
0.02

23.80
0.00
0.53
9.33
-

0.12
1.66

96.81
-0.70

3.40
0.00

99.51
22

5.798
2.202
0.212

0.077
5.049
0.658
0.002
0.000
0.145
1.694
0.000
0.028
0.747

15.838
0.187
0.885

OONA
AR245a

Bt
204

39.97
14.49
0.64
5.10
0.04

24.02
0.00
1.11
8.44
-

0.12
1.63

95.55
-0.69

3.37
0.00

98.24
22

5.745
2.255
0.199

0.069
5.146
0.613
0.004
0.000
0.310
1.548
0.000
0.028
0.741

15.888
0.185
0.894

OONA
AR227b

Bt
287

37.64
15.97
3.45

10.45
0.01

17.42
0.00
0.23
8.84
-

0.02
0.11

94.13
-0.04

4.01
0.00

98.10
22

5.547
2.453
0.320

0.383
3.827
1.288
0.001
0.000
0.066
1.663
0.000
0.004
0.049

15.548
0.012
0.748

ORI
55

Musc
7

45.32
28.20
0.68
4.66
0.15
4.67
0.07
0.11

10.66
-

0.004
0.053

94.58
-0.02

4.32
0.52

99.40
22

6.176
1.824
2.706
0.531
0.069
0.949
0.000
0.017
0.010
0.030
1.854
0.000
0.001
0.023

14.166
0.006
0.641

MUR
142

Musc
334

44.81
35.58
0.08
1.14
0.00
0.37
0.03
0.74

11.10
-

0.005
0.049

93.90
-0.02

4.39
0.13

98.40
22

6.069
1.931
3.748
0.129
0.008
0.075
0.000
0.000
0.004
0.195
1.917
0.000
0.001
0.021

14.075
0.005
0.369

ORI
62b

Chl incl.
87

24.89
21.93
0.07

22.47
0.19

15.97
0.02
0.03
0.00
0.00
0.000
0.034

85.61
-0.01
11.25

-
96.84

28
5.302
2.698
2.807

0.011
5.070
4.002
0.035
0.004
0.013
0.000
0.000
0.000
0.023

19.941
0.001
0.559

ORI
62b
Chl
59

24.45
21.66
0.08

23.04
0.24

15.95
0.01
0.00
0.02
0.00
0.002
0.006

85.46
—0.00

11.18
0.02

96.65
28

5.241
2.759
2.712
0.024
0.014
5.094
4.106
0.044
0.003
0.000
0.004
0.000
0.001
0.004

20.000
0.000
0.552



342 L. RAJAVUORI & L. M. K R I E G S M A N

Orijarvi area, southern Finland

Regional background

The Orijarvi area is located within the Svecofen-
nian orogenic belt of SW Finland (Figs 1 and 2).
The bedrock of the area is composed of supracrus-
tal and infracrustal rocks that are of Palaeo-
proterozoic age (Makela 1989). During the
Svecofennian orogeny, the supracrustal rocks were
deformed during a main foliation-forming event
(Di) and a subsequent refolding event (D2),
regionally metamorphosed and intruded by grano-
diorites (Schneiderman & Tracy 1991). Meta-
morphism in the area started during the early
stages of the Svecofennian orogeny (1900-
1870 Ma: Neuvonen et al. 1981) and reached peak
temperatures (550-650 °C at 3-5 kbar: Schreurs
& Westra 1985) at about 1830 Ma (Ploegsma &
Westra 1990). After cooling, some shear zones
were reactivated during the last deformation event
at about 1530 Ma (Ploegsma & Westra 1990).

The Orijarvi area belongs to a metallogenic
zone that extends from the southwestern part of

Fig. 1. General geological map of Finland, showing the
locations of the Orijarvi, Pyhasalmi and Mullikkorame
Zn-Cu-Pb deposits

Finland to central Sweden. There are several
principal ore deposits in the Finnish section of
that zone: the Aijala Cu-Zn deposit (Makela
1983), the Metsamonttu and Attu Zn-Pb deposits,
the Orijarvi Cu-Zn deposit (Latvalahti 1979) and
the Iilijarvi Zn-Pb-Ag(-Au) deposit located
1.3 km northwest from the Orijarvi mine. The
Orijarvi and Iilijarvi deposits lie within the same
zone (Fig. 2) of altered rocks. The zone is
composed of several elongated lenses of cordier-
ite-anthophyllite rocks; these lenses are tens to
hundreds of metres in length and less than 300 m
in width. The ores and their host rocks are
intensively deformed and metamorphosed (Colley
& Westra 1987). The Orijarvi deposit is located
within a zone that is composed of andalusite-
cordierite-muscovite gneisses, cordierite-musco-
vite-biotite gneisses with garnet porphyroblasts
and cordierite-anthophyllite gneisses. Mineral de-
posits are associated with strongly hydrothermally
altered rocks (Eskola 1914; Latvalahti 1979) that
occur in two separate zones (Makela 1989). The
Zn-Pb-Cu ore in the main ore zone occurs in
narrow, elongated bodies. It is hosted in a diop-
side-tremolite skarn. Common ore minerals are
pyrite, chalcopyrite, sphalerite and galena (Makela
1989; Colley & Westra 1987; Papunen 1986). The
Cu-Zn ore lies 50 m south of the main zone and
is hosted in cordierite-anthophyllite rocks. Com-
mon ore minerals in this ore deposit are sphalerite,
pyrrhotite, chalcopyrite and galena (Makela 1989;
Colley & Westra 1987; Papunen 1986).

Petrography

Petrographic studies indicate that quartz, plagio-
clase, zircon, titanite, fluorite, apatite and opaque
minerals usually predate D1 deformation whereas
phlogopite, gedrite, anthophyllite, cordierite and
cummingtonite crystallized pre- to syn-kinemati-
cally with respect to a first deformation phase
(D1). Peak temperatures (550-650 °C) in the
Orijarvi area were reached syn- to post-kinemati-
cally with respect to a second deformation event
(D2) and garnets, often associated with cumming-
tonite, have probably grown at that stage (Bleeker
& Westra 1987). In many places, amphiboles have
recrystallized at this stage and have coarsened and
randomly overgrown earlier, well-aligned amphi-
boles.

Fluorite is a common accessory mineral in most
rock types in the Orijarvi area with the exception
of the amphibolites and granodiorites. As fluorite
and F-rich apatite commonly form inclusions in
porphyroblastic minerals (cordierite, anthophyllite,
garnet), they must have crystallized before peak
metamorphism. This suggests that F-bearing fluids
entered relatively early into the system, consistent
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Fig. 2. Geological sketch map of the Orijarvi area (after data kindly provided by M. Vaisanen)

with conclusions of earlier workers (Eskola 1914;
Latvalahti 1979; Makela 1983).

Geochemistry and mineralogy

The range in the whole-rock F contents for all
Orijarvi samples is 150-3550 ppm (Fig. 3, Table
1). Cordierite-anthophyllite rocks contain 950-
2450 ppm F and have slightly enriched rare earth
elements (REE) with negative Eu anomalies. The
F content in minerals from sample LMR 34c was

F (ppm)

Number of whole rock samples

Fig. 3. F contents in rock samples (not as geographical
trend) from the Orijarvi, Pyhasalmi and Mullikkorame
Zn-Cu-Pb deposits

2.71-2.74 wt% in apatite, 0.57-0.83 wt% in
phlogopite, 0.08-0.20 wt% in anthophyllite and
<0.13 wt% in chlorite.

Cordierite-biotite and garnet-biotite gneisses
contain 400-3550 ppm F. Cordierite-biotite
gneisses show more enriched and fractioned light
REE (LREE) than garnet-biotite gneisses. The F
content in samples from a concordant amphibolite
unit (previously described as subvolcanic mafic
sill: Makela 1983) was 200-450 ppm. These
samples have low Cu, Zn and Pb contents, with
the exception of one sample from the Orijarvi
mine area. In the amphibolite samples (n = 3),
which are also characterized by low metal con-
tents, F correlates positively with FeO (r2 = 1.00)
and K2O (r2 = 0.95), but negatively with Na2O
(r2 = 0.98) and SiO2 (r

2 = 0.91). The amphibolite
data also show a positive correlation between F
and total metal content (Cu + Zn + Pb; r2 =
0.96). Hence, hydrothermal activity of an F-rich
fluid may have caused the variation in major
elements as well as the local enrichment in Cu, Zn
and Pb. These preliminary results are augmented
by the extensive geochemical databases of the
Outokumpu Mining Ltd (see next section).

Mineral assemblages in probed samples from
Orijarvi are: anthophyllite + chlorite + Zn-rich
spinel; anthophyllite + biotite + cordierite +
quartz ± Zn-rich spinel; biotite + hornblende +
muscovite + quartz 4 + plagioclase; and biotite +
anthophyllite quartz + plagioclase ± chlorite.
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Sample ORI62b contains the last assemblage with
additional gedrite and minor supersolvus orthoam-
phibole intermediate between anthophyllite and
gedrite (Table 2). The order of decreasing XF

(normalized to biotite) in biotite-bearing samples
is (see also Tables 2 and 3): biotite (XF range:
0.011-0.106, n = 49) > gedrite (0.006-0.026, n
= 11) > intermediate supersolvus orthoamphibole
(0.009-0.020, n = 12) > anthophyllite (0.006-
0.026, n = 26) > hornblende (0.003-0.010, n =
6) ~ muscovite (0.006, n = 1) > chlorite (0.001-
0.012, n =11). Surprisingly, the highest recorded
F content is for anthophyllite (XF range: 0.047-
0.132) in sample LMR35e, which lacks biotite.

Mineral assemblages in probed samples from
lilijarvi are (see also Tables 2 and 3): antho-
phyllite 4 + biotite ± intermediate supersolvus
orthoamphibole + cummingtonite (± quartz ±
plagioclase). The order of decreasing XF (normal-
ized to biotite) is: biotite (XF range: 0.006-0.074,
n = 31) > intermediate supersolvus orthoamphi-
bole (0.002-0.027, n = 8) ~ anthophyllite
(0.002-0.029, n = 16).

Pyhasalmi & Mullikkorame deposits,
central Finland

Regional background

The Pyhasalmi and Mullikkorame mines are situ-
ated in central Finland, c. 160 km SSE of Oulu
(Figs 1 and 4), within the Raahe-Ladoga Zone.
The Raahe-Ladoga Zone, previously called the
Main Sulphide Ore Belt, has been described as a
collisional boundary zone between Archaean and
Proterozoic crustal domains (Lahtinen 1994). It is
the main metallogenic zone in Finland where five
principal phases of mineralization have been
recorded (Ekdahl 1993; Weihed & Maki 1997).
The Pyhasalmi and Mullikkorame mines occur
within the Pyhasalmi volcanic complex, a local
unit of the larger Pyhasalmi Island Arc, which
forms a 10-30 km wide and c. 350 km long zone
including over 60 significant mineral deposits.
According to Ekdahl (1993), ore deposits in the
Pyhasalmi Island Arc are characterized by (i)
medium- to high-grade metavolcanic zones and
complexes, (ii) submarine, tholeiitic and calc-alka-
line island arc volcanism, (iii) vertical or lateral
hydrothermal alteration characterized by sericiti-
zation, silicification, chloritization, the presence of
garnet-cordierite-anthophyllite rocks and (iv) the
Mg, Fe, H2O and S enrichment and Si, Ca, Na
and K depletion towards the ore bodies.

The Pyhasalmi type ore deposits are thought to
have formed during the early orogenic stage of the
Svecofennian orogen at c. 1.92 Ga (Ekdahl 1996).
Volcanism is bimodal in style: most of the felsic

Fig. 4. Geological sketch map of the Pyhasalmi area
(after Ekberg & Penttila 1986)

rocks are calc-alkaline, low-K rhyolites, whereas
mafic volcanic rocks are sub-alkalic, resembling
present day low-K tholeiitic basalts to basaltic
andesites (Kousa & Lundqvist 2000). The lower
stratigraphic levels are dominated by felsic mass
flows or tuffaceous and pyroclastic rocks with
mafic intercalations. Mafic lavas and pyroclastic
rocks, pillow lavas and breccias become more
abundant at higher stratigraphic levels (Kousa &
Lundqvist 2000). Lahtinen (1994) suggested that
the felsic rocks and associated VMS deposits
represent an aborted rifting stage in an island arc
environment. According to Weihed & Maki
(1997), volcanism started in an extensional con-
tinental margin with felsic volcanism and contin-
ued in a rifted marine environment with mafic
volcanism. According to these authors, large-scale
hydrothermal alteration and ore formation oc-
curred near the centres of mafic volcanism. The
metavolcanic rocks have later been intruded by
syn-tectonic intrusions (Kousa et al. 1994;
Lahtinen & Huhma 1997; Kousa & Lundqvist
2000).

In the Pyhasalmi mine area, the volcanogenic
host rocks of the ore bodies have undergone
amphibolite facies metamorphism and pervasive
deformation resulting in sericite schists and quart-
zites, cordierite and sillimanite gneisses and cor-
dierite-, anthophyllite- and garnet-bearing rocks
(Huhtala 1979). Peak metamorphic conditions
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reached 600-700 °C and 5-7 kbar (A.-P. Tapio,
pers. comm. 2000). The Pyhasalmi ore deposit is
a typical VMS deposit surrounded by a hydrother-
mal alteration halo. All rock types are most
intensely altered near the ore bodies, but the width
of the alteration zone differs from 300 m at the
surface to a few metres at deeper levels (Weihed
& Maki 1997). The ore contains c. 70% sulphides,
mainly pyrite, chalcopyrite, sphalerite and pyrrho-
tite; common accessory minerals are galena, mag-
netite and arsenopyrite (Helovuori 1979; Weihed
& Maki 1997). Production from the start-up date
(1962) to the present day has been about 33.4 Mt
with levels of 2.48% Zn, 0.8% Cu and 35.2% S.
A new ore body at greater depth was discovered at
the end of 1996 with reserves indicating 17 Mt
with levels of 2.1% Zn, 1.1% Cu and 34.2% S
(Weihed & Maki 1997; Maki & Puustjarvi 2002).

The Mullikkorame mine is located in one of
three satellite deposits, 7 km east of the main
Pyhasalmi mine. Host rocks in mineralized zones
are mainly chloritized and sericitized cordierite -
amphibole gneisses and other altered felsic to
mafic volcanites. Locally, felsic volcanic rocks
with talc-chlorite schist intercalations are abun-
dant. The metamorphic grade reaches greenschist
facies, which is considerably lower than in Pyha-
salmi (Weihed & Maki 1997). Based on the
reported mineral assemblage, andalusite + biotite
+ chlorite, our temperature estimate is 500-
560 °C at a pressure of 1-3 kbar, using published
KFMASH grids (e.g. Spear & Cheney 1989). The
mine was closed in 2000 after a total production
of 1.2 Mt in its ten-year history, at an average
grade of 0.23% Cu, 5.99% Zn, 0.62% Pb,
1.21 gt-1 Au, and 33 gt-1 Ag (Maki & Puustjarvi
2002). Mineralized horizons at Mullikkorame con-
sist of massive sulphides, with pyrite, sphalerite,
galena and chalcopyrite as common ore minerals;
gangue minerals are quartz, talc, carbonate, Fe-
Mg silicates and barite (Weihed & Maki 1997).

Petrography

The most common silicate minerals in Mullikkor-
ame samples are biotite, chlorite and muscovite,
garnet, andalusite and plagioclase. Cordierite and
hornblende are present in some sections. Observed
mineral assemblages are biotite + chlorite +
garnet + plagioclase + quartz ± anthophyllite;
biotite + chlorite + hornblende + plagioclase +
quartz; biotite + andalusite + cordierite + quartz
+ tourmaline; and biotite + chlorite + andalusite
+ garnet + muscovite + staurolite + plagioclase
+ quartz. 'Skarn' samples (possibly metamarls or
altered ultramafics) contain talc, muscovite, spinel,
chlorite, tremolite and carbonate minerals. Beside
sulphide minerals, our Pyhasalmi samples contain

the assemblages tourmaline + muscovite ± bio-
tite; biotite + chlorite + hornblende + talc;
biotite + hornblende ± apatite. A.-P. Tapio (pers.
comm. 2000) also reported anthophyllite + Zn-
rich staurolite ± sillimanite + quartz ± biotite ±
cordierite.

Geochemistry and mineralogy

A significant number (n = 52) of F analyses exist
of whole-rock samples from the Mullikkorame
mine. The F contents in those rocks are 300-
7100 ppm (Table 1, Fig. 3), significantly higher
than in Orijarvi. This difference is also reflected
in the mineralogy: the average F content of
biotites from Mullikkorame is 0.22 wt%, whereas
it is only 0.12 wt% in biotites from Orijarvi.
Samples from the nearby Pyhasalmi mine have
lower whole-rock F contents, namely 55-
2300 ppm (Fig. 3), which is a similar range as in
Orijarvi. This may be due to mineralogical con-
straints (see below), as the Pyhasalmi samples
have higher ore contents.

The hydrous minerals in the Pyhasalmi samples
are biotite, chlorite, muscovite, hornblende, talc,
tourmaline and apatite. The highest recorded F
content is in apatite from Pyhasalmi sample 208,
(XF = 0.328-0.340, n = 2), much higher than
coexisting biotite (XF = 0.030 ± 0.004, n = 4).
Tourmaline (XF = 0.078 ± 0.041, n = 4) has
slightly higher F content than coexisting biotite
(XF = 0.074 ± 0.006, n = 10) in sample 168. Talc
(XF = 0.015 ± 0.004, n = 10) has slightly lower F
content than coexisting biotite (XF = 0.018 ±
0.010, n = 3) in sample 181. XF of Hbl is 10-
30% lower than that of coexisting biotite. F
contents are still lower in muscovite and negligible
in chlorite.

The hydrous minerals at Mullikkorame are
biotite, chlorite, muscovite, hornblende, talc, an-
thophyllite, tourmaline and staurolite. F contents
are low in chlorite (XF = 0.002 ± 0.001, n = 7),
but significantly higher in biotite (XF = 0.015 ±
0.006, n = 25), muscovite (XF = 0.008 ± 0.003, n
= 11) and hornblende (XF = 0.007 ± 0.004, n =
5). Hence, the last two seem to be the main F
carrier minerals in view of the low fluorite
abundance. Tourmaline (XF = 0.028-0.033, n =
2) and staurolite (X? = 0.009, n = 1) have fairly
high fluorine contents, but they are relatively rare.
No talc and anthophyllite analyses exist for this
area. The highest F contents occur in talc-rich
rocks with XMg > 0.8, which probably represent
highly altered mafic rocks, so talc may also be a
significant F carrier mineral (see Pyhasalmi data).
F contents in anthophyllite are expected to be as
low as elsewhere.
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The main S-bearing minerals in the Mullikkor-
ame mine are pyrite, sphalerite, galena, chalco-
pyrite and barite. Using these mineralogical
constraints, the amount of Fe residing in sulphides
can be estimated and the total weight corrected for
the lower amount of iron oxide (Table 1). The
results show that on average 60 ± 16% of the Fe
resides in sulphides, giving a strong positive
correlation between Fe and S contents of the
samples (Fig. 5). Geochemical data from a 30 m
long drill core through a metal rich horizon in the
Mullikkorame Zn-Cu-Pb deposit show a positive
correlation between F and XMg [= MgO/(MgO +
FeO)], without correcting for ferric iron (Fig. 6).
This suggests that leaching of corrosive, F-bearing
fluids has reduced the iron content of this rock
suite. The data also show a moderately strong,
negative correlation between F and total metal
content (Pb + Zn + Cu + Fe; Fig. 6). Hence, this
metal rich zone (metal sink) seems to show a
trend that is opposite to the trend of metal poor
zones (metal sources ?) in Orijarvi (see also
below).

Considering all samples from Mullikkorame for
which F was measured (n = 52), the positive
correlation (r = 0.85) between F and XMg (Fig.
7a) is confirmed. A plot of F against metal content
(Fig. 7b) shows a similar, negative correlation as
the drill core data (Fig. 6), but with considerable
scatter. F also shows a negative correlation with S
content (Fig. 7c). At first sight the data would
therefore suggest that the higher the F flux
through the system, the lower the content of
sulphide ore, at odds with the commonly observed
increase of F content towards ore bodies (e.g.,

Fig. 5. Positive correlation between Fe and S (element
wt%) in the Mullikkorame samples, confirming that Fe
occurs dominantly in the form of sulphides (mainly
pyrite and chalcopyrite)

Fig. 6. Positive correlation between F (ppm) and XMg [=
MgO/(MgO + FeO)] and moderately strong, negative
correlation between F (ppm) and total metal content
(wt%) in a drill core through the Mullikkorame Zn-Cu-
Pb deposit

Lavery 1985). However, this is only apparent
because of the interplay of two factors: (i) the
closure problem in geochemical data (e.g.
Rollinson 1993) and (ii) the mineralogical con-
straint that F is dominantly incorporated into
hydrous silicates. The more sulphide a sample
contains, the less silicates are present and the less
F can be accommodated in the rock, even when F
concentrations in F carrier minerals may be high.
This may also explain why the ore-rich Pyhasalmi
samples have lower F contents (Fig. 3).

To circumvent the closure problem, it is useful
to normalize element concentrations to elements
of relatively low mobility such as Ti, Al (and Mg,
to a lesser extent). Ti and Al show a strong
positive correlation (Fig. 8a), suggesting similar
geochemical behaviour. Combining TiO2, Al2O3

and MgO as the total mass of relatively immobile
elements not or very little affected by whole-rock
alteration, some clear correlations become appar-
ent. F correlates positively with the sum of these
relatively immobile elements (Fig. 8b), whereas
Fe shows a negative correlation (Fig. 8c). Hence,
leaching by F-rich fluids probably led to lower Fe
concentrations and an increase in the concentra-
tion of immobile elements Ti, Al and Mg. This
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Fig. 7. Mullikkorame samples show a strong positive
correlation between F (ppm) and XMg [= MgO/
(MgO + FeO)], where all iron is taken as FeO (a), and a
negative correlation between F (ppm) and the total metal
content (wt%), with considerable scatter (b). F (ppm)
and S (wt%) show a negative correlation (c)

strengthens the interpretation of the F versus XMg

diagrams (Figs 6 and 7 a). Normalizing to the
immobile elements, F correlates positively with
the total metal content (Fig. 9). This correlation is
quite strong when normalized to TiO2 (Fig. 9a)

Fig. 8. Immobile oxides TiO2 and Al2O3 (wt%)
correlate positively (a), suggesting similar geochemical
behaviour. F (ppm) shows a positive (b) and Fe (wt%) a
negative (c) correlation with the sum of immobile
elements (wt%)

and moderate when normalized to Al2O3 (Fig.
9b). Viewed in this way, the data seem to suggest
that a higher F flux through the system corre-
sponds to a higher content of sulphide ore,
consistent with the increase of F content towards
ore bodies (e.g., Lavery 1985).
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Fig. 9. Normalized to immobile elements (TiO2 in a;
A12O3 in b), total metal content and F correlate
positively (all data in wt%)

Oonagalabi domain, Arunta block, central
Australia

Regional background

The Oonagalabi domain is located in the western
Harts Range, about 50 km east of the Strangways
Complex in the eastern Arunta Block, Central
Australia. It comprises a succession of orthog-
neisses and subordinate supracrustal units (Sivell
1986) that were metamorphosed under transitional
amphibolite to granulite facies conditions (Oliver
et al. 1988; Raith & Kriegsman 1998). The
Oonagalabi domain displays a fold nappe geome-
try (Ding & James 1985) and has been interpreted
as a tectonic window to granulites underlying the
amphibolite facies rocks of the Eastern Harts
Range. All units record the same deformation
stages, being top-to-the-SW thrusting and subse-
quent refolding into NE-plunging folds with NE-
trending, subvertical axial planes. The Oonagalabi
domain hosts a small, sub-economic Pb-Zn-Cu

deposit where most of our samples have been
collected. Peak metamorphism, which also af-
fected these orthoamphibole dominated units, cul-
minated at c. 750-800 °C, 8-9 kbar (Raith &
Kriegsman 1998).

Petrography

Aluminous lenses in a concordant orthoamphibole
dominated unit show an early assemblage gedrite
+ spinel ± corundum, overgrown by sapphirine
and garnet. The earliest recorded mineral assem-
blage in K-poor felsic rocks is gedrite + sillima-
nite + quartz, overprinted by garnet and
cordierite. Locally, gedrite has broken down to
orthopyroxene + garnet + quartz and the ortho-
pyroxene is overgrown at the edges by small
(retrograde) anthophyllite grains. Rocks closest to
the Pb-Zn-Cu deposit are dominated by retro-
grade anthophyllite with orthopyroxene relics. De-
tails are given in Raith & Kriegsman (1998) and a
paper in preparation.

Geochemistiy and mineralogy

The high F content of gedrite (0.3-0.8 wt%),
phlogopite (0.9-2.1 wt%) and anthophyllite (up to
0.3 wt%), and the presence of fluorite in marble
layers and chondrodite (with 3.3-3.8 wt% F) in
some orthoamphibole dominated lenses, suggest a
high F content of the hydrous fluids that have
affected the deposit. Zn content is highest (up to
12.5 wt% ZnO) in spinel from chondrodite bearing
lenses, strengthening the link between Zn miner-
alization and F. A reference sample several kilo-
metres away from the deposit, with the
assemblage orthopyroxene + garnet + quartz +
biotite + plagioclase + rutile (+ retrograde
anthophyllite), contains biotite with only c.
0.14 wt% F, much lower than near the ore deposit.

There are few whole-rock chemical analyses
from this area, but available microprobe data and
modal abundances can be used to estimate the F
content of some samples. Sample AR125 contains
c. 60 vol% gedrite (at 0.74 wt% F) and 10 vol%
chondrodite (at 3.6 wt% F), yielding an estimated
8000 ppm F in the rock. Sample AR126c contains
c.40 vol% phlogopite (at 2 wt% F) and conse-
quently has a similar F content. Sample AR126d
contains about 80 vol% anthophyllite (at 0.15 wt%
F), giving an estimated 1200 ppm F. Sample
AR129 contains c.2 vol% gedrite (at 0.7 wt% F)
and 0.5 vol% biotite (at 1 wt% F), equating with
an estimated 1450 ppm F. Sample AR245 contains
c. 15 vol% gedrite (at 0.64 wt% F), corresponding
to an estimated 960 ppm F in the rock; this is
consistent with a whole-rock analysis of 950 ppm.
The range of whole-rock F contents in Oonagalabi
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is therefore c. 1000-8000 ppm, quite similar to
the range of values at Mullikkorame mine.

F partitioning data and F carrier minerals

Figure 10 shows XF = [F/(F + OH)] data for
coexisting biotite and orthoamphiboles. The data
for anthophyllite in samples from Finland (Orijar-
vi and lilijarvi) and Oonagalabi fall on different
lines, with the slope of the Oonagalabi line closer
to KD = 1 (Fig. l0a). Within both areas, XMg

increases with overall F content, without affecting
the KD of F partitioning. In view of the well-
documented influence of XMg on the F content of
hydrous minerals (e.g., Rosenberg & Foit 1977),
the constant KD for F partitioning implies that
anthophyllite shows a similar Fe2+/Fe avoidance
as biotite. The data suggest that peak temperature
(500-650 °C in Finnish samples: Schreurs &
Westra 1985; Schneiderman & Tracy 1991; 750-
800 °C in Oonagalabi: Raith & Kriegsman 1998)
is the dominant factor controlling F partitioning.
XF data for biotite coexisting with gedrite (Orijar-

Fig. 10. F partitioning between orthoamphiboles (Ath,
anthophyllite; Ged, gedrite; Oam, intermediate,
supersolvus orthoamphibole) and biotite (Bt). Numbers
near (groups of) average analyses indicate Mg numbers
= 100 X XMg (underlined: Oonagalabi data)

vi and Oonagalabi) show a similar pattern (Fig.
l0b). In the Oonagalabi samples, XMg increases
with overall F content, without affecting the KD of
F partitioning. The Oonagalabi line has a higher
slope than the Finnish line, consistent with higher
peak temperatures in the former.

The slope for biotite-gedrite is significantly
higher than for biotite-anthophyllite in Oonagala-
bi; Fig. l0a, b). Hence, combining these data, the
order of decreasing XF for coexisting biotite and
orthoamphiboles is: biotite > gedrite > antho-
phyllite. Intermediate, supersolvus orthoamphi-
boles (Finnish samples) plot close to the single
Finnish gedrite point. As for other minerals,
chlorites in Finnish samples have F contents close
to 0 even in samples where biotite has significant
F contents, showing that it is not an important F
carrier mineral. An interesting observation, how-
ever, is that chlorite inclusions in garnet in
Orijarvi sample 62b show higher F contents
(0.034 wt%) than texturally late, retrograde, chlor-
ite (0.006 wt%; Table 3), which suggests that the
prevailing fluid was more F-rich prior to peak
metamorphism than on the retrograde path. Horn-
blende and muscovite in Mullikkorame and Pyha-
salmi samples have much lower XF than
coexisting biotite, but higher F contents than
chlorite. Talc analysed so far had F contents
comparable to hornblende (XF = 0.015 and 0.016,
respectively, in Pyhasalmi) but a sample from
Mullikkorame with very high bulk F content
(7100 ppm) is dominated by talc and we suspect it
may be the main F carrier mineral there.

Apatite (Pyhasalmi sample 208) and chondro-
dite (Oonagalabi sample AR125) have much high-
er F contents than coexisting phlogopite, with XF

up to 0.3. The relative F order of preference
between apatite and chondrodite can be estimated
indirectly. In sample AR125, XF in chondrodite
(0.322 ± 0.013) is twice as high as in gedrite
(0.160 ± 0.012). This is the only Oonagalabi
sample without biotite, but using the average KD

for F exchange between biotite and gedrite (from
Fig. l0b), the XF value for coexisting biotite is
estimated at 0.24 ± 0.04. In Pyhasalmi sample
208, XF in apatite is 0.334 ± 0.009, whereas the
biotite XF is only 0.030 ± 0.004. This suggests
that, when normalized to biotite XF, apatite has a
much higher preference for F than chondrodite.

Combining all data, the relative F partitioning
order of hydrous minerals is apatite > chondrodite
> biotite > gedrite > (hornblende, muscovite,
anthophyllite) > chlorite. The F partitioning be-
tween hornblende, muscovite and anthophyllite is
still unclear. Our data on talc, staurolite and
tourmaline are also inconclusive because of the
low number of analyses. The F partitioning data
can be used to quickly identify the F carrier
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mineral in any rock type, by estimating the modal
abundance of each mineral in thin section or hand
specimen. The Orijarvi samples contain princi-
pally anthophyllite, whereas gedrite is very com-
mon in Oonagalabi. This probably reflects a
combination of different bulk compositions and
different peak metamorphic temperatures. As our
data show that anthophyllite has a much lower F
content (up to 0.3 wt%) than gedrite (up to
0.8 wt%), much less F can be accommodated in
orthoamphiboles at Orijarvi than at Oonagalabi.

For some samples or suites of samples, both
mineral and whole-rock chemical analyses were
obtained, allowing a more precise determination
of the main F carrier minerals. For example,
sample LMR 34c (cordierite-anthophyllite rock)
from Orijarvi contains 2450 ppm (=0.245 wt%) F
based on whole-rock analysis. Sample LMR 34b
(cordierite-anthophyllite gneiss), which was
sampled 10 m away in the same rock unit, con-
tains biotite (0.77 wt% F: Table 2), anthophyllite
(0.16 wt%: Table 2) and chlorite (0.13 wt%). The
approximate F content for this sample (at 30%
biotite, 30% anthophyllite, 30% cordierite, 1%
chlorite and 9% anhydrous minerals) is 0.28 wt%,
similar to the analytical value of the adjacent
sample. Biotite contributes 0.23 wt% and is thus
the main F carrier mineral in cordierite-antho-
phyllite rocks and gneisses. Other rock types
usually have much less biotite, but plenty of
fluorite, which suggests that fluorite is the most
important F-bearing mineral in those medium-
grade rock types. In contrast, orthoamphiboles are
the dominant F-bearing minerals in the transitional
granulite facies rocks at Oonagalabi, where fluor-
ite is absent (except in marbles). Anthophyllite is
the dominant mineral in the deposit and thus the
main F carrier on the regional scale. However,
chondrodite, gedrite and phlogopite are the main
F carriers in other samples.

Discussion

F content and metamorphic grade

A comparison of whole-rock samples from Orijar-
vi, Pyhasalmi and Mullikkorame shows that the
Mullikkorame samples have exceptionally high F
contents (Fig. 3). As Mullikkorame is the only
low-grade metamorphic area of the three, one
could conclude that significant amounts of F have
left the system during peak metamorphism in
Orijarvi and Pyhasalmi. However, the Oonagalabi
samples (see above) show similar F contents as in
Mullikkorame, even though the peak metamorphic
temperatures were c. 750-800 °C. As mineral-
fluid partitioning coefficients for F indicate that F
will remain in solids at least until advanced partial

melting (Anfilogov et al. 1977; Zhu & Sverjensky
1991), the whole-rock data probably reflect F
contents prior to the peak metamorphic overprint.

Timing of F influx

High F contents of magmatic rocks are a feature
typical of so-called anorogenic granitoids (e.g.
Rogers & Satterfield 1994; Goodenough et al.
2000). In the Svecofennian orogen of Finland, this
may be either early orogenic (e.g., Orijarvi back-
arc basin: Vaisanen 2001), late-orogenic (post-
collisional: Eklund et al. 1998), or post-orogenic
(e.g., rapakivi granites: papers in Haapala & Ramo
1999). As a result, ore deposits related to high F
flux are probably either early orogenic or late- to
post-orogenic. These relative timings are easy to
distinguish, because early orogenic intrusions pre-
date peak metamorphism, whereas late- to post-
orogenic intrusions post-date peak metamorphism.
Arguments for early F influx in the deposits
studied here, are:

1 fluorite, apatite and oriented F-rich biotite
form inclusions in peak metamorphic por-
phyroblasts (garnet, cordierite);

2 chlorite inclusions in garnet show higher F
contents than texturally late, retrograde chlor-
ite;

3 volcanics and related granitoids that are
possible F sources, predate peak metamorph-
ism (Orijarvi: Vaisanen 2001; Oonagalabi:
Sivell 1986); at Orijarvi, extrusion of rhyolite
and coeval intrusion predate peak meta-
morphism by some 50-60 Ma.

Correlation of F with ore minerals

Our data superficially suggest that a higher F flux
through a system results in lower contents of
sulphide ore, which is inconsistent with the com-
monly observed increase of F content towards ore
bodies (e.g. Lavery 1985). However, we have
shown that this is due to a mineralogical con-
straint, F being dominantly incorporated into
hydrous silicates, in combination with the closure
problem in geochemical data. When normalized to
relatively immobile elements (Ti, Al), F correlates
positively with the total metal content, as ex-
pected.

A similar feature can be seen in the Crandon
Cu-Zn deposit (Lavery 1985, fig. 4): the F
content increases towards the deposit, but drops
sharply at the point where Cu and Zn sulphides
start to dominate the mineralogy; small Cu and 3Zn
peaks within the deposit also correlate with low
values of F. We believe that this is due to the same



F IN ORTHOAMPHIBOLE ZN-CU-PB DEPOSITS 351

geochemical and mineralogical complications ob-
served in our data and that it could be solved in a
similar manner. Hence, geographical F trends may
become clearer when normalized to immobile
elements, which may improve geochemical ex-
ploration for Pb-Zn-Cu deposits.
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tectonic evolution 289-292
Transbaikal-Mongolian 277-281

orogens
Alpine-Balkan-Carpathian-Dinaride 81-102
collapse 73-74, 87, 88
late-stage ore provinces 82-85
Palaeozoic 274, 303-304
SE Asia-SW Pacific 2-7
Sveconorwegian 320, 327
Verkhoyansk-Chersky 299-315, 300
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