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Abstract Caledonian metallogeny has endowed Scan-
dinavia with abundant metalliferous mineral resources
of several genetical and compositional types, many of
which have been exploited at various scales from the
seventeenth century onwards. Because of this long his-
tory of exploration/exploitation, coupled with excellent
exposures, the Caledonian orogen in Scandinavia can be
taken as a model to illustrate the relationship between
metallogenic evolution and plate tectonics. Its orogenic
and metallogenic development can be related to a period
of plate movements which started about 700±600 Ma
ago with rifting and break-up of a Proterozoic mega-
continent (Rodinia) followed by the opening-up of a
wide ocean (Iapetus), and ending with collision between
the Laurentian and Baltic continents (the climactic
Scandian phase of orogeny) in Silurian times. Fragments
of this sedimentary, magmatic and tectonic history are
recorded in various autochthonous, and allochthonous
units which were ultimately thrusted eastwards above
the Baltic plate margin.

The present consensus is that sequences deposited on
the margin of the Laurentian plate are represented in
the Uppermost Allochthon (UmA) mostly in northern
Norway. The Neoproterozoic and Cambrian history of
this margin started with the rifting of Rodinia, fol-
lowed by the development of an Atlantic-type margin
which was characterised by an easterly thickening,
continental, shelf-wedge of basal quartz sandstones
and an overlying blanket of thick carbonate banks
re¯ecting the drift of Laurentia towards equatorial
paleo-latitudes. This setting is considered to have been

host to two characteristic types of stratabound-strati-
form ores: massive to disseminated Zn-Pb-Cu and
Cu-Zn sulphides in sedimentary and mixed sedimen-
tary-volcanic lithologies with original ore reserves up
to 5±6 Mt (Bleikvassli, Mofjellet); and numerous,
laterally extensive, magnetite-hematite deposits in
marble-metapelite lithologies. The economically most
important of the latter group are the deposits of the
Dunderlandsdal area where resources of around
500 Mt were present.

Early rift basins preserved on the Baltic side of the
rifted megacontinent, were ®lled with coarse clastites
prior to establishment of a passive plate margin in
Cambrian times. The passive margin was characterised
by shallow marine sandstones and later bituminous Al-
um Shales deposited in a stable, epicontinental sea.
Platform sedimentation was accompanied by local
magmatic activity of rift-type tholeiitic through to car-
bonatitic compositions. This plate margin is presently
represented in autochthonous and allochthonous se-
quences in the lower parts of the Caledonian nappe pile.
Metalliferous mineral formation related to this time and
setting was of limited importance and comprised previ-
ously worked Nb, P and Fe ores in carbonatites of the
Fen Complex, vast but uneconomic resources of U, Mo,
Ni and V in the Alum Shales, and minor stratabound
base metal sulphides and orthomagmatic Cr and Ni-Cu-
(PGE) occurrences.

Continental margin and oceanic successions, probably
developed along the edge of a microcontinent within the
Iapetus ocean, are represented in the Gula, Stùren and
equivalent, sequences in the Upper Allochthon (UA),
tectonostratigraphically above and west of the Baltic
platform lithologies. These host many Cu-Zn sulphide
ores intimately related to tholeiitic basalt units in sedi-
mentary sequences dominated by pelitic and psammitic
material, as well as bituminous shales and quartzites of
possible ribbon-chert origin. Original ore reserves around
20 Mt were known at the now abandoned Tverrfjell mine
and the recently closed Joma deposit. Minor Cu-Ni ores
occur in subvolcanic, ma®c-ultrama®c intrusions.
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Major plate convergence is ®rst recorded in the
Middle to Late Cambrian (about 505 Ma), when
subduction along the outer margin of Baltica a�ected
rocks which are now found in or below the basal parts
of the UA. The metallogenic signi®cance of this sub-
duction is uncertain; related magmatic and ore-forming
processes have yet to be documented. The earliest
subduction-related sequences of major ore-forming
importance, however, are slightly younger (Early
Ordovician) and are presently found in the UA and
partly in the UmA.

One of these is the Stekenjokk-Fundsjù arc sequence
(about 490 Ma) which forms a central unit in the
mountain chain, comprising bimodal, immature arc-
type volcanites and high-level felsic intrusions. The se-
quence formed in a primary oceanic setting outboard of
the Baltica plate while this lay in an approximately
east-west position opposite to, and at some distance
from, the Siberian plate, and was amalgamated with
the Gula Complex in Ordovician times. Abundant
VMS deposits are associated with thick, often graphitic,
tu�tes and are of the Zn-Cu type with generally high
Zn/Cu ratios. The biggest known deposit (Stekenjokk-
Levi) contained 26 Mt of ore, four others had indi-
vidual tonnages of about 3 Mt and have been impor-
tant base metal producers.

Another series of arc sequences are found at higher
levels in the nappe pile, in southwestern Norway, the
western Trondheim Region, the western Grong District,
Leka and Lyngen. Ma®c or bimodal volcanic and plu-
tonic lithologies comprise many types characteristic of
immature arcs and often include ophiolitic successions.
They all formed in oceanic arc-marginal basin systems
on the Laurentian side of the Iapetus ocean between
500 and 480 Ma. VMS deposits of the Cu-Zn type are
abundant and several of these were important base
metal producers in the past. The biggest deposit is
Lùkken which contained 30 Mt of ore; six fall in the 1±
10 Mt class and include the Skorovas and other de-
posits in the western Grong District and in southwest
Norway. Orthomagmatic ores occur in the form of
PGE mineralisation in ultrama®c cumulates in the basal
parts of ophiolite successions and Cu-Ni-PGE miner-
alisation related to high-level intrusions of boninitic
a�nity; none of these have hitherto been of economic
signi®cance.

The immature arc-marginal basin systems near La-
urentia continued to evolve and in Early to Middle
Ordovician times magmatism gradually changed to
predominantly calc-alkaline igneous activity characteristic
of an active continental margin. Major VMS ores seem
to be scarce in these sequences which are most extensively
developed in central and southwest Norway. Known
metalliferous deposits are predominantly iron-formations
ranging from magnetite- to pyrite-dominated types with
varying base-metal contents; Zn-Pb-Cu mineralisation
is subordinate. Major granodioritic plutons which in-
truded the mature-arc sequences at an advanced stage
of development (c.460 Ma) occasionally contain vein-

and stockwork-type Cu-Mo mineralisation, so far with
no economic signi®cance.

By the end of the Ordovician, convergence of the
Laurentian and Baltic continents had resulted in con-
siderable narrowing of the Iapetus ocean and obduction
of the arc/arc-basin systems on to the edge of the
Laurentian plate. Material derived from the uplifted
sequences supplied detritus to the remaining, narrow,
basin. At about the Ordovician/Silurian boundary these
thick clastic, often calcareous, sequences and their
crustal substrata were intruded by rift-type, mainly
tholeiitic to alkaline magmas and minor subduction-
related melts; local volcanism also accompanied this
activity. This important magmatic event is interpreted
to re¯ect a paleotectonic setting characterised by
transcurrent movements and development of local
transtensional regimes and fault-controlled sedimentary
basins during the initial, oblique, interference of the
Baltic and Laurentian plate margins. Its metallogenic
manifestation is seen partly in occasional Ni-Cu de-
posits in ma®c intrusions, including the Bruvann, RaÊ na,
deposit presently being exploited. More abundant,
however, are stratabound sulphides which are associ-
ated with the volcanic rocks, or hosted in the sedi-
mentary successions often closely related to ma®c
intrusions. The most important past-producers were
found in the Rùros and Sulitjelma districts, and in-
cluded several individual deposits ranging from 1 up to
nearly 9 Mt in size and dominated by Cu and Zn in
highly variable proportions and grades.

Partly overlapping in time with the rift-related mag-
matism, an array of large, ma®c to granitic batholiths
was emplaced in rock sequences which are presently
found in the Uppermost and Upper Allochthons. This
activity continued through the Late Ordovician and
Early Silurian, presumably along the Laurentian plate
margin in response to westward subduction of the edge
of Baltica. Its metallogenic signi®cance is limited to
small and uneconomic skarn-, pegmatite- and quartz-
vein mineralisation of Zn-Pb-Cu, Mo, W and Be.

The ultimate collision between Laurentia and Baltica
occurred during the Silurian, when the accretionary
prism with granitic batholiths was obducted onto the
Baltic margin. The obduction and subsequent uplift of
the subducted edge of Baltica led to the formation of
intramontane ORS basins in the Early and Middle
Devonian. The Caledonian orogeny terminated with the
deformation of the ORS basins in the Late Devonian.

The collisional stage is metallogenically represented by
three types of deposits, i.e. lead sandstone deposits (Pb,
Zn, Ba, F and Cu), carbonate-hosted base-metal depos-
its, and vein deposits with variable proportions of Au,
Ag, Pb, Cu, Zn, Fe, As, Sb, W, Mo and/or U. The ®rst
type, which comprises deposits with up to 5.0 Mt lead
metal (Laisvall) is by far the most important economi-
cally. The vein deposits have in the past been the site for
small-scale mining of precious metals and molybdenite.
Although the exact timing of the di�erent ore-forming
events is poorly constrained, all types seem related to a
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continuous process of tectonically induced ¯uid ¯ow
during episodes of crustal shortening and uplift. Brief
comparisons with other parts of the now-rifted Caledo-
nian-Appalachian orogen reveal both similarities and
di�erences in the relative importance of the ore types
generated during the time span covered in the present
account.

Introduction

The Caledonian orogenic-metallogenic belt in Scandi-
navia constitutes the northernmost sector of the com-
posite Caledonian-Appalachian belt (Fig. 1), which
stretches from northern Norway to Alabama. If the ef-
fects of the comparatively recent Atlantic sea-¯oor
spreading are ignored, this belt is some 7000 km long
and could be said to constitute one of the major met-
allogenic features of the Earth's crust.

The Caledonian orogenic belt is the result of a plate-
tectonic cycle spanning a time-period of some 300 Ma,
beginning in Neoproterozoic times at around 700 Ma
with rifting and continental break-up, and ending in the
Devonian subsequent to a continent-to-continent colli-
sion. During this time a wide range of ore deposit types
were generated, many of which it is possible to relate to
di�erent stages in the development of the orogenic belt.

The present contribution seeks to relate the metallo-
genic events in the Scandinavian Caledonides to the
orogenic development and to the type of crust involved at
each stage; however, a good deal of uncertainty attaches
to the geological ages of many deposits in the present-day
Caledonides. By no means all of them were initially
formed during the period under review (Neoproterozoic
to Devonian). Some of the deposits are undoubtedly of
Mesoproterozoic, or earlier, depositional ages. For oth-
ers, such an age is likely, though not proven. However,
most of these proven or assumed older ores have been
a�ected, to a greater or lesser extent, by the Caledonian

metamorphism and deformation and are now present in
Caledonian allochthons. It is not possible in many cases
to distinguish between these older deposits and 'true'
Caledonian deposits formed during the Caledonian tec-
tonic cycle. Evidence of the ages of the deposits will be
presented where available; some of these, which may
ultimately prove to have pre-Caledonian ages of forma-
tion, will be included as they have historically been
regarded as Caledonian in Scandinavia. Others, of
de®nitely earlier or very doubtful ages, will not be con-
sidered. These latter include:

1. Proterozoic orthomagmatic Fe-Ti-V ores in both Norway and
Sweden, e.g. Rùdsand and SelvaÊ g (Korneliussen et al. 1985);
Ruotevare (Grip and Frietsch 1973; Frietsch 1975)

2. Proterozoic orthomagmatic Fe-Ni-Cu deposits in Norway, e.g.
Hosanger, Espedal and Senja (Boyd and Nixon 1985)

3. Stratabound/stratiform ores of Cu, Cu-Zn and Zn-Pb in
Paleoproterozoic greenstone belts within tectonic windows and
thrust sheets in the northern Caledonides

4. Stratabound Pb-Zn-Cu sulphide ores in thick sequences of in-
terbedded psammites, feldspathic quartzites and schists of un-
determined age (in part Mesoproterozoic) in the Middle
Allochthon of northern Norway (Lindahl and Bjùrlykke 1988;
Grimm and Stendal 1991)

The Caledonian ores considered below number several
hundred individual deposits (Foslie 1925; Poulsen 1964;
Frietsch 1975; Grip 1978; Juve and Grenne 1993) and
can be grouped into the following main types:

1. Stratabound, partly stratiform, massive to disseminated de-
posits of mainly Zn-Pb (�Cu) sulphides in metasedimentary
successions (sedex deposits). Age of host rocks uncertain,
possibly Mesoproterozoic to Cambrian

2. Stratabound magnetite-hematite deposits in metasedimentary
carbonate-pelitic successions (metasedimentary iron ores).
Host rocks of uncertain age; probably Neoproterozoic

3. Carbonatite-hosted Nb-Fe-P-REE etc. deposits in carbonatite-
alkaline complexes of late Neoproterozoic-Cambrian age

4. Organic-rich black shale deposits with concentrations of U, V,
Mo, Ni and other elements (alum shale deposits). Latest
Cambrian-Tremadoc age

5. Stratabound, partly stratiform, massive pyritic deposits of Cu-
Zn (�Pb) sulphides in Cambro-Silurian metavolcanic or
mixed metavolcanic-metasedimentary successions (VMS or
volcex deposits)

6. Stratabound magnetite- (pyrite-chalcopyrite) deposits in Early
to Mid-Ordovician metavolcanic-sedimentary sequences (vol-
canite-hosted iron ores)

7. Orthomagmatic Ni-Cu-S and Cr deposits with local high PGE
contents in ma®c-ultrama®c intrusive bodies showing a wide
spread of ages; latest Proterozoic to early Silurian

8. Minor Cu-Mo stockwork mineralisation in felsic magmatic
rocks of Middle Ordovician age

9. Stratabound, disseminated to semi-massive accumulations of
Pb (�Zn) sulphides in latest Precambrian to Lower Cambrian
quartz-arenites (sandstone lead deposits)

10. Various, small, vein- and replacement type deposits charac-
terised by elements such as Au, Ag, Pb, Zn, Sb, As, W, Mo or
U, in metamorphic and plutonic complexes. Late Ordovician
to Devonian ages

Economic aspects: ore production

Large numbers of deposits have been exploited at various times and
on varying scales since at least the seventeenth Century. This his-
torical production has been mainly concerned with deposits of iron

Fig. 1 The Caledonian-Appalachian orogen (shaded). Pre-Mesozoic
re®t map after Stephens et al. (1984)
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oxides, iron- and base-metal (Cu, Zn, Pb) sulphides (�Ag, Au);
more recently, nickel sulphides (Table 1). Minor, often intermittent
or short-lived, production of chromite, gold and silver, niobium
and uranium has also taken place, while deposits of scheelite,
molybdenite and precious metals (Au, Ag, PGE) have been inves-
tigated from time to time.

The number and output of Caledonian metal mines in Scandi-
navia has shrunk markedly during the last 10±20 y. In the late-
1970s, nine Norwegian and three Swedish base-metal sulphide
mines produced a total of some 4.0 Mt per year of ore yielding
approximately 90 000 tonnes of Cu concentrates, about 51 000
tonnes of Zn concentrates, some 75 000 tonnes of Pb concentrates
and in excess of 0.5 Mt of pyrite (S) concentrates and lump sulphide
ore. Individual mine outputs ranged from 130 000 to over 1 Mt per
year. In addition, during this period, three iron mines treated 4.5
Mt of ore per year to yield just under 1.7 Mt of concentrates. By
1994 the number of mines of all types working strictly Caledonian
ores had shrunk to six, all but one of these in Norway. Sulphide ore
production was down to just over 3 Mt and iron ore production to
about 1.9 Mt. At the time of writing (late 1998), two sulphide mines
(Laisvall and Bruvann, RaÊ na) and one iron ore mine (Rana) are
still maintaining some production.

Geological framework

The Scandinavian Caledonides comprise a number of nappes which
include rocks of very varying lithology and metamorphic grade,
ranging in age from Precambrian to Devonian. The present-day
tectono-stratigraphic build-up of the Caledonides (Roberts and
Gee 1985) is a result of the combined e�ects of early Caledonian

deformation, including the Finnmarkian phase, and of the cli-
mactic Silurian (Scandian) phase of generally west to east thrusting
and nappe translation. The nappes generally thin out westwards,
while there are large variations in the thicknesses of the allochthons
along the length of the orogen. Subsequent uplift of the central
parts of the orogen led to large-scale extension of the thrust-pile
and the deposition of Early and Middle Devonian molasse in fault-
controlled basins.

The nappes overlie a crystalline basement of autochthonous to
parautochthonous rocks, ranging from Archaean to latest Meso-
proterozoic in age, constituting the Fennoscandian or Baltic Shield.
This basement is covered thinly by an autochthonous to parau-
tochthonous cover of Latest Precambrian (Vendian or latest Neo-
proterozoic) and Lower Paleozoic sedimentary rocks. On the
easternmost foreland it is only mildly a�ected by the Caledonian
events (but see, e.g. Romer and Bax 1992). Westwards, it becomes
increasingly `caledonised' especially in its upper parts and along
thrust planes (Bryhni and Andreasson 1985). Basement rocks
outcrop frequently in the central parts of the Caledonides in tec-
tonic windows, of domal or anticlinal nature, due to erosion of the
overlying nappes. These `basement' windows are not truly au-
tochthonous, but parts of the lowermost nappe complexes (Hurich
et al. 1989). In most cases they are overlain by their own `cover
sequences' which correspond to the Vendian-Lower Paleozoic
cover sequences along the eastern margin of the Caledonides (the
`Caledonian Front').

The individual nappe units have been grouped into four all-
ochthonous complexes (Roberts and Gee 1985): the Lower All-
ochthon (LA), the Middle Allochthon (MA), the Upper Allochthon
(UA) and the Uppermost Allochthon (UmA). In recent years at-
tempts have been made to interpret the tectonostratigraphical se-

Table 1 Scandinavian Caledonian ore deposits. Main historical producers. Data from Bjùrlykke et al. (1980) and the mineral resource
data base at the Geological Survey of Norway

Deposit Original
resource

Grades Ore produced

(Mt) Cu % Zn % Pb % S % Other Mt Period

VMS
Lùkken 30 2.3 1.8 0.02 41 19 g/t Ag; 0.2 g/t Au 24.0 1654±1987
Stekenjokk-Levi 25.7 1.43 2.55 0.23 19 50 g/t Ag; 0.3 g/t Au 7.1 1975±1988
Tverrfjellet 19.0 1.0 1.2 0.2 32 15.0 1963±1993
Joma, Grong 17.0 1.3 1.7 tr. 35 9.7 1972±1998
Skorovas, Grong 10.0 0.8 1.6 tr. 40 1952±1985
Giken, Sulitjelma 9.5 2.25 0.70 tr. 19 5.8 1892±1991
Litlabù, Stord 9.0 <0.1 <0.1 <0.1 23 1865±1968
BjùrkaÊ sen 4.7 0.45 1 30 6.0 1917±1964
Jakobsbakken, Sulitjelma 4.5 1.55 2.42 31 4.5 1896±1968
Charlotta, Sulitjelma 3.5 2.0 0.58 tr. 17 3 1894±1991
Hankabakken, Sulitjelma 3.2 1.4 0.4 tr. 14 2.0 1901±1987
Hersjù, Rùros 3.2 1.4 1.4 0.01 35 1685±1833
Folldal, Old mine 3.0? 1.5 3.0 0.2 35 1748±1940
Storwartz-Olav, Rùros 3 2.4 1.5 20 1645±1972
Killingdal 3 1.7 5.5 0.4 45 2.5 1677±1986
Vigsnes, Karmùy 2.5 1.7 1.4 35 1.4 1865±1894
N. Gjetryggen, Folldal 2.5 1.3 3.2 0.2 34 2? 1920±1970
Ny-Sulitjelma 2.3 1.99 0.55 20 2.6 1893±1965
Sagmo, Sulitjelma 2.1 1.6 0.23 19 1.9 1906±1986
BaÊ smo, Rana 2.0 0.13 0.14 tr. 20 1.85 1894±1937
Sedex(?)
Bleikvassli 6 0.2 4.2 2.5 25 25 g/t Ag 4.9 1957±1998
Mofjell, Rana 4 0.3 4 0.8 35 4.35 1926±1987
Orthomagmatic
Bruvann, RaÊ na 7 0.1 ± ± 0.53% Ni 5.7 1989-
Iron ores
Dunderland, Rana 500? 33.0±37.4% Fe 77.1 1904-
Fosdalen 40? 0.06 ± ± 2.2 34.4% Fe 36 1906±1997
Lead sandstone
Laisvall 60 <0.1 0.5 3.9 ? 8 g/t Ag 60 1942-
Vassbo 5 ? 0.3 4.6 ? 14 g/t Ag 5 1960±1982
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quences in the Scandinavian Caledonian nappes in terms of the
terrane concept (see, e.g. Stephens and Gee 1985, 1989; Roberts
1988a). At present there is no apparent general consensus, either on
the number of individual terranes recognised or on their ultimate
derivation and, consequently, on their relation to the previously
de®ned tectonostratigraphic units or allochthons. The latter will
therefore be used as the main tectonostratigraphical divisions re-
ferred to in the subsequent text.

Plate tectonic development

The orogenic and metallogenic development of the Scandinavian
Caledonides can be related to a period of plate movements which
started with rifting and break-up of the Proterozoic megacontinent
beginning at about 700 Ma ago, followed by ocean-¯oor spreading
and later plate convergence, and ending with continent-continent
(Laurentia-Baltica) collision (the climactic Scandian phase of
orogeny) in Silurian times. A simpli®ed, cartoon-type illustration of
this development as presented in this study is shown in Fig. 2.

One of the present writers (Vokes 1988) attempted to describe
this development in terms of an idealised Wilson Cycle involving
the Laurentian and Baltic fragments of the megacontinent and the
formation and subsequent destruction of an intervening ocean,
Iapetus (Roberts and Gale 1978). Recent advances in our know-
ledge of the timing and nature of both the orogenic and metallo-
genic history of the Scandinavian Caledonides now require a
revision of the details of this cycle. Among the many questions that
remain to be solved are the paleogeographic position and polarity
of subduction systems within the Iapetus Ocean, where models
which deviate signi®cantly from that presented here have been
advocated by, e.g., Sturt and Roberts (1991; see also later in this
present work).

The picture of a generally simple, east-west opening and closing
of Iapetus presented previously has recently been considerably
modi®ed by paleomagnetic and other investigations (e.g., Torsvik
et al. 1992, 1996; Dalziel 1997; Smethurst et al. 1998). An ex-
haustive review of this literature will not be attempted here, though
a brief account of a possible sequence follows. Prior to the break-
up in early Neoproterozoic time of the supercontinent Rodinia, the
Scandinavian margin of the future continental plate Baltica was
situated immediately south of the equator, close to the Greenland
margin of the future Laurentian plate. Baltica began to separate
from Laurentia and the rest of the supercontinent by rotating
clockwise to high southerly latitudes towards the end of the Neo-
proterozoic. Subsequently, Baltica, rotating anticlockwise, began
to move to the north and west leading to an equatorial position in
the Early Silurian when an approximately pre-rifting orientation
with respect to the northeastern margin of Laurentia was resumed.
The climactic, Scandian, continent-continent collision of the two
plates occurred in the Silurian, fragments of the two plates being
incorporated into the various allochthonous and autochthonous
units which make up the present-day Caledonides in Scandinavia.
Interference of the Baltic plate with the Amazonian and/or the
Siberian plates may have occurred during the Neoproterozoic to
Cambrian rotation of Baltica, but the possible e�ects of this are
currently uncertain, e.g. in respect to the Early Caledonian or
Finnmarkian orogenic phase.

In spite of this newer, more re®ned, picture of the movements of
the Laurentian and Baltic plates during Late Precambrian to
Devonian times, the main metallogenic features of the Caledonian
orogen can still be, in the main, referred to stages in the opening
and closing of the Iapetus Ocean. In particular it is possible to refer
many of the syngenetic ore-forming events to the type(s) of crust
(continental, oceanic, etc.) formed during the various stages of
orogen development. Since the nappe-piles, or allochthons, have
been de®ned as, in general, containing dominantly terranes which
developed during well-de®ned stages of the life of the orogen, the
mineral-deposit, or metallogenic, belts coincide roughly with the
trend of the allochthons. This is approximately NNE in clear
contrast to the generally westerly or north-westerly trends of the
metallogenic belts in the Baltic Shield to the east.

It is generally accepted that the sedimentary and volcanic suc-
cessions of the di�erent terranes represented in the lower to the
upper allochthons were originally formed at an increasing distance
from the Baltic margin. The terranes reveal a continuous process of
rifting, oceanic crust development, basin-sedimentation and -vol-
canism, and island arc magmatism, punctuated by episodes of
obduction, collision, uplift and/or erosion. Deciphering of the
geological evolution of the individual terranes has made it possible
to develop a composite model of the evolving Caledonian Orogen
and its metallogeny. The present account subdivides this complex
model into three main sequential stages, comprising (1) continental
rifting and ocean ¯oor spreading, (2) plate convergence and ocean
closure, and (3) continent collision. The metallogenic signi®cance
of these stages is summarised in Fig. 3.

Stage 1: continental rifting and ocean ¯oor spreading

During a period of anorogeny following the Sveconor-
wegian (Grenvillian) tectonothermal event (900±
1000 Ma) the Proterozoic megacontinent underwent
crustal attenuation and rifting prior to the initial break-
up in the Neoproterozoic to Early Cambrian (Vokes and
Gale 1976; Kumpulainen and Nystuen 1985) (Fig. 2).
The Neoproterozoic aulacogens, rift basins and fault-
controlled crustal depressions were ®lled with coarse
clastic ¯uvial sandstones and conglomerates locally
grading into turbidites, prior to the development of
passive, Atlantic type margins along the rifted continent
edges. The Baltic margin was dominated by quartz-rich
clastic deposits, minor dolomitic carbonates and tillites
(BergstroÈ m and Gee 1985) whereas the Laurentian
margin comprised an easterly thickening, continental
shelf wedge of basal quartz sandstone with an overlying,
thick carbonate bank blanket (Schwab et al. 1988).

Paleomagnetic data (e.g. Torsvik et al. 1992, 1996)
and traditional interpretation of faunal provincialism
(see, e.g. Spjeldnaes 1985), indicates that the initial con-
tinental rifting was followed by a long period of oceanic
crust formation extending at least into the Late Cam-
brian. During this period, the two plate margins experi-
enced completely di�erent paleogeographic positions, the
Baltic plate margin essentially drifting to high southerly
paleolatitudes and back while the Laurentian plate mar-
gin maintained a relatively stable, equatorial position.

Remnants of this major ocean (Iapetus) are scarce or
absent in the preserved parts of the Caledonides, prob-
ably due to subduction of the oceanic crust during the
later stages of plate convergence and ocean closure.
However, a fairly complete record of contemporaneous
sedimentary and magmatic processes occurring in the
interior and along the margins of Laurentia and Baltica
is preserved in various allochthonous units of the pres-
ent-day Caledonides (Fig. 3).

The Laurentian margin

The present consensus is (see, e.g. Stephens et al. 1985b;
Stephens and Gee 1985 and references therein) that se-
quences deposited on the margin of the Laurentian plate
in the latest Precambrian and Lower Paleozoic are rep-
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resented in the nappes of the UmA of the Scandinavian
Caledonides. Present-day lithology consists of amphib-
olite facies gneisses and migmatites, and marble-schist
complexes, locally with conglomerates and sedimentary

Neoprotero-
zoic

RODINIA

Cambrian

LAURENTIA
IAPETUS

BALTICA

Early
Ordovician

Late
Cambrian

Early-Middle-
Ordovician

Late Ordovician-
Early Silurian

Stage I:
Continental
rifting and
ocean floor
spreading

Stage 2:
Plate
convergence
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iron ores. It is thought that at least some of the gneisses
may represent a pre-Caledonian (?Grenvillian) basement
complex, upon which the marble-schist sequences were
deposited as a cover unit (see Stephens et al. 1985b).

Considerable uncertainty has been attached to the
ages of the interpreted Laurentian successions hosting
the main ore types present in the UmA, and thus to the
ages of the ores themselves. It has not been possible to
equate, for example, the marble-pelitic schist sequences
hosting the important iron ores with the carbonate bank
deposition mentioned above. Investigations of the Sr
and C-isotopic composition of the marbles in some of
the constituent nappes of the UmA, have yielded values
consistent with the composition of Neoproterozoic sea-
water, and this is considered the most likely depositional
age for the marbles (Trùnnes 1994; Trùnnes and Sund-
voll 1996; Melezhik et al. 1997). Thus the marble-schist
sequences could be interpreted as latest Proterozoic
cover sequences deposited on a possibly Grenvillian
basement. This supports the conclusions of Tùrudbak-
ken and Ramberg (1982) that signi®cant parts of the
UmA consist of Precambrian rocks and that important
structural and metamorphic events a�ecting these were
of the same age. Skauli et al. (1992) have also interpre-
ted the slope of the Pb isotopic data from the wall-rocks
of the Bleikvassli Zn-Pb-Cu deposit to indicate a maxi-
mum age of about 1 Ga.

Two main types of stratabound, often stratiform, ore
deposits are characteristic of the rocks under consider-
ation:

1. Stratabound, massive to disseminated, polymetallic
sulphide ores in metasedimentary and metavolcanic
lithologies

2. Stratiform iron oxide ores, in places manganiferous,
in metasedimentary pelite-carbonate successions

Stratabound sulphides

In spite of their high degree of deformation and metamorphism,
these massive to disseminated, variably pyritic/pyrrhotitic, sphale-
rite�galena�chalcopyrite ores have up to now been considered to
be of syngenetic, exhalative (sedex or volcex) origin. Ores of this
type are widespread in the UmA, but are most abundant in the
Rana District of Norway and adjacent parts of Sweden (Fig. 4),
and in the Ofoten district of Norway (Fig. 5). Marbles in the UmA
of the southern part of Nordland, Norway (Helgeland) are hosts to
minor stratabound sulphidic ores (Birkeland et al. 1993a).

From a compositional point of view, the stratabound sulphide
ores in the interpreted Laurentian terranes of the UmA may be
classed into two main types: (1) moderately pyritic (�pyrrhotite)
Zn-Pb-(Cu) ores with base-metal contents (dominantly Zn+Pb) of
the order of 3±7% and (2) heavily pyritic Zn-Cu ores with low total
base metal (<2%) contents. Historically, both ore types have
contributed to production statistics, though the metal-richer Zn-
Pb-(Cu) ores have been by far the economically most important. Of

these, the larger Bleikvassli deposit, some 50 km south of Mo i
Rana, was worked from 1957 to 1997, producing some 5 Mt of ore
grading approximately 4% Zn, 2% Pb, 0.3% Cu and 25 ppm Ag. It
is hosted by a sequence of kyanite-, staurolite-, garnet- and
graphite-bearing mica-schists, quartzo-feldspathic gneisses, meta-
cherts and amphibolites, with a distinctive microcline-mica gneiss
in the immediate footwall (see, e.g. Vokes 1963, 1966; Skauli
et al. 1992; BjerkgaÊ rd et al. 1997; Cook et al. 1998). The Mofjell
deposit further north, hosted mainly by metapelitic quartz-mica-
feldspar gneisses and amphibolites, yielded about 3 Mt of pre-
dominantly zinc ore during parts of the nineteenth and twentieth
centuries (Saager 1967; Bugge 1978). The only signi®cant producer
of the second type of stratabound sulphides in the UmA was BaÊs-
mo, also in the vicinity of Mo, where in excess of 0.5 Mt of pyrite
concentrates were produced from just over 1.5 Mt of ore in the
period 1894±1921 (Foslie 1926).

Zn- and Pb-bearing deposits of a somewhat di�erent character
and of apparently little economic signi®cance occur on both sides
of the Ofotfjord, west of Narvik (Fig. 5). Their metasedimentary
host rocks are dominantly pelitic schists, in places with prominent
quartzite interlayers The metamorphic and deformational features
of two of these deposits (SkaÊrnesdalen and Djupvik) in the HaÊ fjell
synform, south of the fjord, have been described by Juve (1967).
Similar deposits occur on the north side of the fjord at Skogùy
(Torgersen 1935), Villdalsfjell and Niingen (Torgersen 1935;
Moorbath and Vokes 1963), as well as at Gamvik, further north.

The lead isotope abundances of the stratabound sulphide ores
of the UmA in Norway have been investigated on two occasions.
The results serve to distinguish these ores from other sulphides in
the Caledonides, but also to suggest possible correlations between
ores in the two main districts where they occur. In an early inves-
tigation of Pb isotopes in galenas from the Djupvik, Villdalsfjell
and Niingstoppen deposits, Moorbath and Vokes (1963) calculated
model ages of the order of 700 to 800 Ma. A recent Pb-isotopic
investigation of Caledonian ore leads by Bjùrlykke et al. (1993)
included samples from deposits in the Ofoten-Troms region
(SkaÊ rnesdalen and Gamvik), in the area south of Bodù, as well as
in the Rana District. The results showed that several of the ores,
including SkaÊ rnesdalen and Gamvik, fall on an array with higher
207Pb/204Pb ratios (termed the Ofoten trend) than that of the main
Caledonian trend. Bjùrlykke et al. (1993) concluded from their
results that the deposits falling on the Ofoten trend are older in age
than both the UA deposits and the other Rana District deposits
mentioned; they may all be approximately 1000 Ma old. Their
hosting shallow-marine sedimentary rocks and associated iron
formations were considered analogous to those hosting the
Grenvillian lead-zinc deposits in Canada.

Other lead-bearing deposits in metasedimentary lithologies in
the UmA (including Mofjell, Bleikvassli, Kongsfjell and Malm-
haugen), as well as GraÈ skevardo and Ripudden in Sweden (see
Fig. 4) show lead isotope compositions that are more similar to
those of deposits in the UA (Sundblad and Stephens 1983). As
already discussed, the age(s) of the host rocks to these sulphides is
not known with certainty. They could be of Grenvillian age or they
may be related to the initial opening of the Iapetus ocean as already
suggested by previous workers. In the latter case they may have had
source rocks similar to those of the deposits in the UA.

Metasedimentary oxide iron ores, in places manganiferous

Stratabound-stratiform iron oxide ore deposits are both wide-
spread and numerous in the interpreted Laurentian metasedimen-
tary lithologies of several of the nappe complexes of the UmA in
northern Norway. The ore-hosting sediments belong to a charac-
teristic sequence of mainly calcareous mica schists and marbles to
which the name Dunderland Group has been applied (Sùvegjarto
1977; Bugge 1978) after its most important area of development in
the Dunderlandsdal, north of Mo i Rana.

There is little evidence of contemporary volcanic activity in
these rocks, which are present intermittently over a distance of
more than 500 km from the Mosjùen area of Nordland to the

Fig. 3 Simpli®ed tectonostratigraphic map of the Scandinavian
Caledonides depicting the distribution of di�erent terranes and ore
deposits related to the evolutionary stages. The terranes are modi®ed
from Roberts (1988a) and Stephens and Gee (1989)
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vicinity of Tromsù (Fig. 5). According to Bugge (1978) the Dun-
derland Group shows a `nearly identical stratigraphy' over the
whole region. Its age has been discussed for some time; both late
Precambrian and Cambro-Silurian ages have been proposed. The
recent dating of metacarbonate lithologies in the UmA reported at
the beginning of this section makes the older age more probable. A
schematic diagram by Sùvegjarto (1977) suggests that the Dun-
derland Group was deposited as a distinctive facies development
within the more persistent pelitic-psammitic sedimentation of the
értfjell Group which overlies a basement composed of the Mofjell
gneisses (Fig. 4).

The deposits of the Dunderlandsdal area (Fig. 4) have been by
far the most important of the Laurentian metasedimentary iron
deposits (see Vogt 1894, 1910; Bugge 1948, 1978), yielding some
80 Mt of ore with 33 to 37% Fe since the ®rst years of this century
(see Table 1). The ore-bearing layers vary from a few to perhaps
30 m in thickness; the individual ore bodies and groups of bodies
show marked structural control, with greatest thicknesses located
in the hinges of folds.

Both Sùvegjarto (1977) and Bugge (1978) point to the presence
of two distinct horizons of iron ores within the Dunderland Group;
an upper horizon of magnetite-hematite ores with from 0.15±0.30%
P and a lower one of apatite-magnetite ores with from 0.8±1.0% P.
Sùvegjarto (1977) indicates that the two horizons show signi®cant
di�erences in gangue mineralogy; the P-poor horizon being char-
acterised by quartz, while the P-rich horizon has more carbonate
and amphibole. Manganese contents are fairly low in the ores as a
whole (0.15±0.40%) but along certain horizons in the Bogen (Sal-
angen) Group in the Ofoten area, Mn contents can be as high as
15%, present mainly as spessartine garnet, less importantly as
mangano-calcite (Foslie 1949).

Bugge (1948) was of the opinion that the Dunderlandsdal ores
were originally of sedimentary origin; most of the iron was derived
by normal weathering of nearby coastal areas and was deposited
initially as ferric hydroxide under relatively shallow marine con-
ditions. The hydroxide was converted to hematite during consoli-
dation of the rocks, while the magnetite-rich parts of the ore bodies
were, in Bugge's opinion, formed by reduction of hematite during
the Caledonian metamorphism. In view of the two distinct types of
ores present (see earlier), one may question whether a single mode
of formation is applicable to the iron ores of the UmA. The lower
horizon of high-P, magnetite-rich ores is often characterised by
amphibole-rich, at times amphibolitic, host-rocks. It is tempting to
suggest that this horizon indicates that volcanic processes may have
been operative.

The Baltic plate and margin

The sediments deposited on the Baltic plate are now
preserved as thin autochthonous units along and east of
the present Caledonian Front, and as westward-thick-
ening parautochthonous and allochthonous equivalents
(Gee et al. 1985; Kumpulainen and Nystuen 1985; Ste-
phens and Gee 1989).

The coarse clastic sediments of the intracratonic ba-
sins that developed during the initial continental rifting
graded upwards into shallow-marine quartz-rich clastic
deposits and dolomitic carbonates which were overlain
by tillites deposited during the Varangian glaciation at
about 590±610 Ma (Pringle 1973; WilldeÂ n 1980; Knoll
and Walter 1992).
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Dolerite dyke swarms intruded various Neoprotero-
zoic sedimentary sequences which are now found in the
MA (Stephens and Gee 1989), as well as Proterozoic
crystalline rocks assumed to represent their basement.
Fissure eruptions occurred locally and are represented
by tholeiitic basalt ¯ows of continental a�nity imme-
diately below the Varangian tillite (Sñther and Nystuen
1981; Furnes et al. 1983). The magmatic activity ranged

in composition from tholeiitic to alkali-olivine-basaltic,
with trace element composition similar to within-plate
and ocean ¯oor basalts (see, e.g. Andreasson et al. 1992
and references therein).

These high-level manifestations of magmatism related
to crustal thinning and rifting may have their deep-
seated counterparts in the tholeiitic and alkaline intru-
sions of the Seiland Igneous Province (SIP) which has
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been proposed as representing deeper parts of a rift
situated in the extending passive margin of Baltica
(Robins and Gardener 1974, 1975; Krill and Zwaan
1987; Krill 1989; Stephens and Gee 1989). The ma®c
intrusives, which were emplaced into deformed and
metamorphosed psammites of the Klubben Group
(Ramsay 1971), yield isotope ages between
700 � 33 Ma and 523 � 2 Ma (Stephens et al. 1985a;
Pedersen et al. 1988; Daly et al. 1991; Krogh and El-
vevold 1990; Mùrk and Stabel 1990). The igneous ac-
tivity started with the intrusion of subalkaline
gabbronorites and later subalkaline gabbros which were
followed by emplacement of gabbros with syenitic dif-
ferentiates, nepheline normative olivine gabbros, ultra-
ma®tes and late carbonatites and nepheline syenites.
Most of the ma®c intrusives are in the form of layered
gabbros (Robins 1985; Stephens et al. 1985a). Early to
Middle Cambrian carbonatite magmatism encountered
in the SIP (Cadow 1993) is time±correlated with the Fen
(539 � 14 Ma; Andersen and Taylor 1988) and AlnoÈ
(610 Ma to 530 Ma; Brueckner and Rex 1980) alkaline
complexes (Fig. 3).

By the Early Cambrian, a passive Atlantic-type
margin was established along the edge of the platform
(BergstroÈ m and Gee 1985). The outermost margin of
this platform is thought to be represented by the li-
thologies of the Seve Nappes which constitute the base of
the UA (Stephens and Gee 1985). These units are
characterised by quartzofeldspathic metapsammites,
metapelites and quartzites, doleritic dyke complexes and
amphibolites of extrusive origin; marbles, calc-silicate
gneisses, graphitic schists and ultrama®tes are subordi-
nate (Andreasson 1994 and references therein). Local
sheeted-dyke complexes have been interpreted to repre-
sent ophiolites, derived possibly from the transition be-
tween continental and oceanic crust, and together with
the extrusive rocks show a geochemical signature vary-
ing from that of MOR tholeiites to within-plate alkaline
basalts. Included in this group is the HandoÈ l ophiolite in
central Sweden (Bergman 1993) and the VaÊ gaÊ mo
ophiolite (Sturt et al. 1991) and supposedly correlatable
ultrama®c bodies at Feragen (Nilsson et al. 1997; Sturt
et al. 1997) in south-central Norway. Some of the Seve
metabasalts are intimately related to overlying thin
marbles which have yielded Sr and C isotope composi-
tions indicating a depositional age of 550±570 Ma
(Trùnnes 1994). This is in accordance with recent Sm-Nd
dating of Seve dolerites which yields a crystallisation age
of 573 � 74 Ma (Andreasson 1994).

The Seve Nappes, together with parts of the MA, are
generally more strongly deformed and metamorphosed
(up to eclogite facies in northern areas) than tectono-
stratigraphically lower and higher units. Recent dating
(see later) denotes that this is largely relatable to an early
Caledonian (Finnmarkian) tectonothermal event.

The platform and its margin gradually became more
stable during the Cambrian, with cycles of regional
transgression and regression leading to gradual sub-
mergence. The latest Neoproterozoic (Vendian) quartz

sandstones overlying the peneplaned crystalline base-
ment were overlain by shallow marine quartz sandstones
of Early Cambrian age. On parts of the shield, as in
central Sweden, these Cambrian sediments are a few tens
of metres thick, but they thicken southwards and east-
wards, as well as westwards into the Caledonides, where
they are intercalated with a variety of siltstone and shale
members. The sandstones are usually glauconitic and
phosphatic in their upper parts and are overlain in some
areas by grey-green siltstone of Middle Cambrian age.

Submergence of the Baltic platform reached its cul-
mination in the Middle Cambrian and earliest Ordo-
vician with the regional development of highly
bituminous shales, the Alum Shale Formation, deposit-
ed in a very stable, wide, shallow-marine epicontinental
sea (BergstroÈ m and Gee 1985; Andersson et al. 1985).
The youngest members of this formation, of Tremadoc
age, extend eastwards into the Baltic states and south-
wards into Poland. The formation can be traced in all-
ochthonous or parautochthonous units as far west as the
present Norwegian Coast (Gee 1980).

Orthomagmatic Fe-Ti, Ni-Cu and PGE occurrences

The association of disseminated Fe-Ti oxides with ma®c intrusive
rocks of the Seiland Igneous Province (Fig. 3) has been recog-
nised for a long time (e.g. Vogt 1902, 1910). Despite a large
number of recorded claims (Poulsen 1964) and the existence of
extensive impregnations with around 10% ilmenomagnetite (with
up to 0.59% V) and 9% ilmenite (Geis 1971), the deposits have
neither been exploited, nor subjected to detailed investigations.
Work by Robins (1985) shows that the Fe-Ti oxides occur mainly
as intercumulus and cumulus crystals in the middle and upper
parts of subalkaline layered gabbros, where modal contents are
up to 13% with 4±5% TiO2. Apatite-rich ores are locally found in
association with pegmatitic gabbros, nepheline-normative gabbros
and carbonatites (V. Aggerholm personal communication 1982;
Mùrk and Stabel 1990; Robins 1985; Cadow 1993). Local, high
contents of ilmenite+ilmenomagnetite (up to 20%) are found in
the core of apatite-rich hornblende-clinopyroxenite dykes (50±
100 cm wide) occurring along the margin of the Lillebukt car-
bonatite complex. The dykes which are surrounded by ma®c
fenites are thought to represent injections from an olivine mela-
nephelinite magma undergoing fractional crystallisation (Robins
1985; Cadow 1993).

Pyrrhotite has been encountered as weak disseminations in
ma®c fenites, massive gabbros and in the lower cumulate sequences
of layered gabbros and ultrama®c intrusives with Alaskan-type
a�nities (Boyd and Nixon 1985). None of these has proved to
contain economically signi®cant concentrations of Ni, Cu or PGE,
though grab samples from subalkaline gabbros and fenites locally
contain up to 1 ppm PGE.

Carbonatite mineralisation of Nb, P, Th and Fe

Intrusive carbonatite-alkaline rock complexes dating from the pe-
riod under consideration (latest Precambrian-Early Cambrian) are
present both within the Caledonides and on the Baltic Shield to the
east of the mountain chain. Such intrusions, forming the latest
stages of magmatic activity in the SIP, have already been brie¯y
referred to. Two other complexes of comparable age were emplaced
in Precambrian rocks, at distances up to 150 km from the present
Caledonian front, at about the same time.

The Fen complex (Fig. 3), on the margin of the Permian Oslo
Paleorift, southwest of Oslo, consists of a composite central in-
trusion and numerous satellite intrusions (Bergstùl and Svinndal
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1960) emplaced in Precambrian amphibolite facies gneisses and
amphibolites. Carbonatites are the most abundant of the magmatic
rocks exposed in the complex, making up 60% of the total outcrop
area. Intrusive silicate rocks amount to less than 20% while
metasomatised (`fenitised') country rocks make up the rest.
Gravimetric surveys (Ramberg 1973) indicate that the presently
exposed rocks are underlain at depth by a pipe-shaped body of
dense ma®c silicate rock of the type known as damtjernite (phlo-
gopite-bearing alkaline lamprophyre) at least 15 km deep (see, i.e.
Barth and Ramberg 1966). Both iron and niobium ores have been
produced at various periods (Bjùrlykke and Svinndal 1960; Bugge
1978). The Fen iron mines were worked from 1652 to 1957, yielding
about 1 Mt of ore with 50% Fe, 0.45% P, 1±2 % Mn and 0.3% S.
The ore, a ®ne-grained hematite, occurred in veins in an iron-rich
variety of carbonatite known as rùdberg (Andersen 1983). Niobium
production from the Sùve Mine took place between 1953 and 1965,
and was based on a pyrochlore-bearing (0.5%) apatite-magnetite-
calcite rock with minor amounts of pyrite.

The AlnoÈ complex (Kresten 1986) on the east coast of Sweden
has been of less economic interest, although carbonatites with up to
13% apatite have been reported (Grip 1978).

Orthomagmatic Cr�PGE mineralisation

Chromite occurrences are found in several of the interpreted
ophiolite fragments of the Seve Nappes. The Feragen area south-
west of Rùros contains the majority of previously exploited oc-
currences, situated in variably serpentinised dunite and
harzburgite. The host rocks have been interpreted as representing
cumulates (Moore and Hultin 1980); however recent investigations
suggest that the Feragen complex is composed largely of mantle
tectonites intruded by numerous dunitic dykes and veins (Nilsson
et al. 1997). Chromite mineralisation is exclusively con®ned to the
dunitic members, which can be followed along strike for more than
300 m. Within the dunite, chromite occurs as massive, or as
`leopard' (nodular), ore. The 235 occurrences which were exploited
in the Feragen ultrama®te body yielded a total production of
32 500 metric tonnes of ore. This represents about 90% of Nor-
way's total chromite ore production (Poulsen 1960). The Feragen
deposits have high Cr and low Fe values, but they are too small to
be of economic interest today.

The majority of chromite occurrences at this general tectono-
stratigraphic level are smaller than those of the Feragen ultrama®te
bodies, and are mostly interpreted as having originated as podi-
form chromitites formed in magmatic feeders in mantle harzburgite
(Vokes et al. 1991; Nilsson et al. 1997). PGE enrichments have
been detected in several of the chromite occurrences. One podiform
type mineralisation (Osthammeren), containing chromite with a
very high Cr/Al ratio (8.6) which is strongly indicative of a mantle
origin, also shows anomalous levels of Pt+Os+Ir+Ru(+Rh)
with total PGE contents ranging from 1 to 11 ppm in massive ore.
The complex PGE mineralogy of the Osthammeren occurrences
includes Os-laurite, irarsite and 15 other minor phases (Nilsson
1990).

Stratabound sulphides

The Seve Nappes contain a number of small, pyritic or pyrrhotitic
Cu deposits with or without Zn. Many copper-rich deposits have
been worked intermittently in the past but none of them is of any
economic interest today. They are usually of the disseminated type,
the subordinate massive varieties comprising very thin layers of
sulphide and sometimes magnetite (Zachrisson 1980; Hill 1980;
Stephens et al. 1984). In most cases mineralisation is clearly con-
cordant to the layering or schistosity. The sulphides are associated
with a variety of lithologies including metabasalts, mica-schists,
calcareous meta-arkoses and phyllites, quartzites and graphitic
phyllites. Thin carbonate lenses occur locally near the ores (Hill
1980; Sundblad and Stephens 1983). Copper/zinc ratios are vari-
able but often high, and lead contents are very low with a few small

exceptions. The largest deposits are found in the south-central
Swedish part of the Caledonides (Zachrisson 1980, 1986a); the only
one exceeding 1 Mt is the Sylarna occurrence, hosted by mica
schists, comprising >4 Mt of disseminated pyrite and pyrrhotite
with about 0.4% Cu and 3% S over a thickness of 20 m.

Pb-isotope compositions of two deposits in Seve lithologies
have been interpreted to re¯ect source rocks with relatively low Th/
U ratios. Lower l values in a volcanite-associated deposit than in a
purely sediment-hosted one were ascribed to the lower U/Pb ratio
of the source rock in the former (Sundblad and Stephens 1983).

Alum shales

The alum shales which were deposited on the Baltic platform have
been long known to contain several heavy metals. The main li-
thology of the formation (Andersson et al. 1985) is a black shale
with organic carbon contents of up to 20%, containing local in-
terlayers of grey shale, siltstone and sandstone. Lenses and dis-
continuous beds of bituminous limestone as well as lenticular
nodules and thin seams of organic matter (`kolm') are characteristic
but generally subordinate members. Iron sulphides are present
throughout the formation as nodules, thin bands and dissemina-
tions.

In general, the Alum Shale Formation has a thickness of about
20 m. Greater thicknesses (approaching 100 m) occur in the
southernmost parts of Scandinavia and in parts of the Caledonides.
In the latter areas, tectonic repetition undoubtedly plays an im-
portant role locally. The formation is remarkable for its chemical
and mineralogical similarity over the whole region, though minor
variations in facies allow subdivision into stratigraphic subunits. Its
most diagnostic feature is an extreme enrichment of uranium, va-
nadium and molybdenum (Fig. 6).

NordenskioÈ ld (1893) reported the local occurrence of kolm
lenses carrying up to 5000 ppm U. Later the abnormally high
concentrations of metals such as V, Mo, Ni and some rare earths
became obvious, revealing the shales as one of the greatest poten-
tial resources of these elements in Europe (see, e.g. Armands 1972;
Gee 1972; Andersson et al. 1985). However, the elements of eco-
nomic interest are seldom enriched together in the same strati-
graphic unit or in the same area, a feature which has had a negative
e�ect on the possibilities for economic exploitation.

The alum shales which have been of greatest economic interest
in the past are found in the Billingen-Fallbygden area of southern
Sweden. Relatively persistent beds of bituminous limestone or
stinkstone have been used to divide the formation into three
members (Fig. 6), of which the upper member has been worked in
an open pit. This member is rich in organic carbon (14%) and
pyrite (12%) and contains an average of 306 ppm U over 3.6 m
including the kolm lenses and beds. Uranium is mainly associated
with the organic matter but no discrete U mineral has been iden-
ti®ed.

Continental margin ± oceanic sequences
of uncertain paleogeographic position

The Gula Nappe Complex (Gee et al. 1985) and the
adjoining Stùren Group, located in the KoÈ li part of the
UA in the Trondheim Region (Fig. 7), are both units of
considerable areal extent and metallogenetic signi®-
cance. A continental margin or shelf a�nity, with con-
tinental crustal material present locally, has been
suggested for the larger part of the Gula Complex sensu
stricto and its equivalents further north (GueÂ zou 1978;
Stephens and Gee 1985; Billett 1987; Stephens and Gee
1989). On the other hand, parts of the Gula Complex
contain clear oceanic lithologies, similar to those which
are characteristic of the Stùren Group. The paleotec-

433



tonic and paleogeographic position of both these units is
poorly constrained, but two settings have been advo-
cated: either they represent fragments of the outermost
parts of the Baltic plate margin and adjacent oceanic
crust, implying correlation with the Seve Nappes as
suggested by BjerkgaÊ rd and Bjùrlykke (1994) and im-
plied by Sturt et al. (1997) or, as suggested by Ihlen et al.
(1997), they were related to a microcontinent situated
close to the margin of Baltica. In our view, a direct link
between Gula and Seve requires unrealistic, short-dis-
tance correlations between units that are lithologically
contrasting. The schematic model in Fig. 2 is therefore
based on the interpretation of Gula as representing a
separate, microcontinental setting.

Present-day lithology of the Gula Complex (Fig. 8)
includes quartzo-feldspathic to calcareous psammites
and metapelites, as well as associated graphitic schists,
banded quartzites (ribbon-cherts) and komatiitic to
tholeiitic lava units together with minor, subvolcanic
intrusive bodies. Alumina-rich metapelites and quartzite
conglomerates are characteristic in parts of the complex
(GueÂ zou 1978; Nilsen 1978). Radiometric dating of an
intrusive trondhjemite body (Stephens et al. 1985a) in-
dicates a Middle Cambrian or older age of deposition
for at least the central parts of the Gula Complex. The
metamorphic grade varies from greenschist to upper
amphibolite facies, with migmatites being common in
the higher-grade parts.

The Stùren Group sensu stricto, situated immediately
west of the Gula Complex in the Trondheim Region, is a
several km thick, submarine metabasalt-dominated, se-
quence with interlayered ribbon cherts, black shales and

U
pp

er
 M

em
be

r
M

id
dl

e 
M

em
be

r
Lo

w
er

 M
em

be
r

U
pp

er
 C

am
br

ia
n

M
id

dl
e 

C
am

br
ia

n
Lo

w
er

C
am

b.
O

rd
o-

vi
ci

an

Limestone

Alum
Shale

Glauconitic
Shale

Sandstone

0 4 8 12 16 20 %C (org.) 0 200 400 ppm U 0 400 800 ppm V 0 200 400 ppm Mo

Stinkstone

Fig. 6 Stratigraphic column through the alum shale formation in the
Ranstad area, Sweden, showing variations in Mo, U, V and organic
carbon contents. Modi®ed after Andersson et al. (1985)

434



mixed tu�aceous-cherty metasediments. Volcanite com-
positions range from MORB to WPB (Gale and Roberts
1974; Nilsen 1974; Grenne and Lagerblad 1985). In the
northern parts of the Trondheim Region, rhyolitic vol-
canic rocks are locally abundant in lateral equivalents to
the Stùren Group. In one of these areas, on the island of
Ytterùy (Fig. 3), a possible subvolcanic felsic intrusion

has yielded a U-Pb zircon age of 495 � 3 Ma (Roberts
and Tucker 1998). The Stùren Group is separated from
the Gula Complex by a thrust contact (Gale and Rob-
erts 1974); however lenses of Stùren rocks occur also
within a tectonic meÂ lange, the Selbusjùen meÂlange of
Horne (1979), in the western part of the Gula Complex.

Stratabound sulphides

In the Trondheim Region, the predominant ore type of the Gula
Complex is massive, stratabound and often stratiform sulphides,
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generally con®ned to the level of komatiitic to tholeiitic lavas with
associated graphite schists and ribbon-cherts (Nilsen 1978). They
are hosted by metasediments at or close to the contact with the
metavolcanic units or situated within the metavolcanites, forming
lenticular and ruler-shaped bodies of massive or semimassive,
coarse-grained pyrrhotite or pyrite. Known ores are relatively small
(<0.4 Mt) and are often separated into several minor bodies ar-
ranged in an en echelon pattern. Cu/Zn ratios are variable but Cu-
dominated ores seem to be most abundant (Nilsen 1978; Bjùrlykke
et al. 1980). The lead content is usually negligible, but may be
signi®cant locally, as in the Flùttum deposit. Gold and silver values
of individual samples from eight selected deposits (Karlstrùm 1990)
are mostly less than 0.2 ppm and 20 ppm, respectively.

None of the orebodies is of economic signi®cance today; ex-
tensive exploitation of Cu-rich ores took place in the seventeenth
to the nineteenth centuries and some deposits were worked for
pyrite around the end of the nineteenth century. The most im-
portant deposits were those of the Kvikne area (Nilsen and Mu-
kherjee 1972; Rui 1974) (Fig. 7). Iron-formations are abundant
and are sometimes intimately related to the massive Cu-Zn de-
posits, occurring as 1±5 m thick, laterally extensive oxide/sul-
phide/silicate horizons characterised by enrichment of manganese
(Nilsen 1978).

Stratiform mineralisation of greater economic interest is found
in the basalt-dominated lithologies of the Stùren Group and its
equivalents. These Cu-Zn deposits have varying, but mostly low,
Pb contents and often consist of a ®ne- to medium-grained, pyrite-
dominated, sphalerite-chalcopyrite-bearing massive ore, strati-
graphically underlain by a pyrrhotite-chalcopyrite feeder-zone ore.
Carbonate is abundant in the matrix and also forms separate thin

layers in the massive ore. In at least two of the major deposits
(Tverrfjell and Joma), pyrite-sphalerite ore is underlain by Cu-rich
massive ore with magnetite- and quartz-rich interlayers.

The Tverrfjell deposit in the southwestern part of the Trond-
heim Region (Fig. 7) was mined between 1963 and 1993, producing
some 15 Mt of pyritic ore from an original reserve of about 19 Mt
grading 1.0% Cu and 1.2% Zn and very little lead (Bjùrlykke et al.
1980; Krupp and Krupp 1985). The deposit is situated in highly
deformed ma®c metavolcanites, closely associated with quartzites
and green phyllites. A compositionally similar, but much smaller
massive ore was worked at Undal, in a metabasaltic lens in the
meÂ lange zone between the Gula and Stùren units (see earlier).
Further north in the Trondheim Region, the Mokk-MalsaÊ (Verdal)
and Ytterùy ore districts contain similar ore types, however with
considerably higher Pb (and Ag) contents in some of the massive
sulphide bodies. A distinguishing feature of this part of the Stùren
Group is a signi®cant proportion of rhyolitic volcanites and felsic
subvolcanic intrusions, a feature which may have contributed to
the relatively lead-rich nature of these ores.

North of the Trondheim Region, massive sulphides comparable
to those of the Stùren Group are found at Joma (Fig. 9), in the
eastern part of the Grong District. The approximately 22 Mt de-
posit contained 1.3% Cu, 1.7% Zn and minor amounts of Pb. The
mine was closed in 1998 after 26 years of operation in which over
11.5 Mt at 1.49% Cu and 1.45% Zn, were processed out of the
total geological resource (Arve Haugen, personal communication
1998). The deposit is hosted entirely by metabasalts (Reinsbakken
1986), which are thought to overlie, stratigraphically, banded
partly graphitic, quartzites of possible pelagic origin (Reinsbakken
and Stephens 1986) which pass further downwards into a sequence
of graphitic phyllites and quartz-rich phyllites (Kollung 1979).

Further north, massive sulphide deposits at JofjaÈllet, are found
in a part of the StorfjaÈ llet Nappe Complex which has been corre-
lated with the Stùren Group (Sandwall 1981a). The ores are situ-
ated in a sequence of pelitic, quartz-rich, graphitic and calcareous

Støren GroupGula Complex

Psammite, partly bituminous

Bituminous pelite

Ribbon-chert/bituminous pelite

Calcareous psammite
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Orthomagmatic Cu-Ni
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Ultramafic intrusion
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Ribbon-chert/bituminous pelite

Gabbro
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Felsic intrusion

Tuffite/chert Cu-Zn VMS

Fig. 8 Schematic, interpreted sections of the Gula Complex and
Stùren Group in the Trondheim Region, central Norway
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phyllites or locally within metabasalts. They comprise subcircular,
thin, pyrite-rich stratiform plates in the highly deformed sequence,
enveloped by hydrothermally altered pelites. Sphalerite, galena and
chalcopyrite are common constituents and lead contents are com-
paratively high (2±3%). The tonnage of individual orebodies is up
to 0.5 Mt (Sandwall 1981b).

Similar ore types and settings are found in the Narvik Group
in northern Norway, where minor Pb-rich massive sulphides occur
in metapelites, and pyrite-dominated ores with subordinate Cu
and Zn are associated with ma®c metavolcanites. BjùrkaÊsen, be-
longing to the latter type, is the only deposit which has been of
signi®cant economic interest in this area (Foslie 1926). The de-
posit contained nearly 5 Mt of massive pyrite with low base metal
contents.

Deposits of pyrite and/or magnetite are characteristic of the
Stùren Group, forming extensive and often well-laminated, layers
with a thickness of up to a few metres. In the Norwegian mining
terminology these units are known under the colloquial term vass-
kis (possibly derived from a German term introduced by the old
Saxon mining o�cials, `weiss-kies' or white sulphide, in contrast to
the valuable, yellow, chalcopyrite-rich ore). The best-known and

least-deformed are those at Leksdal, east-southeast of Trondheim,
which include the type example of Carstens' (1923) `Leksdal-type'
mineralisation. Similar deposits were subject to trial production
near Tverrfjell (Heimtjùnnhù) and on Ytterùy. These deposits have
very low base metal contents, typical Cu and Zn values being of the
order of 100±300 ppm and 300±700 ppm, respectively (Sand 1986).
Minor amounts of carbonaceous material are present with the
sulphides. Sulphur isotope values are around ±20& and indicate
bacterial reduction of seawater sulphate. Primary soft-sediment
deformation structures denote that sulphide deposition was in the
form of a water-rich mud or gel on the sea ¯oor.

The vasskis horizons are associated with graphite schists or
banded quartzite within the basaltic sequence (Torske 1965). The
quartzites locally pass into reddish jaspers probably representing
recrystallised cherts. Vasskis horizons occurring in the stratigraphic
upper parts of the metabasaltic sequence are characterised by
abundant interlayers of magnetite-rich varieties which formed the
basis for limited iron production in the seventeenth to the nine-
teenth centuries. Of the sulphidic types, only the Leksdal deposit
itself has been worked for pyrite during a short period in the be-
ginning of this century.
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Orthomagmatic deposits

Minor ultrama®c to ma®c intrusive bodies in the Gula Complex
often carry weak sulphide disseminations of pyrrhotite, chalcopy-
rite and pentlandite. The ultrama®tes are found either adjacent to
the komatiitic to tholeiitic lava units, or as isolated bodies in the
psammitic wall-rocks. A genetic link to the volcanites has been
suggested by Nilsen (1974, 1978), the Ni-Cu-bearing bodies prob-
ably representing parts of a subvolcanic feeder system. Heavy
sulphide disseminations have been exploited for copper in the past
and more recently have been investigated for their nickel potential.
The only deposit of possible economic signi®cance so far investi-
gated is the Vakkerlien prospect (Boyd and Nixon 1985) in the
Kvikne area, some 100 km south of Trondheim (Fig. 7), which
contains 0.4 Mt grading 1% Ni and 0.4% Cu.

Stage 2: plate convergence and ocean closure

Following the more than 100 Ma period of continent
break-up and crustal extension, with development of
passive continental margin sequences and a wide Ia-
petus ocean, the ®rst record of major plate convergence
is seen in an early Caledonian tectonothermal event in
the Seve Nappes of the UA and in the MA in northern
Scandinavia. Sm-Nd and Ar-Ar dating of eclogites in
the Seve Nappes indicates a high-pressure metamor-
phism in the Late Cambrian (500±505 Ma). This has
been interpreted to be due to subduction of the outer
margin of Baltica under oceanic crust, and was followed
by imbrication, uplift and eastward nappe translation
above the platform margin (Andreasson 1994, and ref-
erences therein). The term Finnmarkian (Sturt et al.
1978) is widely accepted for this early Caledonian oro-
genic event. An island arc is inferred to have existed
above the subducting plate margin, but no remnants of
this arc have so far been documented in the Scandina-
vian Caledonides.

The earliest preserved magmatic sequences of clear
subduction a�nity appeared in the earliest Odovician.
The precise paleogeographic position of these has been
a long-lasting matter of controversy in Scandinavian
geology. An origin outboard of the Baltic margin is
advocated by some authors for all the arc complexes
(e.g. Roberts et al. 1985; Sturt and Roberts 1991). In
contrast to this, arguments have been forwarded for
subduction taking place only near the opposite,
supposedly Laurentian, plate margin (e.g. Pedersen
et al. 1992).

The present authors, on the basis of the combined
evidence cited, prefer a model which is more in ac-
cordance with that of Stephens and Gee (1989), that
immature, oceanic arc systems emerged outboard of
both the Laurentian and the Baltic plate margins in the
Early Ordovician (Fig 2). In our model, these arcs are
represented, respectively, by the Stekenjokk-Fundsjù
sequences in the middle part of the UA, and by various
volcanic/plutonic complexes, including ophiolites, be-
longing to the upper parts of the UA in southwestern
to central Norway, or to the UmA and possibly UA in
northern Norway. While the Baltica-related arc ap-

parently had a short lifetime in the Early Ordovician,
the subduction system near Laurentia continued to
evolve, with a changeover from oceanic to continent-
margin type magmatism, throughout the Ordovician
period. The lithologic and ore-genetic characteristics of
these arc complexes are schematically shown in
Fig. 10.

Several lines of evidence (see Stephens and Gee 1985;
Torsvik et al. 1992, 1996; Pedersen et al. 1992) indicate
that, by the end of the Ordovician, the Iapetus ocean
had narrowed considerably and that Baltica had ap-
proached the Laurentian continent in an oblique man-
ner. The ®rst signs of collision-type interaction between
Baltica and Laurentia is the TerraÊ k orogenic phase as
de®ned by Sturt and Ramsay (1994), when a number of
di�erent nappes containing Early to Middle Ordovician
island arc and ophiolite sequences, was accreted and
then intruded by granitic batholiths of Late Ordovician-
Early Silurian age.

This initial collision between the Laurentian and
Baltic continents was diachronous along the orogen
through the Late Ordovician to Early Silurian. In the
remaining, narrow ocean basin, the period was charac-
terised by the deposition of thick, clastic sequences in
fault-controlled basins with accompanying rift-related
intrusive and volcanic activity. Contemporaneously,
tectonomagmatic activity continued above the west-
dipping, obliquely subducting, Benio� zone below the
Laurentian plate margin with the formation of rift ba-
sins, ensialic arcs and granitic batholiths. In the fol-
lowing, this complex history of plate convergence and
ocean closure, prior to the ultimate continent collision
with the climactic phase of the Scandian Orogeny, is
thus divided into ®ve settings (Fig. 2):

1. Early Ordovician, immature arc/marginal basins
outboard of Baltica (Stekenjokk and Fundsjù se-
quences)

2. Early Ordovician, immature arc/marginal basins
outboard of Laurentia, with,

3. Overlying, Middle to Late Ordovician, volcano-sedi-
mentary sequences and plutonic complexes of mature
arc/marginal basin a�nity

4. Late Ordovician to Early Silurian, magmatic and
sedimentary development in the narrow, remaining
ocean basin, related to initial collision of the Baltic
and Laurentian plates, and,

5. Contemporaneous batholith development related to
continued subduction beneath the Laurentian plate
margin

Fig. 10 Schematic, interpreted sections of arc-related sequences in the
Scadinavian Caledonides. Immature arc of Baltic a�nity in the
Fundsjù Group, eastern Trondheim Region, Norway; SSZ ophiolite-
immature arc of Laurentian a�nity in the Lùkken and Grong districts
and mature arc in the Fosdalen district, central Norway

c

438



IAT/boninitic flows

Cu-Zn VMS

Low-K rhyolite

Tuffite

Løkken

Fosdalen

Fundsjø

Gjersvik

Shale/sandstone
Shoshonitic lava

Tuffite

Zn-Cu-(Pb-Au-Ag) VMS

Low-K rhyolite

Zn-Cu VMS
Graphitic shale/tuffite

IAT basalt

IAT basalts

Tonalitic intrusion (c.490 Ma)

Limestone (c.470 Ma)

IAT basalts

Fe-formation Cu-Zn VMS Talus Jasper

MOR basalts

Plagiogranite

487 Ma

Gabbro

c.1 km

Sheeted dyke
complex

Cu-Ni-PGE

Basalt/andesite/low-K rhyolite

IAT basalts

Gabbro complex

Fe-formation and jasper

Granodiorite
456 Ma

Porphyry
Cu-Mo

Shoshonitic sills

Limestone
Conglomerate

Dyke swarms

Qtz diorite/
gabbro
483 Ma

Lapilli tuff

Agglomerate

Tuffite

Shoshonitic lava

Fe-Cu ore
Limestone

Rhyolite

Gabbro

MOR/IAT basalts

439



Immature arc development near the Baltic margin

Various paleogeographic models have been suggested
for the Stekenjokk and the correlatable (Grenne et al.
1995) Fundsjù sequences; the latest models, based partly
on Pb isotope interpretations, favour an oceanic setting
near the Baltic margin (Bjùrlykke et al. 1993; Ihlen et al.
1997). A paleogeographic setting near the Baltic margin
is also supported by the composition of graphitic phyl-
lites associated with the Stekenjokk volcanites, which
are geochemically similar to the Alum Shales found on
the Baltic platform (Sundblad and Gee 1985).

The contact between the Fundsjù and Stekenjokk
metavolcanites and the structurally overlying Gula Unit
is controversial: a primary stratigraphic contact, with
the upper part of Gula constituting a sedimentary sub-
stratum to the magmatic sequence (Sturt et al. 1997), as
well as a major thrust contact (e.g., Gee et al. 1985) have
been inferred. The present authors would strongly ad-
vocate a thrust contact. Several arguments are in favour
of this: detailed studies in the MeraÊ ker area (Grenne
et al. 1995) have shown the existence of a signi®cant
mylonite zone at the contact; it is unreasonable to as-
sume that the several-kilometre-thick volcanic-plutonic
Fundsjù Group was deposited stratigraphically above
the sedimentary Gula sequence without leaving traces of
relatable feeder intrusions in the latter; and the
petrochemical characteristics of the Fundsjù Group
imply a purely oceanic setting which is in strong contrast
to the model forwarded by Sturt et al. (1997).

The bimodal volcanic sequence informally termed the
Stekenjokk Quartz-keratophyre Formation (Zachrisson
1969) has been interpreted to represent the back-arc side
of an island arc (Stephens 1982); a felsic, probably co-
magmatic, intrusion dates the volcanic sequence to
492 � 1 Ma (U-Pb in zircon, Claesson et al. 1988). The
sequence is regionally overturned, the stratigraphic base
of the magmatic rock pile being marked by an abrupt
lithological change into underlying phyllites (partly
graphitic), quartzites, limestone, metabasalt (MORB to
WPB type) and quartzite conglomerate of the Remdalen
Group (Stephens 1986) which is, in the present account,
considered to be an equivalent of the Gula Unit (see
above).

The lithology of the strongly deformed, about 650 m
thick, Stekenjokk Quartz-keratophyre Formation
(Zachrisson 1986b) is dominated, in the lower part, by
co-magmatic extrusive and intrusive felsic rocks with
subordinate ma®c intrusions. This grades upwards into a
sequence of interlayered quartz-keratophyres and ma®c
metavolcanites, interpreted as representing vitric-crystal
felsic tu�s deposited mainly as submarine ash ¯ows, and
extrusions and subvolcanic intrusions, respectively
(Stephens 1982). A graphitic phyllite unit and an over-
lying sequence of well-banded felsic-ma®c rocks consti-
tutes the upper part of the volcanic formation.

A generally similar stratigraphy (Fig. 10) has been
established further south, in the Fundsjù Group of the
MeraÊ ker-Folldal area (Grenne and Lagerblad 1985;

Grenne 1988; BjerkgaÊ rd and Bjùrlykke 1994). Recent
studies in the MeraÊ ker area where deformation is in
places less intense, has led to the following, simpli®ed,
evolutionary model for the up to 8 km thick, volcanic-
plutonic, sequence (Grenne et al. 1995):

1. Accumulation of a thick pile of submarine basalts of
primitive IAT geochemical signature

2. Intrusion of large volumes of felsic magma of im-
mature arc signature, and extrusion of cogenetic tu�s
and submarine ¯ows of low-K rhyolitic composition.
Contemporaneous development of intra-arc basins

3. Deposition of reworked volcanic material as felsic to
mixed felsic-ma®c, partly graphitic, tu�tes in euxinic
basins, with continued, local, volcanism producing
primitive IAT basalts and low-K rhyolitic tu�s

Stratabound sulphides

Massive sulphides are very frequent along the more than 300 km-
long Fundsjù, and the 150 km-long Stekenjokk, volcanic units
(Fig. 3). However, a tendency to clustering is evident in certain
areas, such as (from north to south) the Stekenjokk, MeraÊ ker, AÊ len
and Folldal districts. The biggest deposit is the Stekenjokk orebody
(worked from 1975 to 1988) containing originally about 26 Mt of
ore averaging about 1.3% Cu, 2.9% Zn, 0.3% Pb, 50 ppm Ag and
0.3 ppm Au (see, e.g. Zachrisson 1971, 1984, 1986b; Juve 1977).
Five ore-bodies in the Fundsjù Group contained individual ton-
nages of about 3 Mt (Bjùrlykke et al. 1980), the most important
ones being those of the Folldal district (Foslie 1926; Page 1963;
Pedersen 1979; BjerkgaÊ rd and Bjùrlykke 1996) and the Killingdal
deposit (Rui 1973).

Zn-dominated, partly very Zn-rich, ores are a general feature of
the Stekenjokk-Fundsjù zone. Lead contents are low, but average
values between 0.2 and 0.4% are found in a number of deposits.
Gold and silver are quite variable: average values of the order of 1±
2 ppm Au and 50±100 ppm Ag have been found in a few deposits
in the MeraÊker area (Grenne et al. 1995); the Stekenjokk and some
of the Folldal ores are also relatively enriched in the precious
metals (Zachrisson 1986b; Karlstrùm 1990).

The massive sulphides occur as highly deformed sheets or rulers
conformable to layering in the host rocks. Much of the present
morphology is obviously controlled by tectonic deformation, al-
though for the Stekenjokk deposit a primary length of more than
10 km and a width ranging from 100 to 700 m has been suggested
on the basis of pre-deformation reconstruction (Zachrisson 1984).
Sulphide disseminations associated with chlorite-quartz and
quartz-sericite alteration of stratigraphic foot-wall volcanites are
common and the majority of investigated deposits can be regarded
as being proximal relative to their hydrothermal feeder conduits.
Studies in the MeraÊ ker area (Grenne et al. 1995) indicate that the
most important ore-forming event was the intrusion of large bodies
of felsic magma into the pre-existing basaltic lava pile. The ores are
intimately associated with felsic e�usives related to this event, lo-
cally occurring also within the overlying tu�tes; an intense hy-
drothermal activity induced and driven by the large volumes of
cooling felsic magma is inferred. The geology of the major Ste-
kenjokk deposit is in accordance with this general model, being
located at the contact between predominantly felsic volcanic rocks
and an overlying graphitic phyllite unit which passes further into a
tu�tic sequence.

The deposits of the Stekenjokk-Fundsjù successions yield an
array of Pb isotope compositions, ranging from the mantle curve to
the orogen curve of Zartman and Doe (1981) and showing a con-
siderable spread of l values (Sundblad and Stephens 1983; Bjùrlykke
et al. 1993; BjerkgaÊ rd and Bjùrlykke 1996). The data have been in-
terpreted as indicating hydrothermal leaching of mixed mantle lead
and lead from sediments derived from a Baltic crustal source.
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Immature arc sequences-SSZ ophiolites
of Laurentian a�nity

The immature arc-SSZ ophiolite sequences represent,
together with the immature arc sequences of the Ste-
kenjokk-Fundsjù terranes, one of the most fertile of the
paleoenvironments hosting massive sulphides in the
Scandinavian Caledonides. In addition the sequences
also host a number of mineralisation types of magmatic
origin such as PGE associated with chromite or Ni-Cu
sulphides.

Sequences which can be included in this group are
extensively developed in the Karmùy-Bùmlo-Bergen
area in southwest Norway, in the Lùkken-Hùlonda area,
in the western Grong District, on the island of Leka in
central Norway, and the Lyngen peninsula in northern
Norway (Fig. 3). Comprehensive data on the evolution
of these sequences have been gathered since the early
recognition of dismembered ophiolites in the Ca-
ledonides in the late seventies (e.g. Furnes et al. 1980;
Grenne et al. 1980; Prestvik 1980). It is commonly ac-
cepted now that most of the ophiolites considered here
were formed at spreading axes positioned above sub-
duction zones, as the results of back-arc spreading or arc
rifting, and thus fall within the category of supra-sub-
duction zone (SSZ) ophiolites (Furnes et al. 1988;
Grenne 1989a; Pedersen and Hertogen 1990). In the
Lùkken-Hùlonda area, one of these terranes contains a
fossil fauna of Laurentian a�nity. Coupled with an
overall correspondence with processes and timing of
events in ophiolite-arc successions of the Newfoundland
Appalachians (Dunning and Pedersen 1988), this has
been taken to suggest an origin close to the Laurentian
margin in Early Ordovician times (e.g. Stephens and Gee
1985; Pedersen et al. 1992).

The lithology of these sequences is variable. The
ophiolites are partly represented by lower units, such as
on Leka where mantle harzburgite and dunite are over-
lain by ultrama®c cumulates, layered and variably-tex-
tured gabbro and higher sheeted dykes and pillow lavas
(Prestvik 1980; Furnes et al. 1988). In other ophiolite
fragments, like those in the western Trondheim Region
(Grenne et al. 1980; Roberts et al. 1984; Heim et al.
1987; Grenne 1989a) only their upper parts are pre-
served, comprising gabbros which pass upwards into a
1 km-thick sheeted dyke complex and an overlying, more
than 1 km thick volcanic sequence of submarine basalts.

The metallogenetically most important of the SSZ
ophiolites is found at Lùkken (Fig. 11). Grenne (1989a)
divided the 1±2 km thick, regionally inverted, but gen-
erally little deformed, volcanic stratigraphy into the
following units (Fig. 10):

1. An approximately 1 km thick Lower Volcanic
Member (LVM) comprising a monotonous pile of
basaltic pillow lavas and hyaloclastites of N-type
MORB compositions, deposited in a fairly deep ma-
rine setting. The basalts pass downwards into a
sheeted dyke complex.

2. A Middle Volcanic Member (MVM) composed of
massive and subordinate pillow basalts thought to
represent voluminous eruptions at high ¯ow rates,
fault-scarp-related talus and thick jasper beds. In-
termediate lavas were erupted locally and can be re-
lated to the N-MORB-type parent magmas of the
MVM basalts. A co-magmatic plagiogranite has
given a U-Pb zircon age of 487 � 5 Ma (Dunning
and Grenne, unpublished data).

3. A variably thick Upper Volcanic Member (UVM) of
essentially basaltic pillow lavas and massive ¯ows
with local rhyolitic e�usives interpreted as submarine
¯ows. The basalts are of transitional MORB-IAT
type and are interlayered with pillow breccias, local
jasper beds and mixed sulphide/oxide/silicate iron-
formations (vasskis).

The upper lavas of the UVM interdigitate with coarse
conglomerates and sediments derived essentially from
the volcanic complex, probably re¯ecting a rapid uplift
of the oceanic crust. In the Hùlonda area, this is fol-
lowed upwards by limestones, shales and highly evolved,
arc-related volcanic rocks (see later).

In contrast to the SSZ ophiolites, the associated arc
sequences are characterised by abundant felsic vol-
canites together with subordinate intermediate types,
forming lavas, pyroclastic-¯ow deposits, crystal tu�s
and various volcaniclastic deposits such as at Bùmlo in
southwest Norway (NordaÊ s et al. 1985). The relative
proportions of these and of ma®c members are highly
variable although ma®c volcanites are in general volu-
metrically predominant. The metallogenetically most
important of these is the immature arc sequence of the
Gjersvik Group (Fig. 10) in the western Grong District
(Fig. 12). This is composed of volcanic and intrusive
rocks, unconformably overlain by conglomerates and
calcareous psammites of the Limingen Group. A mini-
mum age of the metavolcanites is given by a tonalitic
intrusion dated at 483 � 4 Ma (Stephens et al. 1993).

The supposed stratigraphic base of the regionally
inverted sequence comprises strongly tectonised me-
tabasites (Lutro 1979) of uncertain origin. These are
found near the major thrust contact to the structurally
overlying UmA, and pass stratigraphically upwards in
the regionally inverted sequence into moderately de-
formed, lower greenschist facies rocks typical of the
Gjersvik Group. The low-grade part of the Gjersvik
sequence can be subdivided into three major strati-
graphic units (Reinsbakken 1992):

1. A lower unit comprising massive and pillowed lavas
of basalt to basaltic andesite composition.

2. A very heterogeneous middle unit composed of feld-
spar-phyric rhyodacite ¯ows and pyroclastites at the
base, followed by ferrobasalts and basaltic andesites
forming massive and pillowed ¯ows and hyaloclas-
tites. Extensive exhalite beds are abundant (Halls
et al. 1977) and include laminated chert-magnetite-
carbonate-rich sediments and banded pyrite+mag-
netite+Fe-silicate+chert horizons (vasskis). The
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middle volcanic unit was apparently related to un-
derlying dyke swarms or local sheeted dyke com-
plexes which pass further downwards into gabbros.

3. An upper unit comprising primitive, pillowed and
massive tholeiitic basalts and local boninites, with
interlayers of quartz-phyric rhyodacite or rhyolite
¯ows and tu�tes.

Gabbroic to tonalitic bodies are abundant and are
interpreted as subvolcanic intrusives related mainly to
the middle volcanic unit. The entire volcanic-plutonic
complex was later intruded by numerous, and often
large, ma®c to felsic magmas of mature arc a�nity (see
later). Available geochemical data indicate an a�nity to
a subduction setting for the whole metavolcanic se-
quence (Reinsbakken 1992). The lower unit is thought to
be related to the early stages of ensimatic arc construc-
tion, whereas the middle and upper units formed in re-
sponse to rifting processes within the arc complex.

Stratabound sulphides

By far the biggest of the immature arc-SSZ ophiolite-related mas-
sive sulphides is the pyritic Cu-Zn deposit at Lùkken (Vokes 1960;

Grenne et al. 1980; Grenne 1986), which contained an original
tonnage in the order of 30 Mt grading 2.3% Cu, 1.8% Zn, 0.02%
Pb, 16 ppm Ag and 0.2 ppm Au. The orebody was the biggest
ophiolite-hosted VMS deposit known in the world and perhaps the
most important of all deposits in the Scandinavian Caledonides,
and was mined over a period of 333 y between 1654 and 1987,
cumulative production exceeding 24 Mt (Vokes 1996). Comparable
but smaller deposits are known at Vigsnes (Foslie 1926; Bjùrlykke
et al. 1980) in the Karmùy ophiolite in southwest Norway. Alto-
gether, six known deposits fall in the 1±10 Mt class, but most of the
known deposits are less than 1 Mt. Several of these have been
subject to exploitation in the past.

The ophiolite-hosted massive sulphide ores show many com-
positional features and primary structures similar to those of recent
sulphides deposited on the modern ocean ¯oor, such as colloform
textures and sedimentary talus breccias. Stockwork feeder-zone
mineralisation, with associated chloritic alteration, always occurs
directly below the massive ore. At Lùkken, the main sulphide mass
had the form of an elongate body with a total length of about 4 km,
an average width of between 150 and 200 m and an average
thickness of about 50 m, a morphology which can be ascribed to
primary features such as subparallel sea-¯oor faults and an exten-
sive, ®ssure-related, hydrothermal vent system (Grenne 1989b;
Grenne and Vokes 1990). Lead-isotope analyses (Bjùrlykke et al.
1993) are consistent with the geochemistry of the igneous host
rocks, denoting derivation from a mantle source.

Abundant jaspers, consisting essentially of silica with up to 20%
microcrystalline hematite, are intimately associated with the Cu-Zn
bearing pyritic ores and may be of more distal and/or lower-tem-
perature hydrothermal origin. They can be followed along strike
for several kilometres, forming lenses or discontinuous layers with
thicknesses locally exceeding 10 m. In the upper part of the MVM
there are also iron-formations of the vasskis type (see earlier),
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forming extensive horizons with a thickness of 0.5 to 3 m. Locally,
such iron-formations rest directly upon massive sulphide ore; their
precise mode of deposition is as yet unknown, although some sort
of hydrothermal-exhalative origin seems inevitable in view of their
spatial relationship to the massive sulphides (Sand 1986).

In the Gjersvik Group arc sequence (Fig. 12), massive sulphide
deposition is largely con®ned to the middle volcanic unit, i.e. the
early stages of rifting of the oceanic arc. There is a close spatial
relationship between the ores and the andesitic and rhyodacitic
metavolcanites. Several deposits of the order of 1 to 10 Mt are
found in the area, including Skorovas, Skiftesmyr, Visletten,
Gjersvik and Godejord. Their compositions range from pyritic Cu-
Zn types similar to those of the SSZ ophiolites, to Zn-dominated
Zn+Cu�Pb ores. Zonation is observed in some of the deposits,
showing a pyritic ore with variable Cu contents overlying a
stockwork feeder zone, and with upper and peripheral parts char-
acterised by Zn and local Pb enrichments. Pb isotope compositions
of the massive sulphides are close to mantle values and only slightly
enriched in radiogenic lead compared to the ophiolite-hosted ones,
a feature which is in accordance with the primitive nature of the
ore-hosting magmatic sequence. The Skorovas deposit (Halls et al.
1977; Reinsbakken 1980, 1992) was the biggest deposit in the
Gjersvik Group, containing about 10 Mt of massive and minor
disseminated pyritic ore averaging 1.0% Cu and 1.5% Zn with
relatively low contents of Pb, Ag and Au. The Gjersvik deposit to
the northeast, which was worked between 1993 and 1997, provided
about 0.5 Mt of supplementary feed to the Joma mill. Calculated
reserves were roughly 1.6 Mt at c.1.7% Cu and 1.0% Zn (company
®gures, Arve Haugen, personal communication 1998).

Distal exhalites are characteristically associated with VMS ores
in the ophiolite-hosted as well as in the arc-related sequences. They
comprise layers of jasper, consisting essentially of silica with up to
20% microcrystalline hematite, and sulphide/oxide/silicate/car-
bonate iron-formations of the vasskis type (see earlier), forming
horizons which occur on top of and extend laterally from the
massive sulphides and can be followed along strike for several ki-
lometres (Halls et al. 1977; Sand 1986).

Orthomagmatic mineralisation

Known magmatic ores in the Early Ordovician immature arc-SSZ
ophiolite setting are con®ned to two main types:

1. PGE mineralisation in ultrama®c cumulates in the basal parts
of ophiolites

2. Cu-Ni-PGE mineralisation in isolated, minor ma®c intrusions
in the higher parts of the plutonic-volcanic complexes

The former type has been the object of recent detailed investiga-
tions in the Leka ophiolite (Fig. 13). Here, several stratiform Pt and
Pd enrichments occur within the layered ultrama®c series. Cyclic
chromite-rich horizons show a minor enrichment of Os+Ir+Ru
(IPGE), whereas higher-grade Pt+Pd enrichment is found up to a
few metres above the chromitite horizons. Fractionation of the
PGE probably occurred due to crystallisation of IPGE-enriched
chromite en route from the depleted mantle to the magma chamber.
This process is re¯ected in very small and economically insigni®-
cant enrichments of up to 8 ppm PGE+Au in chromite-rich cen-
tral zones of minor dykes, veins and tabular bodies of dunite and
pyroxenite situated in mantle harzburgite (Pedersen et al. 1993).

The more extensive and interesting cumulate-hosted Pt+Pd
enrichments were formed by exsolution of PGE-rich immiscible
melts of base-metal sulphides, alloys and/or platinum group min-
erals immediately after in¯ux of parental magma into the magma
chamber. Individual horizons are up to 1.5 m thick and can be
traced laterally for at least 1.5 km, with PGE+Au contents up to
1 ppm over 1 m intervals. The PGE enrichments are locally asso-
ciated with trace levels of sulphide but with insigni®cant base metal
enrichment (Pedersen et al. 1993). Pt+Pd+Au enrichments com-
parable to the cumulate-type PGEmineralisation at Leka have been
detected also in the Lyngen Ophiolite associated with a more sig-
ni®cant enrichment of copper-bearing sulphides (Vokes et al. 1991).

Minor gabbro bodies situated in the volcanic sequence of the
Gjersvik Group in the Grong District contain massive or dissemi-
nated sulphides with signi®cant PGE+Au enrichment in the small
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Lillefjellklumpen and Stormyrplutten occurrences (Grùnlie 1988;
Larsen and Grenne 1995). A similar mineralisation, the Fñùy de-
posit, is found in the sheeted dyke complex of the Karmùy
Ophiolite (Foslie and Hùst 1932). The occurrences contain Cu and
Ni in highly varying proportions and levels, but all three have
similar, Pt-Pd-dominated, noble metal patterns. PGE+Au con-
tents of the order of 5 ppm are typical of massive varieties. Sper-
rylite is the dominant Pt mineral, together with a wide range of Pd
minerals.

Recent investigations at Stormyrplutten (Larsen and Grenne
1995) shows a 7 m thick mineralised zone, comprising essentially
disseminated sulphides, and local, thin, semimassive bands or lay-
ers. The richest part contains about 2 ppm total PGE, 3% Cu and
0.3% Ni over a 1.5 m thick interval. A vertical section through this
occurrence displays an upwards decrease in the Pt and Pd contents
of the sulphide phase, which is thought to have exsolved from the
parental melt in an open magmatic system with repeated periods of
magma replenishment.

The gabbros which host the Cu+Ni+PGE in the Gjersvik
Group have a boninitic geochemical signature which suggests that
they formed part of the feeder system to the upper volcanic unit
(Larsen and Grenne 1995). The Fñùy deposit is also intimately
associated with high-Mg ma®c dykes of boninitic a�nity
(R.B. Pedersen personal communication 1994), indicating a com-
mon origin for these deposits during arc rifting.

Mature arc development

Mature arc lithologies are con®ned to the sequences
stratigraphically overlying the immature arc-SSZ
ophiolite complexes of Laurentian a�nity (Fig. 2).
These volcanic-sedimentary sequences and their plutonic
counterparts are most extensively developed in the Hù-
londa and Smùla-SnaÊ sa districts of central Norway, and
in association with the southwest Norwegian ophiolites
(the Karmùy-Bùmlo-Hardanger area). The underlying
oceanic arc and ophiolite complexes, where preserved,
show evidence of uplift and erosion and in some places
inversion, prior to subsequent mature arc development,
a feature which may be ascribed to accretion of the
oceanic complexes on to the Laurentian plate margin in
Arenig times (Grenne and Roberts 1998).

The mature arc sequences of this stage, at least as far
as the important ore-hosting units in central Norway are
concerned, are generally of the shoshonitic to high-K

calc-alkaline association; however, MORB-type tho-
leiites and alkali basalts also occur and indicate a com-
plex history of the mature arc-arc basin system (Roberts
1980; Pedersen and Hertogen 1990; Grenne and Roberts
1998). U-Pb zircon and fossil ages from such sequences
in southwest Norway and the Hùlonda and Smùla-
SnaÊ sa terranes (Pedersen et al. 1992; Grenne and Rob-
erts 1998, and references therein) suggest that this type
of volcanism was active in Arenig-Early Llanvirn times
(c.480±470 Ma) and that felsic-dominated intrusive ac-
tivity continued at least through the Middle Ordovician.
These volcanic rocks and felsic intrusions are un-
conformably overlain by assumed Silurian sequences.

The lithology of the mature arc sequences is highly
variable. Those of the Bùmlo-Hardanger region in
southwest Norway comprise predominantly subaerial
lavas of basaltic to intermediate composition along with
abundant felsic pyroclastic rocks often in the form of
welded ash-¯ows and thick pyroclastic ¯ows (NordaÊ s
et al. 1985). Sedimentary units are subordinate. Further
south, a several thousand metre thick volcano-sedi-
mentary sequence on Karmùy is thought to be an
arc-basin equivalent to the mature arc development
(Sivertsen 1992).

In the Lùkken-Hùlonda district in the western
Trondheim Region, shoshonitic lavas of ma®c to inter-
mediate composition formed local islands, with sur-
rounding shallow, carbonate-rich shelves, in a
dominantly sedimentary basin characterised by rapid
facies changes (Bruton and Bockelie 1980; Roberts et al.
1984; Grenne and Roberts 1998). The mixed sedimen-
tary-volcanic succession, which contains a varied fauna
of Laurentian a�nity, rests upon the Lùkken SSZ
ophiolite (Grenne 1989a).

Further west and north, the Smùla-Fosdalen-SnaÊ sa
region contains thick volcanic sequences (Fig. 10) of
similar shoshonitic basalts and andesites as well as large
volumes of rhyolite, forming lava ¯ows and pyroclastic
deposits (Roberts 1980, 1982; Smith 1995). In the
northeastern part of this volcanic belt, Roberts (1982)
interpreted MORB-WPB-type basalts, which were sup-
posedly overlying the shoshonitic volcanites, as re¯ect-
ing a change-over from normal subduction-related
magmatism to that of extensional processes.

Stratabound mineralisation

In southwest Norway, several small (<1 Mt) stratiform deposits in
the Varaldsùy-élve area in the Hardanger district, seem to be re-
lated to this setting, occurring as extensive, banded, horizons up to
a few metres thick in close association with felsic units (Foslie 1926,
1955). Modern investigations are lacking, but the ores are known to
be pyrite-dominated with varying but generally rather low Cu and
Zn contents. Along strike, pyritic deposits often pass into magne-
tite ores; interbanded sulphide-oxide horizons comprise common
transitional types. Very extensive zones of pyrite�chalcopyrite
dissemination is reported, but their metallogenic signi®cance is not
known.

In the Smùla-SnaÊ sa terrane, several deposits resembling those of
the Hardanger district are known. These range from magnetite- to
pyrite-dominated types with or without minor amounts of
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chalcopyrite, and are hosted by shoshonitic lavas, rhyolites and
various pyroclastic rocks (Figs. 14 and 10). Fosdalen is the biggest
deposit and the only one which has given rise to any continuous
and signi®cant production; mining took place from 1906 to1997,
during which period more than 35 Mt of ore was produced, car-
rying 50±70% magnetite, 3% of a cobaltiferous pyrite (0.25% Co)
and minor amounts of chalcopyrite. Pyrite and copper concentrates
were produced when marketing conditions were favourable
(Carstens 1955; Vokes 1960; Bugge 1978; Smith 1995).

A possible equivalent of the metavolcanic Smùla-SnaÊ sa se-
quence hosts the small SkrattaÊs Zn-Pb-Cu deposit. Irregular, highly
tectonised, thin layers or lenses of massive ore contain an average
of about 34% Zn, 10% Pb, 2% Cu and 270 ppm Ag (unpublished
NGU data). The sulphides were deposited directly above rhyolitic
tu�s or tu�tes in a sequence of rhyolitic to basaltic metavolcanites
and were in turn overlain by sediments of mixed volcanic deriva-
tion as well as andesitic metavolcanites. Signi®cant amounts of
barite have been reported in the ore, and calcite is abundant both as
a major matrix phase and as separate carbonate lenses adjoining
the sulphide ore.

Epigenetic deposits

The large felsic plutons related to the later stages of this, essentially
calc-alkaline, mature arc evolution show evidence of more deep-
seated hydrothermal processes. Vein- and stockwork-type Cu-Mo-
deposits were developed in association with some of the plutons, in
particular the Follafoss tonalite-granodiorite and the Mùklevatn
granodiorite which have yielded U-Pb zircon ages of 460 � 5 Ma
(T. Thorsnes, personal communication 1994) and 456 � 2 Ma
(Roberts and Tucker 1991), respectively. The Follafoss pluton
contains only subordinate mineralisation of chalcopyrite, pyrite,
bornite and molybdenite in association with aplite dykes and
sheared quartz veins in its endo- and exocontacts (érsjùdalen and
Skaudalen), but potentially economic porphyry-type Cu-Mo min-
eralisation has been investigated at Fremstfjell in the Mùklevatn
pluton (Fig. 12) (Martinsen and Vokes 1987).

The mineralisation at Fremstfjell is developed in the contact
zone of the pluton, both within the porphyritic granodiorite with
associated aplite dykes and in the metavolcanic wall-rocks. The
mineralisation shows a crude zonal arrangement of ore minerals and
alteration types within a 750 m ´ 1400 m halo of fracture-bound
and disseminated pyrite. The halo is centred on an elliptical area
(50 m ´ 200 m) with quartz-sericite alteration and with an intense
stockwork of K-feldspar and quartz�anhydrite veins. The latter
veins are the main carriers of chalcopyrite and/or molybdenite. The
highest grades (about 0.3% Cu and 0.1% Mo) are con®ned to the
margin of the stockwork which is surrounded by pervasive albite
alteration and superimposed by late propylitic alteration.

Igneous and sedimentary development
of the remaining ocean basin

A regional marine transgression above the deformed
Early to Middle Ordovician sequences was followed by
deposition of clastic sequences probably related to the
formation of fault-controlled basins (Thon 1985;
Pedersen et al. 1992). This was coeval with a new phase
of igneous activity and accompanying metallogenic
processes. Representatives of this varied magmatic and
metallogenetic history (Fig. 15) of the Late Ordovician
to Early Silurian are preserved throughout the nappe
pile of the Scandinavian Caledonides (Fig. 3).

Detailed volcanostratigraphic investigations in pre-
sumably UA units in the Bùmlo district of southwest
Norway (Brekke et al. 1984; NordaÊ s et al. 1985) denote
that this phase commenced with the eruption of subae-
rial calc-alkaline basalts and was succeeded by subma-
rine basalts of alkaline to tholeiitic (partly transitional to
calc-alkaline) rifting a�nity, in a progressively deepen-
ing basin. Further north along the west coast of Nor-
way, in the Solund-Stavfjord area, a similar range of
volcanic and intrusive rocks has been dated to
443 � 3 Ma (Dunning and Pedersen 1988) and has been
interpreted in terms of spreading-ridge and subduction-
related magmatism in a sediment-dominated setting
close to a continental margin (Furnes et al. 1990).

Several large, predominantly ma®c, intrusions related
to this stage are found in the Gula Complex and
Fundsjù-Stekenjokk metavolcanites. U-Pb zircon ages
of the Fongen-Hyllingen, Artfjell, Sulitjelma and RaÊ na
layered intrusions (Fig. 15) all indicate emplacement in
the Late Ordovician to Early Silurian and cluster within
the combined analytical uncertainty at about 435±
440 Ma (Pedersen et al. 1991 and references therein).
Some of these intrusions were emplaced at crustal depths
of 15±20 km in rocks which had su�ered an earlier
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Caledonian tectonothermal event. Similar and coeval
intrusive activity is represented in the Kalak Nappe
Complex of the MA in northern Scandinavia (SipilaÈ
1991). A close association with dyke swarms and locally
with sheeted dyke complexes showing MORB-domi-
nated geochemical signatures indicates a tensional tec-
tonic regime, and these complexes have locally been
referred to as ophiolites (e.g. at Solund-Stavfjord and
Sulitjelma, Furnes et al. 1990; Boyle 1989).

Thick, presumably Ordovician, clastic sequences
overlying the immature arc systems of the Stekenjokk-
Fundsjù zone, are intruded by numerous ma®c and
subordinate felsic magmas of predominantly tholeiitic to
alkaline, MORB or WPB, composition with a superim-
posed subduction signature (Stephens et al. 1985a;
Grenne and Hertogen unpublished data). These intru-
sions are particularly abundant in the thick, often cal-
careous psammitic and pelitic sequences (Fig. 15) in the
Rùros and MeraÊ ker districts, in the comparable BlaÊ sjoÈ
Phyllite further north in Sweden, in the Furulund Schist
sequence at Sulitjelma and the Ankerlia Schists of the
Birtavarre-Vaddas area in northernmost Norway
(Fig. 3). Age constraints on this magmatism are limited;
local fossiliferous units overlying the gabbro-intruded
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sequences indicate that the magmatic activity is not
younger than Llandovery (about 430 Ma). In the same
sedimentary sequences, local volcanic rocks of supposed
Late Ordovician age have compositions which indicate a
genetic relationship to the MORB- to WPB-type intru-
sions, or show clear calc-alkaline compositions (Ste-
phens 1980; Grenne and Lagerblad 1985; Stephens et al.
1985b; Boyle 1989). The situation thus appears to be
analogous to that seen at a tectonostratigraphically
higher position, in the Bùmlo-Hardanger and Solund-
Stavfjord districts.

Available data thus suggest that the Late Ordovician/
Early Silurian boundary was a period of widespread,
mainly rift-related, magmatic activity throughout the, by
now narrow, remainder of the Iapetus ocean (Fig. 2).
The exact paleotectonic signi®cance of this is debated.
Pedersen et al. (1992) indicate a rifting event in a con-
tinent-based arc system situated on the Laurentian side
of the basin. However, the apparent basin-wide distri-
bution of this magmatic period may suggest that it was
not limited to only one of the continental margins. In
this context it is interesting that paleomagnetic data
(Torsvik et al. 1992, 1996; Dalziel 1997) indicate that the
plate tectonic pattern at the Ordovician-Silurian boun-
dary was dominated by a rapid anti-clockwise rotation
of Baltica and a lateral relative movement of the con-
verging Baltic and Laurentian plate margins. On this
basis it is tempting to suggest that the basin-wide mag-
matism at this time was related to transcurrent move-
ments during the initial interference or suturing of the
Baltic and Laurentian continent margins, a process
which may have resulted in alternating transtensional
and transpressional regimes (Harland 1971) with the
development of a series of fault-controlled sedimentary
basins and associated magmatism along the continent-
continent interface.

Stratabound sulphides

Massive stratiform sulphides are commonly associated with the
volcanic rocks of supposed Late Ordovician age. Similar massive or
disseminated deposits are hosted by the thick clastic sequences,
often with a close spatial relationship to ma®c intrusions. The
overall likeness between these mixed clastic-volcanic-intrusive se-
quences and the setting of the Besshi type of sulphide minerali-
sation is striking.

The once very important sediment-hosted ores of the Rùros
District (Fig. 16) comprise pyrrhotite- or pyrite-dominated, often
stratiform, Cu-Zn bearing massive sulphides (Rui and Bakke 1975;
Bugge 1978) situated in calcareous phyllites and metagreywackes
containing local interlayers of possible volcaniclastic origin.
The sequence is heavily intruded by minor gabbros or ma®c sills.
The deposits range up to 3 Mt in size and are often located near the
contact to the gabbros. Cu/Zn ratios are highly variable; very Zn-
rich as well as Cu-rich types being present (Bjùrlykke et al. 1980).
The ores are clearly concordant to the layering of the folded
metasediments, which often are chloritic or quartz-sericite-pyrite-
rich near the ore bodies. Pyrrhotite-dominated varieties (e.g.
Storwartz) usually show a breccia-like structure containing a high
proportion of wall-rock inclusions, and this type sometimes occurs
together with massive pyritic ore in the same deposit. The deposits
form thin plates or ruler-shaped bodies up to 2.5 km long, and with
thicknesses commonly in the order of 1 m except for local increases

in fold hinges. The Kongens deposit contained about 1.5 Mt of ore
averaging 3% Cu and 4% Zn, whereas the last-mined deposit of
Lergruvbakken contained 0.8 Mt with 0.7% Cu and 7.8% Zn
(Bjùrlykke et al. 1980). Together, the mines of the Rùros District
were worked continuously from 1644 to 1977.

Copper-zinc rich massive ores and disseminated Cu-dominated
mineralisation in the eastern MeraÊker district further north (Fig. 7)
have a very similar mode of occurrence and are linked with those of
the Rùros District through a belt of abundant but smaller, similar
deposits, some of which carry signi®cant amounts of magnetite
partly in the form of massive bands (Rui and Bakke 1975). The
most important deposit in the eastern MeraÊ ker area was that at
Lillefjell Mine which was probably the most copper-rich of the
regularly worked Scandinavian stratabound sulphides, the main
part of the ore body containing 6% Cu (Foslie 1926) and uncertain
but probably equal or higher amounts of zinc (Karlstrùm 1990).

Deposits in the BlaÊ sjoÈ Phyllite include the Zn-rich Ankarvattnet
deposit (Sundblad 1980). This pyritic to pyrrhotitic massive deposit
is situated in calcareous turbidites near a gabbroic intrusion; ad-
jacent, sulphide-disseminated, quartz-chlorite-, quartz-white mica-,
and dolomite-rich rocks have been interpreted as hydrothermal
alteration products of the sediments in a feeder zone. Ore potential
has been calculated to 0.75 Mt averaging 5.5% Zn and nearly equal
amounts of Cu and Pb at about 0.4%.

The deposits of the Sulitjelma and Birtavarre-Vaddas districts in
northern Norway are comparable to those of the districts just
mentioned in their mode of occurrence as well as in metal contents,
forming thin semi-massive plates and ruler-shaped bodies with
associated dissemination. Mineralisation is found in gabbro-
intruded calcareous sediments, commonly at the contact with
basalt-dominated metavolcanic units. The deposits of the Birta-
varre-Vaddas district (Vokes 1957) ranged up to 3 Mt, whereas the
once very important Sulitjelma ore-®eld (worked between 1887 and
1991) comprised more than 20 separate pyritic deposits with a total
tonnage in excess of 35 Mt (Cook et al. 1990) grading an average of
1.8% Cu, 0.4% Zn, 10 ppm Ag and 0.25 ppm Au. The Sulitjelma
volcanites have an E-MORB chemistry with a superimposed sub-
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duction signature (Boyle 1989; Pedersen et al. 1991) similar to
much of the igneous activity at the Late Ordovician/Early Silurian
boundary. Although it is generally agreed that the volcanism was
related to a tensional setting, litho- and tectono-stratigraphic re-
lationships to underlying and overlying sequences are controver-
sial. Available evidence suggests a cogenetic relationship to the
tectonostratigraphically overlying, 437 � 2 Ma Sulitjelma Gabbro
although, as pointed out by Pedersen et al. (1991) the term Sulitj-
elma Ophiolite (Boyle 1989) is inappropriate for the rock assem-
blage.

Mineralisation belonging to this stage in the southwestern part
of the Caledonides is hosted by more volcanite-dominated se-
quences. The Stordù (Litlabù) deposit in southwest Norway was an
about 9 Mt vasskis type mineralisation hosted by a sequence of
various clastic sediments and bedded radiolarian cherts with
basaltic units of shallow marine origin (NordaÊ s et al. 1985). The
ore horizon, ranging in thickness between 5 and 50 m, comprises
extremely ®ne-grained pyritic sediments with interbands of mag-
netite, Fe-silicates and signi®cant amounts of recrystallised chert
(Foslie 1926). The deposit was mined for pyrite from 1865 to 1968.
The Solund-Stavfjord complex (Furnes et al. 1990) further north
contains minor and fairly low-grade, massive stratiform to dis-
seminated sulphides hosted by basalts.

Orthomagmatic Ni-Cu deposits

Signi®cant Ni-Cu mineralisation is found in the RaÊ na layered in-
trusion near Narvik (Fig. 17). The intrusion was emplaced at 437+1

) 2

Ma in a previously deformed sedimentary sequence (Barnes et al.
1988; Tucker et al. 1990), a part of the Narvik Group correlatable
with the Gula Complex, and was itself later deformed during the
Scandian orogeny. The intrusion has a MORB a�nity compatible
with the rift-signature of the other major ma®c intrusions formed at
this time.

The RaÊ na complex is distinctly layered above a noritic contact
zone, showing an up to 800 m thick ultrama®c zone overlain by a
noritic zone which is 300 to 2000 m thick and ®nally a quartz norite
zone. A cyclic repetition of olivine-orthopyroxene-plagioclase-
clinopyroxene is inferred, and local reversals and cross-cutting
relationships indicate multiple magma replenishment from a
deeper-lying reservoir which itself was undergoing fractional crys-
tallisation (Boyd and Nixon 1985). The presently mined Bruvann
deposit (Boyd and Mathiesen 1979; Barnes 1989), comprising
mainly disseminations of pyrrhotite, pentlandite and chalcopyrite
in peridotite, is the only major ore body in the RaÊ na intrusion.
Since 1989, some 5.7 Mt of ore have been mined; the tonnage re-
maining is estimated at just over 1 million, at 0.53% Ni and 0.10%
Cu (L. Storhaug, personal communication 1998). The PGE con-
tents of the ore are very low (Boyd et al. 1987). Ni-Cu ore of similar
composition and geological setting occurs in the Skjñkerdalen de-
posit in central Norway (Boyd and Nixon 1985). Production, which
took place in the period 1876±1891, was based on the richer parts
of the mineralisation and yielded 19 000 tonnes of ore containing
1.26% Ni and 0.63% Cu.

Batholith development

Batholiths and smaller bodies of granitoid intrusives are
distributed throughout the Scandinavian Caledonides
though most of them occur in the UmA and UA in
Norway (Fig. 3). The present location of the batholiths
above the Baltic continental crust is the result of east-
ward nappe translation during the Scandian phase. The
most prominent of these are the Sunnhordland Batho-
lith (Andersen and Jansen 1987), the Smùla-Hitra
Batholith (Gautneb and Roberts 1989), the Bindal
Batholith (Nordgulen 1992, 1993) and the abundant

granitoid intrusives of the Beiarn region (Tùrudbakken
and Brattli 1985; Solli 1990; Solli et al. 1992).

The batholiths and other major granitic intrusives
seem to have been emplaced during the Late Ordovic-
ian and Early Silurian into a previously imbricated pile
of nappes. U-Pb and Rb-Sr dating yields ages within
the interval 430±450 Ma. (Andersen et al. 1982;
Tùrudbakken and Brattli 1985; Andersen and Jansen
1987; Fossen and Austrheim 1988; Gautneb 1988;
Tucker 1988; Nordgulen and Schouenborg 1990; Nor-
dgulen et al. 1993). They contain a wide spectrum of
intrusive rock types ranging from olivine gabbros to
leuco-granites. The Sunnhordland Batholith comprises
mainly granodiorites and granites (Andersen and Jan-
sen 1987) whereas the Smùla-Hitra Batholith is domi-
nated by high-K calc-alkaline to alkali-calcic quartz
monzodiorites, granodiorites and granites (Gautneb
and Roberts 1989; Nordgulen 1993). Equigranular and
porphyritic granites and granodiorites are the most
common rock types in the Bindal Batholith. The ma-
jority of the rocks in this latter area are high-K calc-
alkaline and metaluminous, but calcic to alkali-calcic,
and evolved, peralminous, varieties are also present
(Nordgulen 1992).

Geochemical and isotope studies of the Bindal
Batholith (Nordgulen 1992; Nordgulen and Sundvoll
1992; Birkeland et al. 1993b) suggest that the intrusions
were derived by partial melting of multiple sources, such
as depleted mantle and ma®c lower crust, Th-enriched
lower crust and various upper crustal rocks, over a west-
dipping Benio� zone. The paleotectonic setting of the
Bindal Batholith, and probably most of the other
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batholiths, is thought to be that of a convergent plate
margin. The petrogenesis, ascent and emplacement of
the granitoid magmas were controlled by oblique sub-
duction, combined with strike-slip movements and
thrusting along deep-seated fault systems (Nordgulen
1993).

Epigenetic deposits

No prominent mineralisation or potentially economic ore deposits
seem to have been formed during the Batholith development. This
may be an artifact caused by the di�culty of separating batholith-
associated deposits from the granite-associated deposits related to
the stage of syn- to post-collision development (see later).

The batholith-related deposits are mainly pegmatites, quartz-
veins and skarn deposits carrying Fe-sulphides, base-metal
sulphides, molybdenite and scheelite. Minor deposits of molybde-
nite-bearing pegmatites (Oftedahl 1967) and quartz-tourmaline
veins are found locally in the western part of the Bindal Batholith
(Fig. 18). The predominant mineralisation type, however, is frac-
ture-bound trains of scheelite grains which are found in a wide
spectrum of metamorphic and intrusive rocks in the Bindal Bath-
olith and its country rocks. In addition, scheelite disseminations
occur along ptygmatic quartz veins, boudinaged pegmatite dykes,
calc-silicate lenses and zones of skarn alteration in marbles as well
as quartz veins in the granites (Nissen 1969; Bowitz-Ihlen 1973;
Skaarup 1974; James 1991; James et al. 1993). The most prominent
of the scheelite skarn mineralisations occurs in altered marbles at
MaÊlvika (Fig. 18). According to James (1991) and James et al.
(1993) the mineralisation is located along a 10 m wide and 700 m
long marble horizon in hornblende-biotite gneisses. Scheelite is
mainly concentrated in up to 1.5 m wide heterogeneous zones of
plagioclase, clinopyroxene, garnet and/or wollastonite skarns and
particularly where these skarns are retrograded to assemblages of
epidote, quartz, amphibole and/or chlorite.

Comparable retrogradation is also found associated with small
bodies of garnet-clinopyroxene skarns hosting disseminations and
semi-massive ores of pyrrhotite and subordinate chalcopyrite at the
contacts of both the Smùla-Hitra (Fediuk and Siedlecki 1977) and
the Bindal Batholiths. The largest of the base-metal skarn deposits is
found at Husvika in the northwestern part of the Bindal Batholith
(Fig. 18). The Husvika deposit contained, prior to small-scale
mining, approximately 100 000 tonnes with 24% Zn and 10% Pb,
over a strike length of about 1.5 km (Vogt 1900; Torgersen 1928;
Bjùrlykke 1951). According to Birkeland and Bjùrlykke (1993) base-
metal sulphides, pyrrhotite and arsenopyrite occur as dissemina-
tions and massive lenses, pods and veins in gruÈ nerite-cummingtonite
and almandine-tschermakitic amphibole skarns. The 1±2 m wide
skarn zones occur in a 4±40 m thick sequence of interbanded am-
phibolites, calcareous mica schists, quartzites and impure marbles.
The mineralisation both pre- and post-dates granitic dykes occur-
ring abundantly in the wallrocks of the mineralised unit (Vogt 1900).

Stage 3: continent collision

The Scandian orogenic phase, related to the continent
collision between Laurentia and Baltica (Fig. 2), oc-
curred mainly during the Silurian, although crustal
thickening due to interaction between the two plates
may have started in the Late Ordovician. The passive
margin of Baltica was subducted below the overriding
margin of Laurentia which carried accreted nappe
complexes punctured by batholith massifs and covered
by sequences deposited during the ®nal closure of the
Iapetus ocean. This resulted in depression of the Meso-

to Paleoproterozoic crystalline basement of the Baltic
margin to depths where eclogites could form, i.e. at 40±
60 km or more. The formation of eclogites in western
Norway ranges from about 450 Ma in the Bergen arc
(Boundy et al. 1996) to about 425 Ma in the Western
Gneiss Complex (WGC) (Krogh et al. 1973; Gri�n and
Brueckner 1980). Granulites in the Vestranden Gneiss
Complex (VGC) further north developed at 432 �
6 Ma (Dallmeyer et al. 1992). Ilmenite-bearing gabbros
of Proterozoic age occurring in the WGC are frequently
metamorphosed to eclogites enriched in rutile which
may represent a future source of raw material for TiO2

pigment and Ti-metal production (Korneliussen et al.
1985).

During the subduction of the Baltic margin, the
composite outboard terranes of the UmA and UA were
displaced for hundreds of kilometres eastwards on to the
Baltoscandian platform where molasse started to build
up in the Silurian (Bjùrlykke 1974). The underlying
platformal sequences, together with their crystalline
basement, became strongly folded and imbricated dur-
ing the Scandian thrusting, leading to the formation of
several orogen-parallel antiformal stacks of basement-
cover complexes now exposed in tectonic windows,
mainly in the MA and LA (Romer and Bax 1992).
Seismic re¯ectors interpreted as thrusts and decollement
structures, are present in the crystalline basement to a
depth of 15±18 km below one of these antiformal stacks
(Hurich et al. 1989), indicating involvement of the upper
to middle crust in the deformation of the foreland.
40Ar/39Ar dating indicates that the main episode of
nappe translation occurred at 420±410 Ma (Dallmeyer
et al. 1988; Hames and Andresen 1996; Fossen and
Dunlap 1997). This episode was subsequently followed
by a long period of extension and tectonic unroo®ng
related to gravity-driven collapse of the orogenic root. In
the upper and middle crust, gravitational backsliding of
the nappe units was followed by development of west-
vergent and crustal-scale extensional detachment hori-
zons which were active during the Devonian in southern
Norway, i.e about 410±370 Ma (Chauvet and Dallmeyer
1992; Wilks and Cuthbert 1994; Fossen and Dunlap
1997). The tectonic uplift and decompression of the
WGC was initially near isothermal, followed by a phase
of rapid cooling. By the Middle Devonian, the present
surface of the WGC lay at about 10±20 km depth and
the crust had almost returned to isostatic equilibrium
(Wilks and Cuthbert 1994).

Intramontane basins with Old Red Sandstone (ORS)
formed in response to the late orogenic extension during
the Early and Middle Devonian (Steel et al. 1985). Much
of the uplift in the WGC took place before the deposi-
tion of the ORS-sediments (Andersen and Jamtveit
1990; Cuthbert 1991). However, ®nal exposure of the
high-grade rocks formed at or below 80 km (Cuthbert
et al. 1983; Gri�n et al. 1985) was accomplished at a
late stage in the basin evolution (Cuthbert 1991).

Tectonic deformation of the ORS strata consists of
open folding along E-W to NE-SW axes with concom-
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itant, and later, high and low-angle faults, mesoscopic
thrusts, bedding-parallel mylonites, pebble-stretching
lineation and penetrative cleavage in the ®ner-grained
rocks (Steel et al. 1985; Bùe et al. 1989). The nature and
timing of the deformation in the ORS basins is a con-
troversial subject. In the extensional basin models it is
contended that the observed deformation features can be
explained in terms of a tensional syndepositional tec-
tonic framework (Hossack 1984; Norton 1986; Chauvet
and SeÂ ranne 1994). Other models advocate that folding,
thrusting and metamorphism was the result of post-de-
positional and compressive N-S shortening (Nilsen 1968;

Roberts 1983; Torsvik et al. 1987; Bùe et al. 1989). The
last-mentioned authors provide strong evidence for a
separate Late Devonian tectonothermal event a�ecting
the ORS sequences in the coastal areas of Trùndelag.
This event is regarded by the present authors as the ul-
timate termination of the Caledonian orogeny.

Magmatic activity relatable to crustal thickening and
to concomitant collision-related rifting represented by
the ORS basins has so far only been documented in the
form of small intrusive bodies, as well as minor trachytic
and rhyolitic lava ¯ows interbedded with ¯uvial con-
glomerates in the central part of the Solund basin, in the
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oldest part of the succession (Furnes and Lippard 1983).
Numerous granitic pegmatites are found in the Early
Proterozoic crystalline rocks of the WGC and VGC. Rb-
Sr whole-rock dating of such pegmatites in the WGC
yields ages in the range 371±424 Ma (Pidgeon and RaÊ -
heim 1972; Kullerud et al. 1986) whereas those of the
VGC have given U-Pb ages of 398 � 3, 401 � 3 and
404 � 2 Ma (Schouenborg 1988; Schouenborg et al.
1991). The largest of the Devonian intrusives so far
encountered is the GaÊ sùy Intrusion on the coast of
western Norway (Nordfjord), which is composed of
coarse-grained gabbroic to dioritic rocks. The geo-
chemistry of these rocks is transitional between tholeiitic
and calc-alkaline. Sm-Nd dating of the intrusive gives an
age of 380 � 26 Ma (Middle Devonian) believed to
represent the time of crystallisation (Furnes et al. 1989).

All ore deposits formed during the syn- to post-col-
lision development are epigenetic (Fig. 3) and comprise:

1. Sandstone lead deposits
2. Carbonate-hosted base-metal deposits
3. Vein deposits

These deposits will be described in order of apparent
decreasing age though the timing of the ore-forming
events is poorly constrained.

Sandstone-hosted base-metal deposits

The Neoproterozoic to Cambrian platformal and rift-basin se-
quences, consisting dominantly of arenites, are hosts to a number
of stratabound and disseminated to semi-massive ores of galena,
lesser sphalerite, and minor pyrite, chalcopyrite, bornite, chalco-
cite, calcite, ¯uorite and barite. The most prominent of these are
the sandstone lead deposits which have constituted one of the most
important metal sources in the Caledonides. The majority of the
known sandstone lead deposits occurs in close proximity to the
present thrust front of the Caledonides and along its whole length
(Fig. 19) (Grip 1954, 1967, 1978; Tegengren 1962; Christo�erson
et al. 1979; Rickard et al. 1979; Bjùrlykke and Sangster 1981;
Nordrum and van der Wel 1981; Bjùrlykke 1983; Romer 1992). In
addition, minor, but genetically important, Pb- and Cu-dominated
deposits are found near the margin of allochthonous and parau-
tochthonous basement windows in the more interior parts of the
Caledonides (Johansson 1983a, b; Pharaoh et al. 1983; Krause and
Bakke 1986) as well as inside Neoproterozoic rift-basins (Lake
VaÈ ttern and Gulf of Bothnia) far east of the Caledonian front
(OÈ dman 1942; Grip 1978).

By far the major part of the resources of sandstone lead ore lies
in the Swedish sector, being concentrated in three main areas
centred around Laisvall, Dorotea and Vassbo. Grip and Frietsch
(1973) reported the following total original quantities (resources) of
lead metal: the Laisvall area 5.4 Mt, the Dorotea area 3.1 Mt, the
Idre area (including Vassbo) 0.3 Mt. Production has taken place at
two of the Swedish deposits in the past; Vassbo, which was worked
from 1960 to 1982 produced some 5 Mt of ore at 4.6% Pb and
14 g/t Ag. Laisvall, with an original geological reserve of about
60 Mt at 4% Pb, has been in operation since 1942. For many years
it was the largest European producer of primary lead. Total pro-
duction to end 1992 amounted to some 50 Mt with 4% Pb and
0.7% Zn; in more recent years, production has been running at
between 1 and 2 Mt of ore per year.

These galena-dominated ores are found both in autochthonous
and allochthonous sedimentary sequences (Fig. 20), the latter being
part of the LA. They are in most cases situated at a short distance
above Precambrian crystalline rocks which may be capped by an up

to 10 m thick zone of altered rocks, interpreted as a weathered
paleo-surface or regolith. The deposits invariably occur strati-
graphically below a sub-Middle Cambrian sedimentary break de-
®ned by conglomerates overlain by black alum shales (Bjùrlykke
and Sangster 1981; Bjùrlykke 1983). The major ores are located in
units of quartz sandstones with poorly and irregularly mineralised
interbeds of arkoses, feldspathic sandstones, siltstones, shales and
conglomerates, ®lling local depressions in the basement (e.g. at
Laisvall and Vassbo).

Within the ore-bearing quartz sandstones the ore minerals ®ll
interstices between the sand grains and micro-fractures in them, as
well as ®ssures and other tectonic structures. Disseminated to semi-
massive ores occur dominantly in the autochthonous sedimentary
sequences (as at Laisvall and Vassbo) whereas fracture-bound
mineralisation is more common in the allochthonous sequences,
locally constituting the main ore type (e.g. Dorotea). In addition to
the ore minerals, intergrown calcite, barite, ¯uorite and quartz
form the cement of the mineralised sandstones. In high-grade ores,
both the detrital quartz grains and the cementing gangue minerals
appear to have been replaced to varying degrees. Ore contacts are
commonly di�use, although sharp and locally crosscutting contacts
between high-grade ores and barren sandstone can be found, e.g. at
Laisvall where the mineralisation is grossly discordant in respect to
the whole sandstone sequence.

Pyrite is ubiquitously present as a minor mineral whereas Cu-
sulphides are rare in the deposits along the Caledonian front.
However, Cu-sulphides represent an important constituent in low-
grade deposits occurring in basal arenites at the margin of base-
ment domes in the Lower Allochthon of the Hedmark region and
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further northwest in central south Norway (Krause and Bakke
1986; K. Isbrekken personal communication 1994). In addition,
Cu-sulphides are found to replace the cement and form veinlets in
the basal quartz sandstones of the Neoproterozoic VisingsoÈ group
in the VaÈ ttern basin (OÈ dman 1942).

The autochthonous sandstones along the Caledonian front
occur in a nearly non-metamorphic state and show fabrics indica-
tive of only moderate pressure solution. Deformation textures as-
cribable to Caledonian thrusting or extension are occasionally
found in sericite, calcite, galena and sphalerite (Rickard et al. 1979;
Johansson 1983b; Lindblom 1986). Fracture-bound sulphide min-
eralisation, which is conspicuous in the LA deposits at Dorotea,
becomes even more prominent towards the interior of the orogen
where also quartz-sulphide and barren quartz veins start to occur in
quartzitic sandstones together with disseminated ores (Krause and
Bakke 1986). Locally, the mineralisation consists solely of barren
quartz veins enveloped by galena disseminations (Kautsky and
Tegengren 1952). Although it may be argued that the fracture-
bound sulphides represent mobilisates of primary disseminated
ores, this is less likely due to the similar range of ¯uid compositions
and homogenisation temperatures for ¯uid inclusions in sphalerite
from these two ore types at Laisvall (Lindblom and Rickard 1978).
Therefore, it is possible that the quartz-sulphide veins in the
sandstone lead deposits west of the Caledonian front may represent
a link to granite-associated and basement-dome related vein de-
posits (see later).

Fluid inclusion studies on the Laisvall deposit (Roedder 1968;
Lindblom and Rickard 1978; Lindblom 1986), have given ho-
mogenisation and freezing temperatures of calcite, ¯uorite and
sphalerite which indicate that the ore minerals precipitated from
saline Na-Ca-Cl-brines (20±29 equivalent wt. % NaCl with up to
9% CaCl2) at 130±180 °C and 200 bar.

The stable isotope compositions (d13C, d18O, and d34S) of cal-
cite, barite and sulphides in the Laisvall deposit demonstrate that
the gangue minerals are mostly of non-diagenetic origin and that
the ore minerals were not precipitated from the same solutions
under equilibrium conditions (Rickard et al. 1979, 1981; Lindblom
1984). This is consistent with textural relationships between the

minerals (Rickard et al. 1979; Lindblom 1986) which suggest a
series of pulses of solutions with somewhat varying compositions.
Rickard et al. (1979) interpreted the isotope data as indicating the
involvement of two main types of solutions in the ore formation.
One solution was rather homogeneous and sulphide-bearing
whereas the other was a heterogeneous metal-bearing sulphate
solution comparable with basinal, oil-®eld, brines, the comparison
to oil-®eld brines being suggested by the presence in the ¯uid in-
clusions of dark phases interpreted as hydrocarbons. Some of the
sulphate was assumed to be formed by oxidation of sedimentary
pyrite in shales, e.g. in the alum shales. Sulphur isotope ratios
reported from the Norwegian sector by Bjùrlykke (1983) are also
consistent with oil-®eld brines as a source for the sulphur, although
he proposed an alternative source, that of sea-water sulphate lo-
cally reduced by bacteria.

The Pb-isotope composition of galenas in the sandstone lead
deposits is highly radiogenic (Rickard et al. 1981; Bjùrlykke and
Thorpe 1982; Johansson 1983a; Johansson and Rickard 1984;
Romer 1992). Although the data points for the individual sand-
stone lead deposits show little spread, highly variable Pb-isotope
ratios were recognised on intra- and inter-crystal scale in the
Laisvall deposit (Rickard et al. 1979). It is generally accepted that
the ore lead was derived mainly from the Paleoproterozoic rocks in
the basement.

Although the various sandstone base-metal deposits on the
Baltic shield share many common features, they may have di�erent
origins or may represent parts of a continuous spectrum of ore-
forming processes operating throughout the Caledonian orogeny.
For example, the sandstone copper deposits could represent a red-
bed type of mineralisation in ¯uvial to sub-tidal sediments, whereas
the sandstone lead deposits in the Gulf of Bothnia and possibly
related vein deposits occurring further east in Russia (Grip 1978;
Sundblad 1989; Fedotova 1990; Fig. 19) could be related to Neo-
proterozoic rifting. Regarding the sandstone lead deposits along
the Caledonian front, there seems to be a general consensus that
these are epigenetic with respect to their hosting sediments. Pub-
lished views on their genesis may be summarised as advocating the
following four genetic models:

1. Pre-orogenic, diagenetic precipitation of Pb (Zn, Cu)-sulphides
from groundwaters permeating sub-tidal sandstones containing
organic substances. The Pb is assumed to have been released
from K-feldspar in the granitic basement during a prolonged
period of chemical (tropical) weathering (Bjùrlykke 1980, 1983;
Bjùrlykke and Sangster 1981).

2. Ore deposition in relation to convecting brines above high-heat-
producing (HHP) granites and under a cap rock composed of
alum shales. The circulating ¯uids leached base-metals from the
HHP granites and other rocks in the granitic basement (Bjùr-
lykke et al. 1991).

3. Thrust- and fault-controlled migration of ore ¯uids from the
interior of the orogen and through the Caledonian sediments
(Grip 1954, 1967) or underlying crystalline basement (Gee 1972;
Romer 1992) at the climactic (Scandian) phase of the orogeny.

4. Tectonic expulsion of metal-bearing connate waters (brines)
from the Neoproterozoic-Cambrian basinal and platformal
sedimentary sequences (Lindblom 1986) during the period of
continental collision and nappe translation (Rickard et al. 1979;
Duane and de Wit 1988).

Most of these models have also been advocated for other strata-
bound and epigenetic Pb-Zn-F-Ba-deposits occurring world-wide in
carbonate and/or arenite sequences overlying major unconformi-
ties. The genesis of such deposits, including the MVT deposits, has
also been ascribed to ¯uid migration during crustal attenuation and
intracontinental rifting (Sawkins 1976; El Aref and Amstutz 1983)
and to di�erent mechanisms of basin dewatering during diagenesis
(Jackson and Beales 1967; Cathles and Smith 1983; Garven and
Freeze 1985) and subsequent tectonism (Colman et al. 1989).

Available data show that the sandstone lead deposits along the
Caledonian front were formed subsequently to sedimentary com-
paction and diagenesis, but prior to the latest nappe translations
and orogenic collapse during the Scandian collision. Mixing of two
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compositionally di�erent ¯uids, i.e. a hot basinal Na-Ca-Cl brine
and a less saline ¯uid of uncertain origin was probably the main
mechanism for the ore deposition which occurred by the ®lling of
micro-vugs/pores and fractures and by replacement of gangue-
mineral cement in the sandstone. The data can, in the opinion of the
present authors, best be ®tted to the listed models 2, 3 and 4,
whereas model 1 can be excluded on the basis of similar ¯uids in
both the disseminated and fracture-bound sphalerite ores. Although
model 2 cannot be totally ruled out, we would argue that the balance
of evidence is in favour of a formation related to tectonic expulsion
of ¯uids during the Scandian orogeny, i.e. models 3 and 4.

Carbonate-hosted base-metal deposits

Subordinate dolomite-hosted Zn-(Pb) deposits occur along un-
conformities in the Upper Allochthon of the Sagelvvatn area in the
central part of the Scandinavian Caledonides in northern Norway
(Fig. 3). These deposits are hosted by Llandoverian calcareous
dolomites with sphalerite, pyrite and galena (3:1:1) occurring as
cement in dissolution breccias and as disseminations and thin
bedding-parallel layers (Bjùrlykke and Olaussen 1981). Compara-
ble breccia deposits in the Ofoten area (TaÊ rstad, Sinklia and
Melkedalen deposits) contain only minor galena (Foslie 1949). All
of these deposits have been a�ected by late Caledonian deforma-
tion, although the exact nature of this deformation is at present
uncertain. The geology of the deposits indicates that they may
represent examples of MVT ore formation and could possibly be of
similar age and related to the same process of large-scale ¯uid
migration that formed the lead sandstone deposits.

Vein deposits

Numerous generations of quartz veins, some of which are strongly
folded, can be distinguished in the metamorphic rocks (Johansson
1980; Bennet and Barker 1992) and the granitic intrusives of the
allochthons, indicating repeated ¯uid migration during the oroge-
ny. However, only a small fraction of these veins contains any
metallic mineralisation, and this almost invariably occurs associ-
ated with later shearing and fracturing. Available data indicate that
most of the vein deposits formed subsequently to the main phase of
Scandian nappe translation, but prior to the latest episode of ex-
tension when the formation of the foreland vein deposits (see later)
is assumed to have occurred.

The deposits can be subdivided according to the dominant ore
mineral(s), or into U, Be, Mo, W, polymetallic Ag-Au, Au, base
metal and Fe deposits. When their geological environment of de-
position is considered, most of them can be grouped into three
categories: (1) deposits in areas with granitic intrusives and bath-
oliths (granite-associated vein deposits, Fig. 21a), (2) deposits
spatially related to dome structures and antiforms, frequently with

cores of allochthonous and parautochthonous basement gneisses
(basement-dome related vein deposits, Fig. 21b) and (3) deposits
mainly in the autochthonous basement along and east of the Cal-
edonian front (foreland vein deposits). Deposits occurring along
thrust zones are present only locally. This subdivision does not
imply that the modes of genesis of these groups of deposits are
necessarily fundamentally di�erent.

Granite-associated vein deposits

Granite-associated vein deposits occur within Late Ordovician and
Early Silurian granitic batholiths and their country rocks. They
show a wide spectrum of metals and metal ratios. However, only a
few of them have so far been exploited, mainly for their contents of
precious metals, e.g. the Svenningdal silver mines in the Bindal
Batholith (Fig. 18) and the Bùmlo gold mines at the margin of the
Sunnhordland batholith (Fig. 22). Over the last decade, a number
of the deposits has been re-investigated for their gold potential.
They comprise mineralised fractures and quartz veins carrying
mainly iron- and base-metal sulphides and in certain areas precious
metals, and are invariably con®ned to high-angle ductile to semi-
brittle shear zones and associated dilatational structures which are
enveloped by wall-rock alteration such as silici®cation, sericitisat-
ion, carbonatisation and/or chloritisation.

The vein deposits spatially associated with the Bindal Batholith
in the Helgeland Nappe Complex (HNC of UmA, Fig. 18) are
characterised by one or more telescoped parageneses which
comprise in order of decreasing age: (1) pyrrhotite with minor base-
metal sulphides, (2) arsenopyrite, (3) pyrite and base-metal sul-
phides (Cu, Zn, Pb), (4) Sb-, As- and/or Bi-sulphosalts including
Ag-rich phases and (5) marcasite with subordinate uraninite and
thorite. Native gold is found associated with all of these assem-
blages except the last one, although it precipitated mainly together
with arsenopyrite. Economic grades of Au, however, are only
present in arsenopyrite mineralisation occurring in the endo- and
exo-contact zones of the batholith massifs.

In the western part of the HNC, sulphide mineralisation is al-
most invariably hosted by competent rocks such as granitoids,
granitic dykes and pre-existing metamorphic quartz veins, and not
by supracrustal rocks which behaved ductilely during the formation
of brittle ore structures in the potential host-rocks (Ihlen 1995).
This suggests that these deposits, e.g. the Kolsvik Au-As deposit,
formed at the transition between brittle and ductile tectonic regimes
at a depth of 8±10 km, if a geothermal gradient of 35 °C/km is
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assumed (Sibson 1983). This feature is less pronounced in the
eastern part of the HNC and the underlying nappe where the sul-
phides (e.g. Svenningdal, Fig. 18) locally ®ll fractures in marbles or
form veins together with co-precipitated quartz in the metasedi-
mentary rocks, suggesting a crust su�ciently cooled and unroofed
to behave in a more brittle manner.

The Kolsvik deposit is the largest of the known shear-zone re-
lated Au-As deposits (Fig. 18) (Birkeland et al. 1993a) with an
estimated ore potential of 0.5 Mt with 5 g/t Au (Ihlen 1993). The
up to 2 m wide ore zones, which follow individual splays of a
regional N-S trending shear zone at the contact of a granite massif,
are hosted mainly by late leuco-granites and leuco-tonalites which
intersect early mylonites relatable to the Scandian thrusting. As
depicted in Table 2 the ores are a�ected by ductile shearing and
brecciation as a consequence of late Caledonian extension and
subsequent normal faulting.

Similar e�ects of late extension are also found in the polyme-
tallic Svenningdal Ag-Au deposit which comprises a system of
parallel quartz-ankerite-sulphide veins, con®ned to ESE-WNW
trending dilatational structures at the margin of a granodiorite-
tonalite massif (Vogt 1900; Birkeland 1993a). The up to 1 m wide
sulphide veins which intersect deformed (D1±D3) schists and mar-
bles as well as the granodiorite, yielded hand-cobbed ore containing
about 400 g/t Ag, 5 g/t Au, 3% Zn, 1% Pb and 0.3% Cu. The total
production of precious metals was 17 700 kg Ag and 37 kg Au
(Poulsen 1964).

Numerous gold-bearing vein deposits are found in the Sunn-
hordland region both at the margin of the batholith and on both
sides of the Hardangerfjord Fault Zone (Wul� and Stendal 1995), a
major extensional detachment zone in the Caledonides of southwest
Norway (Fig. 22) (Andersen and Andresen 1994). The highest

density of gold-rich deposits is found within intrusives of the Lyk-
ling ophiolite on the island of Bùmlo (Amaliksen 1980; Christensen
and Stendal 1995) in the hanging-wall of the Sunnhordland Fault
Zone. Mining took place during the last decades of the nineteenth
century (Reusch 1888). Total production is estimated at 140 kg
gold. Typical gold contents of 2.5 g/t are reported for bulk-samples
of the veins, specimens of which have become well-known as mu-
seum exhibits. The gold mineralisation occurs along silici®ed and
carbonatised faults and shear zones which are frequently located at
the contacts of dolerite dykes. Up to one metre thick dilatational
milky quartz veins and breccias are developed in the shear zones;
both the veins and the altered wall-rocks contain native gold ac-
companied by Cu-sulphides and pyrite (Reusch 1888; Amaliksen
1980; E. Curti personal communication 1989; Wul� 1993; Chris-
tensen and Stendal 1995; Wul� and Stendal 1995).

Fluid inclusion and stable isotope data presently available for
the vein and alteration minerals in the deposits in the Sunnhord-
land batholith (E. Curti personal communication 1989; Berg and
Segalstad 1989; Wul� 1993; Christensen and Stendal 1995) indicate
formation temperatures in the range 200 °C to 350 °C for the
mineralisation. Precipitation seems to have occurred from low-sa-
linity ¯uids with generally low, but highly variable, contents of
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CO2, i.e. typical mesothermal gold veins (Nesbitt et al. 1986). A
magmatic source is considered for the carbon whereas the oxygen
isotope ratios can be interpreted as representing a mixture of
magmatic/metamorphic ¯uids and meteoric waters.

Basement-dome related vein deposits

Veins and, locally, skarn deposits occur associated with a number
of domes in the interior of the Scandinavian Caledonides. The
deposits are con®ned mainly to the basement-cover contacts and
immediately overlying cover sequences, though deposits with a
similar mineralogy are also found in the underlying basement
(Fig. 21b).

The basement domes between Rana and Ofoten in northern
Norway (Fig. 3) are known for their abundant occurrences of mo-
lybdenite mineralisation both in the basement rocks and in their
cover sequences (Bugge 1963). Deformed granitic pegmatites occur
in the LaksaÊ dalen area immediately above the contact to the base-
ment gneisses and contain molybdenite, beryl, scheelite and urani-
nite (Bugge 1963; Lindahl 1984; Neumann 1985). They were
mined for molybdenite which occurs together with subordinate
scheelite along fractures and in carbonate breccias. In addition,
scheelite-bearing skarns with minor molybdenite occur along the
contact between marbles and hornblende gneisses above or at the
same tectonostratigraphic level as the pegmatite swarm. Fluid in-
clusion studies and thermodynamic considerations suggest that the
skarns were formed from extremely CO2-rich solutions at 400±

500 °C and above 2 kbar (Larsen 1991). Pegmatites comparable to
those in the LaksaÊ dalen area are also found in the cover sequence to
the Vestranden Gneiss Complex (VGC) in the Bindal district. One
of them, bearing molybdenite, crosscuts the basement-cover contact
and yields a U-Pb zircon age of 401 � 3 Ma, i.e. Early Devonian
(Schouenborg 1988). Fracture-bound uraninite-pitchblende miner-
alisation containing locally subordinate arsenopyrite, molybdenite
and base-metal sulphides, is encountered in Paleoproterozoic
granitic rocks of the windows in northern and north-central Nor-
way. Pb-isotope systematics suggest deposition during the span of
the Scandian orogeny (Stuckless et al. 1982; Lindahl 1983).

Base-metal deposits which generally contain small and errati-
cally distributed concentrations of base-metal sulphides, comprise
mainly mineralisation associated with quartz-dominated veins
(Johansson 1980, 1983b) and semi-ductile shear zones. The latter
type is invariably located in the interior of the basement domes and
locally contains visible gold which is intergrown with Cu-sulphides
(Tysfjord and Glomfjord domes in northern Norway, I. Lindahl
personal communication 1994; the AÊ motsdal dome in southern
Norway, K. Isbrekken personal communication 1994) and ar-
senopyrite (Gautelis deposit in the Rombak window of northern
Norway, Skyseth and Reitan 1995). The two latter authors argue
that the gold and arsenic were introduced by mesothermal (220±
320 °C), highly saline, brines (34±40 wt. % equivalent NaCl) re-
lated to late Caledonian retrogradation and were precipitated in
response to ¯uid reactions with Early Proterozoic marbles.

The quartz-vein deposits are especially well developed along
the tectonised basement-cover contacts in the autochthonous and

Table 2 Tectonic, intrusive and hydrothermal events in the evolution of the Kolsvik Au-As deposit. After Ihlen (1993)

Time Tectonic Intrusive Hydrothermal

? Mesozoic ?
ÐÐÐÐÐÐ

Late faulting
Development of early breccias and late
crush zones along reactivated faults

Clay gouge formation and argillic
alteration. Stilbite-calcite-Chlorite
cemented breccias and
veins in granite with brick-red
envelopes

Devonian

Normal faulting (extension)
Reactivation of regional shear
zone and related ore structures
with early ductile and late brittle
deformation along fault planes.
Ductile shearing of tonalite dykes
and mineralised (Au-As)
cataclasites and breccias

Red granite alteration around
quartz-chlorite and/or epidote
veins. Marcasite � uraninite
veins. Pyrite deposition. Chlorite
alteration, veining and
cementation of late fault
breccias. Chlorite-sericite veining
and alteration

ÐÐÐÐÐÐ

Strike-slip faulting
Semi-brittle dextral shearing with
associated cataclasis, brecciation and
opening of dilatational structures
in the intrusives along a regional
N-S trending shear zone o�-setting
early mylonite zones

Post-D3 intrusives
Dolerite dykes.
Tonalite dykes.

Gold-arsenopyrite � quartz veining
and breccia cementation. Sericite
alteration. Quartz-muscovite
veining and associated muscovite
alteration. Biotite alteration of
monzodiorites. Milky quartz
veins

Silurian

ÐÐÐÐÐÐ

D3: Scandian deformation
Open folding with N- to NE-plunging
axes a�ecting granite dykes.
Mylonites formed along
high-angle reverse faults (E dip) in
the two-mica granite (Oksdal
granite massif, Fig. 18)

D2: Nappe stacking
Isoclinal folding
with associated nappe imbrication
during medium-grade
metamorphism

Leuco-granite

Batholiths
Pegmatite dykes
Two-mica granite.
Quartz monzonite.
Monzodiorite

Anatectic tonalite
Granodiorite

Quartz veining and silici®cation with
minor associated scheelite

Skarn alteration (garnet-
clinopyroxene) with associated
pyrrhotite-chalcopyrite
dissemination. Locally some
scheelite. Late pyritisation and
retrogradation

Ordovician
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allochthonous units of the Nasafjell window (Fig. 23) (Johansson
1980, 1983b; Often 1982) and the Grong-Olden culmination
(unpublished NGU data). Close to and at the basement contact,
the mineralisation occurs associated with sheared, fractured and
vuggy parts of milky quartz veins and lenses. Some veins are Ag-
rich and dominated by galena, sphalerite and Sb-sulphosalts
(Nasafjell, Johansson 1980, 1983b) whereas others contain gold
together with arsenopyrite (Graddis, Often 1982) or pyrite-
chalcopyrite (Sibirien, unpublished NGU data).

Johansson (1980, 1983a) considered the vein deposits of the
Nasafjell basement dome to be of Late Caledonian age, and that
the veins post-date the main episode of Scandian thrusting but were
a�ected by reversed nappe movements probably related to late
gravity collapse of the nappe pile. Sulphur isotope data suggest a
mixture of sulphide and sulphate sulphur leached both from the
granitic basement and the supracrustal and intrusive rocks of
the Caledonian nappes (Johansson 1984). It is noteworthy that the
basement-dome and granite-associated deposits show similar min-
eral parageneses and temporal development in relation to the late
Caledonian tectonites. This may indicate that the ¯uids and related
ore-forming processes were not fundamentally di�erent in the two
geological environments.

Foreland vein deposits

The foreland vein deposits comprise centimetre- to metre-wide
veins and fault-breccias containing galena and sphalerite in a
gangue of mainly calcite and, usually, subordinate amounts of
quartz, ¯uorite and/or barite. They are related to basement faults
in areas where these intersect Caledonian thrust planes and the
Neoproterozoic erosional unconformity along the Caledonian
front (Bjùrlykke 1973; Nordrum and van der Wel 1981;
Johansson 1983b, 1984; Romer 1992). Some deposits are also
found at the margin of Neoproterozoic rift-basins further to the
east (Grip 1978; Sundblad 1989; Fedotova 1990) whereas a few
occur associated with basement domes in the interior of the
Caledonides (H. Stendal personal communication 1988; Romer
1992, 1994).

The veins in the AÊkerlandet deposit, at the Caledonian front
just east of Dorotea, give ¯uid-inclusion homogenisation tem-
peratures between 75 °C and 165 °C. The mineralisation is
probably caused by mixing of two hot saline brines (32±37% and
14±20% wt. equivalent NaCl, respectively). The stable isotope
ratios indicate a signi®cant contribution of reduced carbon to the
ore-forming ¯uids which probably derived their sulphur by
leaching of sulphides in the granitic basement (Johansson 1984).
The veins are apparently una�ected by deformation and locally
occur along normal faults o�setting the sandstone lead deposits
(Johansson 1983b, 1984). Therefore, it is assumed that the fore-
land deposits along the Caledonian front post-date the formation
of the sandstone lead deposits. The age of the deposits occurring
further to the east is more uncertain. The occurrences of both
sandstone lead deposits and calcite-vein deposits along the Cale-
donian front may indicate a genetic link between them (Romer
1992). In addition, both seem to have been formed by ¯uid
mixing. The foreland vein deposits probably represent the cessa-
tion of tectonically induced ¯uid ¯ow associated with the conti-
nental collision.

Source rocks of the vein deposits

The source rocks for the metals in the vein deposits have been
studied by means of Pb-isotope analyses of sulphides and native
gold (Johansson 1983a; E. Curti personal communication 1989;
Romer 1992, 1994; Birkeland et al. 1993a). The Pb-isotope ratios of
the vein deposits fall on the same linear trend as the sandstone lead
deposits with the granite-associated and basement-dome deposits
being less radiogenic and the foreland deposits being generally
more radiogenic than the sandstone deposits.

Pb-isotope ratios of galena, chalcopyrite and arsenopyrite in
the Kolsvik and Svenningdal deposits fall within the range of
ratios for feldspar in the surrounding granitic massifs (Birkeland
et al. 1993a, b). This indicates that the ore lead is derived from
the granitic intrusives, either through exsolution and expulsion of
magmatic water during crystallisation of Devonian leuco-granites
and pegmatites or through leaching by ¯uids of unknown origin.
A similar conclusion was also drawn by Curti for the Bùmlo gold
deposits. The Svenningdal deposits also contain sulphides with
higher 206Pb/204Pb ratios (Birkeland et al. 1993a). The low
208Pb/204Pb ratios of these sulphides indicate contribution from an
additional source where selective leaching of uranogenic lead had
occurred.

The Pb-isotope composition of galena in the basement-dome
related and foreland vein deposits in the Rombak and Nasafjell
basement domes and elsewhere in the Swedish Caledonides gives
indication of mixed sources (Johansson 1983a; Romer 1992, 1994).
The lead in the veins represents mixing between Caledonian (non-
radiogenic) and Svecokarelian or Paleoproterozoic (radiogenic)
lead in various proportions between 0 and 100%. The lead in the
NasafjaÈ ll deposits is considered to be derived totally from the
surrounding granitic basement rocks. The strong enrichment of
radiogenic lead in the foreland veins is inferred to be caused by
selective leaching of radiogenic non-feldspar lead (Johansson
1983a).

Gargatis Nappe (MA):

Upper and uppermost
allochthon, undifferentiated

Mo mineralisation

Base metal
mineralisation

Nasafjäll Ag deposit

Thrust zones

Shear zone

Au-As mineralisation
Paleoproterozoic granite

Graphite schist (Cambr.)

Paleoproterozoic granitic
gneiss and acid volcanics

Graphite schist and
quartzite (Cambr.?)

Map
area

0 10 km

Graddis
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Fig. 23 Simpli®ed geological map of the NasafjaÈ ll basement dome,
showing the distribution of epigenetic ore deposits. Geology compiled
from Thelander et al. (1980) and Gjelle (1988). Ore deposits from
Johansson (1980), Often (1982) and unpublished NGU-data
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Summary and comparison with other sectors
of the Caledonian-Appalachian Orogen

The framework of Caledonian metallogeny in Scandi-
navia is a period of plate movements which started with
Neoproterozoic rifting and break-up of a megaconti-
nent, followed by formation of an extensive Iapetus
ocean between a northwestern (Laurentia) and a
southeastern (Baltica) plate. Plate convergence with
subduction of oceanic crust commenced before the Early
Ordovician and led to the development of arcs and arc-
basins of varying maturity and at di�erent locations
within the ocean basin. By the end of the Ordovician, the
remaining basin had become narrow and experienced a
similar history of sedimentation. Initial, oblique, inter-
ference of the converging continent edges led to a period
of rift-type magmatism in the sedimentary basin at
about the Ordovician-Silurian boundary and coeval
emplacement of granitic batholiths into the continental
crust and accretionary prism of the Laurentian plate
margin. The batholithic magmatism, which was associ-
ated with the westward subduction of Baltica, progres-
sively moved inland from the outer margin of Laurentia.
This caused the present dominance of Middle Silurian to
Late Devonian intrusives and Devonian volcanics in the
Caledonides outside Scandinavia, and Late Ordovician
to Early Silurian plutons in the obducted terranes of the
Scandinavian sector. The ultimate destruction of the
subduction system and cessation of the Caledonian
orogeny occurred during the Late Devonian. A synthesis
of this complex paleotectonic-metallogenic framework is
shown in Fig. 24 (see also Fig. 2).

Although comparable ore-forming processes operat-
ed in di�erent parts of the Caledonian-Appalachian belt
they di�er in age and importance, due to the somewhat
diachronous and diversi®ed evolution of the individual
segments. The metallogeny of the Scandinavian Ca-
ledonides therefore shows large contrasts as well as
signi®cant similarities when compared to other parts of
the orogen and other Early Paleozoic mountain belts.

Sedimentary ores

Fe deposits

Stratabound, mainly stratiform, deposits of oxidic iron
ores are important aspects of the metallogenic develop-
ment of the Scandinavian Caledonides. They comprise
two main types; the metasedimentary magnetite-hema-
tite ores in the Dunderland Group of the UmA in
Nordland and Troms, and the volcanite-hosted magne-
tite-(pyrite-chalcopyrite) ores in the UA of the Fosen
district of Trùndelag (see later).

Correlation and comparison of the Dunderland-type
iron ores with iron formations in other Caledonide-type
orogens has been di�cult, due to uncertainty regarding
their age (both Cambro-Silurian and late Precambrian

ages have been suggested in the past). Although their
lithological and paleotectonic environments of deposi-
tion appear comparable to those of the early Phaner-
ozoic iron ores of the Clinton-Wabana type of the
Appalachians of Canada and the USA (see, e.g. Gross
1965; Kimberley 1978; Guilbert and Park 1986), the
recent age dating of associated metacarbonate forma-
tions in the UmA, strongly indicates a Latest Precam-
brian (Neoproterozoic) age.

Sedimentary iron formations of this age are scarce on
a world scale (see, e.g. Meyer 1981). There is a marked
peak in the number of occurrences of this type of ore
between about 2.75 Ga and about 1.9 Ga, none be-
tween 1.8 Ga and 0.8 Ga, but a minor peak from here
to about 0.6 Ga. This renewal of BIF formation in the
Neoproterozoic coincided approximately with global
low-latitude glaciation during which anoxic oceans
could have developed again on a large scale (Kirschvink
1992).

A recent study by Klein and Beukes (1993) mentions
only three examples of Neoproterozoic iron formations
in the world; in the Rapitan Group of northern Canada,
in the Urucum region of Brazil and in the Damara Su-
pergroup, Namibia. Again, according to Klein and Be-
ukes (1993), these Neoproterozoic banded iron
formations ``are unique in their intimate association
with glaciogenic siliciclasts ....'' among other features. So
far no evidence of glaciogenic components has been
found in the Dunderland Group and its correlatives in
Scandinavia. However, a complicating factor is the in-
tense deformation and metamorphism that the ores and
their host rocks have undergone. These latter e�ects also
make it di�cult to reconstruct the original, depositional
fabrics, and perhaps mineralogy, of the UmA ores, and
to compare these with the well-described, ``virtually
unmetamorphosed'' ores of, e.g. the Rapitan Group
(Klein and Beukes 1993).

Sediment-hosted sulphide deposits

Stratabound sulphide ores hosted by sedimentary se-
quences, with or without extrusive or intrusive mag-
matic additions, were formed at several stages of the
orogenic development. Due to later deformation and
metamorphism it is not possible always to be certain of
the proportion of magmatic components; the distinc-
tion between VMS and SMS (Sedex) character is
sometimes rather arti®cial. Recent work on the host
rocks of the Bleikvassli ore, for example, (BjerkgaÊ rd
et al. 1997) indicates that there may be a greater pro-
portion of magmatic (volcanic) components than hith-
erto recognised.

The earliest representatives of ores until recently
regarded as Sedex occur in the nappes of the UmA,
where the interpreted paleotectonic environment of de-
position was that of the Laurentian plate margin during
initial break-up and rifting of the Proterozoic super-
continent in Neoproterozoic to Cambrian times. The
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problems of age determination of the rocks of the UmA
have been pointed out earlier in this study; we are up
against the same problems as we met when trying to

compare the metasedimentary iron ores of the UmA with
examples outside Scandinavia.

Massive, stratiform sulphide ores of the Zn-Pb-(Cu)
and Cu-Zn types are representative of this stage, with
the most important examples, such as Bleikvassli and
Mofjell, belonging to the ®rst type. However, pyritic
deposits with low Cu-Zn values are also numerically
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used here and in the text is from Tucker and McKerrow (1995)
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important in the UmA and maybe of more signi®cance
from a correlation point of view. Stephens et al. (1984)
for example, correlate the UmA stratabound sulphide
ores and their lithological-paleotectonic environments
with, among others, the major Neoproterozoic Cu-Zn
pyritic/pyrrhotitic deposits of the Ducktown, Great
Gossan Lead and Ore Knob districts of the southern
USA Appalachians. A similar setting is also assigned to
important barite and base-metal (Pb-Zn) deposits, such
as Aberfeldy, in the Middle Dalradian rocks of the
Scottish Caledonides. Barite is not an important com-
ponent of the Scandinavian UmA stratabound sulphides,
though its presence (2±3%) in the Mofjell ore points to a
geochemical similarity with the Scottish Dalradian ores.

Metalliferous black shales

Considerable potential resources of U, V, Mo and Ni as
well as of shale oil, exist in Scandinavia in the form of
Middle Cambrian to Tremadocian shale facies sediments
(alum shales). These were deposited on the Baltic plate
following the establishment of a passive, Atlantic-type
plate margin during a period of gradual submergence
and very slow marine deposition (Andersson et al.
1985).

This shale facies can be recognised all the way from
Finnmark in the north to SkaÊ ne in the extreme south.
Equivalents are also present in the Anglo-Welsh Region
of Great Britain, the Avalon zone of Newfoundland and
in Nova Scotia, indicating that the facies accumulated
along the southeastern margin of the early Iapetus
ocean. This was separated by a considerable distance
from the more equatorial Laurentian margin on which a
westwards-onlapping Lower Cambrian sandstone facies
was succeeded by a monotonous carbonate bank facies,
extending at least from east Greenland via northern
Scotland to the western front of the Appalachians in
North America, and lasting from the Middle Cambrian
into the Middle Ordovician (Gee et al. 1974).

Little information is available regarding the resources
of the alum shale equivalents in the Anglo-Welsh and
Canadian areas. The highest U content quoted by
Andersson et al. (1985), 150 ppm, occurred in the Upper
Cambrian Monk's Park Shales of Warwickshire, which
compares unfavourably with maximum contents in the
Scandinavian shales.

Volcanogenic massive sulphide deposits

By far the most important Caledorian ores in Scandi-
navia, in a historic-economic perspective as well as in
abundance, are the numerous volcanogenic massive
sulphide deposits, in a broad sense, representatives of
which entered the scene at intervals through most of
the Caledonian orogenic cycle. Five types of paleotec-
tonic environments have been identi®ed as proli®c
hosts to VMS deposits:

Ocean basin extension (1)

Their earliest representatives playing a signi®cant role
were inferably formed in an ocean crust to continent
margin transition zone in relation to ocean basin ex-
tensional volcanism. Including major ores such as
Joma and Tverrfjell and smaller ores such as at
Kvikne, these mixed volcanic- and sediment-hosted
ores constitute one of the most important VMS sub-
types in the Scandinavian Caledonides, yet are perhaps
the least constrained as regards exact paleotectonic
and paleogeographic position. Their general lithologi-
cal setting compares to that of the Gander Terrane of
the northern Appalachians, where similar but metal-
logenically less important successions, are interpreted
to represent an apron of continental shelf, rise, slope
and abyssal-plain sediments that accumulated along
the northwestern margin of the Avalon microcontinent
in Neoproterozoic and Early Paleozoic times (Schwab
et al. 1988; Van Staal and Fy�e 1991). The signi®-
cance of this similarity is uncertain, however, since
rock successions with characteristic Avalonian a�nity
such as Neoproterozoic-Cambrian, bimodal, ensialic
arc-type volcanites are not known in the Scandinavian
Caledonides.

Ophiolites (2)

The important class of Cyprus-type or ophiolite-hosted
VMS deposits also played an important role in Cale-
donian metallogeny, being represented, among others,
by the Lùkken ore-body (30 Mt) which is a world-class
deposit. In contrast to the above-mentioned group of
mixed sediment-volcanite related deposits, the ophiolite-
hosted ones are situated in oceanic crust consisting of a
thick basaltic sequence underlain by sheeted dykes and
corresponding plutonic rocks. They entered the scene
after the onset of regional plate convergence in Late
Cambrian-Early Ordovician times. Thus, on a regional
scale they were obviously related to a destructive plate
margin, probably on the Laurentian side of the Iapetus
ocean, although on the more local scale these deposits
were associated with tensional processes within back-arc
or intra-arc basins. Their age and setting is similar to
that of VMS deposits of supra-subduction zone (SSZ)
ophiolites in the Notre Dame Subzone of the Dunnage
Zone of the Newfoundland Appalachians, such as Tilt
Cove and Rambler (Swinden 1991 and references
therein). However, all these are small in comparison
with the Lùkken deposit.

Immature arc (3)

Immature, oceanic arc-type, volcanism was broadly co-
eval with the Early Ordovician SSZ ophiolites and rep-
resents one of the most proli®c VMS settings in the
Caledonides. One arc system developed in close spatial
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association with the SSZ ophiolites on the Laurentian
side of Iapetus and comprised thick volcanic sequences
which are hosts to several Zn-Cu massive sulphides of
the order of 1±10 Mt, of which Skorovas is the biggest
known. Ore deposition was related to arc rifting char-
acterised by felsic or intermediate volcanism within the
ma®c-dominated sequences. The similarity in age and
paleotectonic setting to that of major VMS deposits such
as Point Leamington in the Notre Dame Subzone of the
Dunnage Zone of central Newfoundland (Swinden 1991)
is noteworthy.

Another Early Ordovician, immature, arc system is
thought to have developed closer to the Baltic side of
the Iapetus ocean where bimodal volcanism was
accompanied by deposition of thick, often graphitic,
tu�te sequences. VMS deposits of the Zn-Cu, often Zn-
rich, type are numerous and commonly related to
volumetrically signi®cant felsic magmatism. The largest
deposit is Stekenjokk-Levi (26 Mt). Correlation with
other parts of the Caledonian-Appalachian orogen is
uncertain although there are similarities to Late Cam-
brian-Early Ordovician arc sequences of the Exploits
Subzone of the Dunnage Zone (Tally Pond and Tulks
Hill volcanics).

Mature arc (4)

Mature arc and arc basin sequences, of active continental
margin a�nity, comprising ma®c and intermediate
through to felsic calc-alkaline and shoshonitic volcanic
rocks mixed with sedimentary, often calc-rich, lithologies
continued to evolve above the Laurentian margin at least
through the Middle Ordovician. Such sequences are
represented several places in the Central and Southern
Scandinavian Caledonides, thoughmajor VMS ores seem
to be scarce or absent. Mineralisation is mainly in the
form of extensive and very abundant Fe-formation with
variable sulphide and base metal content; Kuroko-type
Zn-Pb-Cu VMS deposits, characteristic of this type of
setting elsewhere in the world (Franklin et al. 1981), seem
to be economically insigni®cant in Scandinavia. Never-
theless these sequences represent a setting and time period
of potential interest, being directly correlatable with the
very important ore-hosting Buchans-Roberts Arm vol-
canic belt in the Notre Dame Subzone of the Dunnage
Zone of central Newfoundland (Kirkham 1987; Swinden
1991).

Stratabound deposits of Fe oxides (mainly magnetite),
with varying proportions of iron and base-metal sul-
phides, are more abundant than VMS ores in the mature
arc and arc-basin sequences in the Scandinavian Ca-
ledonides. In places, magnetite-rich layers are interband-
ed with massive, base-metal-rich sulphide layers in
deposits which must be classed as of the VMS type, and
consensus now (following Carstens 1955) regards these
Fe-formations as amainly oxide facies of the generalVMS
deposition. Magnetite-dominated deposition is especially
well developed in the Fosen district of central Norway.

These volcanite-hosted magnetite-(sulphide) ores
have many features in common with the Ordovician iron
formation along the massive sulphide-bearing Brunswick
horizon (Lu� et al. 1993) of the Bathurst Camp, N.B.,
although their paleotectonic setting is probably di�er-
ent, the latter being related to felsic and ma®c rift
magmatism during back-arc basin opening along the
continental margin of Avalonia on the southeastern side
of Iapetus (Fy�e et al. 1990; Van Staal et al. 1992). A
large mass of such an iron formation carrying a small,
footwall, body of massive sulphides, was formerly
worked at the Austin Brook Mine, about 1 km south
along strike from the large (12 + Mt) Brunswick No. 6
ore body (see e.g. Boyle and Davis 1964; Saif 1983).
Gross (1965) cites the Austin Brook iron formation as a
Phanerozoic example of Algoma-type iron-formation,
while Kimberley (1978) lists the Austin Brook occur-
rences in his paleoenvironmental classi®cation of iron
formations as ``shallow-volcanic-platform iron forma-
tion''. This is the same group in which the Devonian
Lahn-Dill (Germany) iron formation is placed; a com-
parison between the latter and the Fosen ores was sug-
gested by Vokes (1988), though the German ores appear
to show no relation to VMS deposition.

Direct correlatives of the New Brunswick deposits
and the paleotectonically comparable Avoca orebody in
the Irish Caledonides (Stephens et al. 1984; McConnell
et al. 1991) have not been identi®ed within the Scandi-
navian sector of the mountain belt. Sequences of com-
parable lithology and age, including signi®cant volumes
of felsic volcanites of Middle to Upper Ordovician age
(Roberts et al. 1984 and references therein), occur in the
western Trondheim Region directly east and south of the
Hùlonda terrane from which they are separated by a
thrust fault. However the exact paleogeographic posi-
tion and metallogenic signi®cance of these units remain
to be solved.

Mixed sedimentary-volcanic sequences
(Besshi-type deposits) (5)

The sequentially latest type of important, often rich, Cu-
Zn or Zn-Cu VMS deposits entered the metallogenic
scene near the Ordovician-Silurian boundary. Their as-
sociation with rift-type, ma®c and more local felsic,
volcanism and intrusions in thick clastic sequences is
interpreted by the present authors to re¯ect a paleotec-
tonic setting characterised by transcurrent movements
and development of local transtensional regimes and
fault-controlled sedimentary basins during the initial
suturing of the Baltic and Laurentian continent margins.
Numerous individual deposits, such as those of the
Rùros and Sulitjelma districts, have been important past-
producers. These ores show many similarities of litho-
logical setting, age and deposit-characteristics to some of
the copper-dominated ores of the USA Appalachians,
for example, those of the Vermont Copper Belt (Slack
1993) and have sometimes been referred to as Besshi-type
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sulphides. Their depositional setting compares to some
extent to that of presently-forming sulphides in the Gu-
aymas basin in the Gulf of California and the western
Woodlark Basin, where rapidly accumulated sediments
covering a spreading ridge have a strong control on ore
formation (Binns et al. 1987; Koski 1990).

Orthomagmatic deposits

In Scandinavia, orthomagmatic deposits are thought to
be related to several stages of the development of the
Caledonides. Intrusive carbonatite-alkaline complexes
dating from the period of initial rifting and continent
separation (late Neoproterozoic-Early Cambrian) are
present both within the Caledonides (Seiland Igneous
Complex) and on the Baltic plate to the east (Fen, AlnoÈ ).
Ores of both Fe and Nb have been worked at Fen in the
past, but the other complexes have so far shown limited
economic potential.

The approximately 30 carbonatite complexes in
Northern Europe range in age from about 2500 to
356 Ma (Wooley 1989). Of these, only those mentioned
have yielded early Caledonian ages, though Wooley
considers that eight carbonatites in northern Finland
and on the Kola Peninsula, ranging in age from 430 to
356 Ma can be considered as `a late Caledonian group'.
In North America, the area between the western Ap-
palachian Front and the Grenville Front is the locus of a
large number of carbonatite complexes (Wooley 1989).
These include several which have been dated to the pe-
riod we are considering here, but others, including the
economically important Oka deposit, are of a much
younger age. The only carbonatite within the North
American Appalachians is a minor occurrence in New
Jersey, where associated nepheline syenites fall age-wise
in the interval 437±424 Ma, similar, says Wooley, to
those associated with the Late Ordovician Taconic
orogenic phase.

Scandinavia is poorly endowed with Fe-Ti-V deposits
of strictly Caledonian age; the very important deposits
of these metals in this region are dominantly of Meso-
proterozoic age, a feature also shared with the equally
important North American examples on the Laurentian
Plate. The only unequivocal examples of Caledonian
(sensu stricto) deposits of this type are disseminated Fe-
Ti-oxides in ma®c intrusive rocks of the SIP in northern
Norway.

Orthomagmatic Ni-Cu-S deposits are, on the other
hand, numerous and widespread along almost the whole
length of the orogen in Scandinavia. While some are
undoubtedly of Precambrian age, others can be referred
to one or other of the three main stages in the Caledo-
nian cycle. The most important ones (e.g., Bruvann,
RaÊ na) despite their extremely low PGE values, are as-
sociated with ma®c-ultrama®c intrusions related to the
initial plate collision at the Ordovician-Silurian boun-
dary. Smaller, but sometimes relatively PGE-rich, Ni-Cu
deposits are found in intrusive bodies related to the stage

of ocean spreading or to SSZ ophiolites; ultrama®c cu-
mulates in the latter also contain more extensive, but
low-grade, PGE mineralisation.

Orthomagmatic mineralisation analogous to that in
the Scandinavian Caledonides is present, e.g., in variably
disrupted ophiolite suites of Early Ordovician age in the
Dunnage/Gander zones of the Canadian Appalachians
(Swinden 1993). Deposits present in the ultrama®c and
ma®c plutonic parts of these ophiolites include occur-
rences of chromite in Newfoundland and Eastern
Quebec; minor occurrences of nickeliferous, locally
PGE-rich, sulphides in the Bay of Islands (NF) complex
and numerous Ni occurrences associated with dismem-
bered ophiolitic rocks in GaspeÂ . Analogous deposits of
copper-nickel and chromite, by modern standards of
only minor importance, occur sporadically along most
of the length of the US Appalachians (Feiss and Slack
1989). Ni-bearing deposits in southeast Quebec may be
related to the early stages of the Taconic orogenic phase,
corresponding in time to the emplacement of the RaÊ na
Complex in northern Norway.

Epigenetic deposits

The epigenetic ore deposits in the Scandinavian Ca-
ledonides comprise porphyry-type, skarn, sandstone
lead, carbonate-hosted base-metal, and syn- to post-
collision vein deposits in order of decreasing age.

Porphyry-type Cu-Mo-deposits

Porphyry-type Cu-Mo mineralisation occurs relatively
widespread in the Caledonian-Appalachian belt (Hol-
lister et al. 1974; Rice and Sharp 1976; Schmidt 1978;
Plant et al. 1983; Talbot and Max 1984; Feiss and Slack
1989; Ruitenberg and McCutcheon 1993), though few of
them are of economic importance. The mature arc set-
ting of the Fremstfjell deposit in Norway is possibly
comparable with that of the Mariner deposit in the
Avalon terrane of Nova Scotia (Hollister et al. 1974).
Both deposits conform to the plutonic-type porphyry
model de®ned by McMillan and Panteleyev (1980).

Most porphyry-type mineralisation in the belt, in-
cluding the economic porphyry Cu deposit at Mines
GaspeÂ , Quebec (Allcock 1982) and the porphyry W-Mo-
Sn deposit at Mount Pleasant, New Brunswick (Kooi-
man et al. 1986; Sinclair et al. 1988), is related to
Devonian plutons and sub-volcanic intrusives which are
generally absent in the Scandinavian Caledonides.

Skarn mineralisation

Contact-metasomatic skarn deposits in the Caledonian-
Appalachian belt are generally small and of no economic
importance. The only exception is the porphyry-related
copper skarns at Mines GaspeÂ (Einaudi et al. 1981;
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Allcock 1982). The MaÊ lvika W deposit, is comparable
with scheelite-bearing skarns at the contacts of Late
Ordovician granodiorite plutons in East Greenland
(Harpùth et al. 1986). The abundance of ferrous min-
erals in the Caledonian scheelite skarn deposits indicates
that they belong to the class of reduced tungsten skarns
as de®ned by Newberry (1979), formed at great depth or
in carbonaceous host rocks. Oxidised skarns formed at
shallower depth are apparently missing in the Scandi-
navian sector of the belt.

Sandstone-hosted base-metal deposits

Sandstone-hosted base-metal deposits of major eco-
nomic importance seem to be unique for the Scandina-
vian sector of the Caledonian-Appalachian belt.
Disseminated Pb-Zn-(Cu)-Ba ores in sandstones are rare
in the Laurentian succession, though basinal and plat-
formal arenite-shale sequences of comparable age and
geotectonic setting were deposited on both sides of Ia-
petus (Scott 1976; Harpùth et al. 1986). However, as
indicated by Rickard et al. (1979), the lead sandstone
deposits along the Caledonian front may represent an
aberrant member of the MVT deposits which locally are
underlain by mineralised Cambrian sandstones in the
Appalachian foreland (Snyder and Gerdemann 1968).

The proposed models for the formation of sandstone
lead deposits in Scandinavia are in broad terms similar
to suggestions made for the formation of Pb-Zn-Ba vein
deposits, which are hosted in allochthonous Cambrian
sandstones at the margin of the Appalachian belt along
the lower Saint Lawrence, Quebec (Beaudoin et al. 1989;
Williams-Jones et al. 1992). These authors argue that the
veins, locally surrounded by minor sulphide dissemina-
tion, were formed in response to large scale, tectonically-
induced expulsion of reduced metalliferous brines which
interacted with sulphate-bearing ¯uids at the site of ore
deposition. The ¯uid migration is assumed to be related
to the late stages of the Taconic orogenic phase. In this
scenario, the Pb-Zn vein deposits, which occur along the
sub-Cambrian peneplane in the Ottawa Valley region
(Sangster and Bourne 1982) and at Rossie, New York
(Ayuso et al. 1987), could be correlated with the fore-
land veins in the Scandinavian Caledonides.

The carbonate-hosted base-metal deposits found in
the northern and axial part of the Scandinavian Ca-
ledonides, represent possible examples of MVT deposits
occurring widespread along the western margin of the
Appalachian orogen (Laurence 1968).

Vein deposits

Syn- to post-collisional vein deposits, mainly of Dev-
onian age, occur scattered throughout the length of the
Caledonian-Appalachian belt (Dunham et al. 1978;
Williams and McArdle 1978; Stendal and Ghisler 1984;
Harpùth et al. 1986; Feiss and Slack 1989; Kish and

Stein 1989; McArdle 1989; Ruitenberg and McCutcheon
1993). The vein deposits, which are of some interest in
view of their contents of gold, and to a lesser extent,
silver, were precipitated in association with transpressive
tectonism during the late stages of the continental col-
lision (Plant et al. 1991; Kontak and Smith 1993; Rui-
tenberg et al. 1990).

Though the auriferous veins di�er considerably on an
inter-deposit scale, they can be grouped according to
their regional characteristics, which are apparently spe-
ci®c for the individual segments of the orogen. The gold-
vein deposits in Scandinavia which occur mainly at the
margin of allochthonous batholith massifs, are di�erent
from those in East Greenland (Harpùth et al. 1986) and
the Orthotectonic Caledonides of United Kingdom
(Simpson et al. 1989; Plant et al. 1991) and Ireland
(McArdle 1989) where the majority of the deposits are
found within Neoproterozoic meta-sedimentary succes-
sions (Eleonore Bay and Dalradian supergroups) and in
close proximity to major faults and underlying basement
structures. Most of the auriferous deposits in the Ap-
palachian belt in Canada are situated in Paleozoic vol-
canic-sedimentary sequences proximal to major wrench
and thrust faults de®ning terrane boundaries (Tuach
et al. 1988; Ruitenberg et al. 1990; Tuach 1992; DubeÂ
and LauzieÁ re 1993). In spite of the widespread devel-
opment of turbidites in parts of the Scandinavian Ca-
ledonides, turbidite-hosted gold deposits (Boyle 1986)
analogous to those in the Meguma Terrane of Nova
Scotia (Kontak and Smith 1993) and in the Paratectonic
Caledonides of Wales (Annels and Roberts 1989) are
apparently missing.
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