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Abstract

A significant and widely distributed system of Phanerozoic low-temperature fluorite-calcite-
galena mineralization is known along the margins of the Fennoscandian Shield. It occurs

as narrow veins in the Precambrian crystalline basement or as pore fillings in Vendian to
Lower Cambrian sandstones, in both cases without any known association to igneous activ-
ity. The system has locally (Laisvall and Vassbo, along the Caledonian front) been of major
economic interest and the genesis and age has been frequently discussed in the geoscientific
literature for more than fifty years. Major problems addressed in these publications have
been sources, transport and depositional mechanisms of the fluids as well as timing, the
latter including Cambrian, Silurian and Permian alternatives. The occurrence of a similar
hydrothermal system in the Baltic Sea region, thus recognizing an even wider perspective
for this system, has been reported in a previous report to SKB /Alm and Sundblad 2002/.

The current report concerns the first effort to date the hydrothermal system by applying

the Sm-Nd isotope method on fluorite (and calcite). For this purpose, four target areas were
selected: Gotemar and Tindered in southeastern Sweden, Lovisa in southeastern Finland
and Laisvall in northern Sweden. Of these target areas, Gotemar, Tindered and Lovisa
represent vein mineralization along the southeastern margin of the Fennoscandian Shield
and Laisvall sandstone-hosted mineralization along the Caledonian front.

The results indicate local variations in the initial ***Nd/***Nd ratios, which influence nega-
tively on the possibility to date this system. Nevertheless, individual fluorite (and calcite)
populations, representing well-defined geological environments, display linear trends

that have been evaluated with respect to ages. The most reliable and precise ages were
obtained by analyzing coprecipitated mineral pairs (fluorite and calcite). Sm-Nd isotope age
calculations, using other geologically relevant sample populations, resulted in similar ages,
although with less precision, in all cases indicating hydrothermal activity in the Silurian to
Early Devonian. This activity took place in conjunction with major fracture and fault tecton-
ics reaching many hundreds of metres below the subcambrian peneplain.

Comparison with well-dated lead mobilization in the interior of the Caledonides and
K-feldspar overgrowths in the Caledonian front suggest that the hydrothermal activity in
the Caledonides took place at 420-430 Ma (Wenlock/Ludlow). Comparison with well-dated
regional fracture systems in Latvia suggest that the low-temperature hydrothermal veins

in the Baltic Sea region were formed in conjunction with faulting, uplift and the transition
from marine to fluvial sedimentary conditions during the Lochkovian to Pragian, i.e. at

¢ 410-415 Ma, some 5-10 m.y. later than the hydrothermal event in the Caledonides. The
time lag between the hydrothermal activity in these two environments is in accordance with
sedimentological evidence for a southeastwards migrating Caledonian thrust front during
the Late Silurian to Early Devonian.
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1 Introduction

The investigation reported here is an attempt to constrain the age of a significant and exten-
sive low-temperature hydrothermal system, which is identified as fluorite-calcite-galena-
mineralization in veins and sandstones in the marginal parts of the Fennoscandian Shield.
This hydrothermal system has been described with respect to geological setting, mineral
paragenesis, fluid inclusions and lead isotope systematics by different authors; along the
Caledonian front by e.g. /Rickard et al. 1979, Lindblom 1982, Johansson 1983/ and in the
Baltic Sea region by /Alm and Sundblad 2002/.

Four criteria need to be fulfilled for formation of these mineralizations; 1) a source rock
with easily accessible elements to be released by a hydrothermal fluid, 2) a high enough
temperature to generate a hydrothermal convecting system, 3) intense fracturing to provide
channels for the fluid, or, in the case of sandstone, adequate channelways from the source
to the site of deposition and 4) physico-chemical conditions that trap dissolved components
on the channel walls or in the pore space of the sandstone. Relatively well-established
models for the sandstone-hosted mineralizations are available in the literature but the
potential relation between sandstone-hosted mineralization and vein mineralization is
never proven and the age of the latter largely unknown, apart from a lower age limit at

the beginning of the Phanerozoic. This is one reason why age determinations are critical
for this system. A second reason is that if a common model for these mineralized systems
can be established, it would imply that shield-scale tectonic-hydrothermal reactivation of
the Precambrian crust has occurred at some Phanerozoic event, which is of fundamental
importance when discussing long-term deposition of radioactive waste material.

The present study is unique in that it is the first attempt to determine the age of
Fennoscandian fluorite (and calcite) by the Sm-Nd isotope method and it has thus
involved both method development and a result-oriented approach. It has been carried

out in two phases; during phase 1, fluorite (and calcite) from hydrothermal vein systems
in three target areas in the Baltic Sea region — Gétemar, Tindered, and Lovisa — were
collected and analyzed for isotopic composition. The results were presented in an SKB
report /Alm et al. 2004/ and also presented publicly as a key note lecture at an international
symposium in Helsinki, September 2004 /Sundblad et al. 2004/. Since the results reported
in 2004 indicated that the age estimates of fluorites could be improved if the isotope data
were supplemented by adequate Sm-Nd data for the potential source rocks to the fluorites,
relevant rock samples in each of the three target areas were collected for phase 2 of the
study. Furthermore, a fourth target area, namely Laisvall with sandstone-hosted fluorite
and galena, was included.



2  Geological background

2.1 General geological evolution of Fennoscandia,
with particular emphasis on the Late Precambrian
and the Palaeozoic

The Fennoscandian Shield is the largest exposed segment of Precambrian crust in Europe.
It includes numerous crustal segments of highly variable compositions and ages, formed

at discrete steps during the Archaean and Proterozoic by a number of geological processes
/Gaal and Gorbatschev 1987/. The ¢ 3,500 Ma trondhjemitic gneisses /Huhma et al. 2004/
constitute the oldest crustal units and the ¢ 900 Ma post-Sveconorwegian granites the
youngest. As a result of this prolonged crustal evolution, the continent Baltica was estab-
lished in the Neoproterozoic, by that time linked to Laurentia in the supercontinent Rodinia.
After the Sveconorwegian orogenic event, Baltica was subject to denudation that created a
subcambrian peneplain over large parts of Fennoscandia /Lidmar-Bergstrom 1996/. These
denudation processes were soon (c 800-750 Ma) accompanied by extensional tectonics and
intracratonic basin evolution, which paved the way for the opening of the lapetus Ocean
between Baltica and Laurentia in the Early Vendian /Kumpulainen and Nystuen 1985, Vidal
and Moczydlowska 1995, Nikishin et al. 1996/. As a result, marine transgression took place
over vast areas of the subcambrian peneplain and eventually, formation of oceanic crust
between Laurentia and Baltica was initiated. Three distinct geological environments thus
developed in the Vendian and Early Palaeozoic, prior to the Caledonian continent-continent
collision with associated orogenic overprints; eugeoclinal deposition in the lapetus Ocean,
miogeoclinal deposition along the present western edge of Baltica and shallow-marine
deposition in an epicontinental sea further to the east.

2.1.1 Eugeoclinal evolution

Tholeiitic dolerites, intruding into quartzo-feldspathic sedimentary rocks along the
continental margin of Baltica at 665 Ma /Claesson and Roddick 1983/, and into similar
continent-derived sedimentary rocks at 608 Ma /Svenningsen 2001/, constitute the earliest
magmatic evidence of incipient seafloor spreading in the lapetus Ocean. The main forma-
tion of juvenile crust occurred during the Late Cambrian and the Ordovician when

the distance between Baltica and Laurentia was at its largest. Island arcs formed at

¢ 490 Ma /Claesson et al. 1988/, and ophiolites at ¢ 490 Ma and 440 Ma /Dunning and
Pedersen 1988/. The lapetus Ocean began to close in the Late Ordovician when Baltica
collided with the microplate Avalonia /Stephens and Gee 1989/. The final closure began in
the Wenlockian-Ludlowian, when Baltica (and Avalonia) collided with Laurentia, and was
completed in the earliest Devonian. Baltica was overridden by Laurentia, resulting in nappe
transport towards the southeast on Baltica /Stephens and Gee 1989, Torsvik et al. 1996/.
The eugeoclinal successions are now preserved as exotic terranes in the Upper Allochthon
of the Scandinavian Caledonides.

2.1.2 Miogeoclinal evolution

Marine sedimentation took place along the western continental slope of Baltica throughout
the Vendian, Cambrian, Ordovician and Early Silurian, giving rise to quartzites, shales
and limestones as well as high-energy turbidite deposits /Kumpulainen and Nystuen 1985,
Bassett 1985/. These shallow-marine conditions prevailed until the Wenlockian, when



the marine successions conformably were overlain by Late Silurian fluvial siliciclastic
sediments, as documented from the allochthonous Rdde Formation in the central Swedish
Caledonides /Bassett et al. 1982/. The Rdde Formation is interpreted to represent a distal
facies of Old Red sandstone, derived from the advancing Caledonian nappes as an immedi-
ate response to the continent-continent collision between Laurentia and Baltica /Bassett

et al. 1982/. The miogeoclinal deposits are now preserved as thrust sheets in the Lower and
Middle Allochthon of the Scandinavian Caledonides.

2.1.3 Epicontinental evolution

The early sedimentary evolution in the central and eastern parts of Fennoscandia (the
Baltoscandian epicontinental sea) was more tranquil and generated Vendian to Early
Cambrian sandstones and Middle to Late Cambrian organic-rich alum shales /Bergstrom
and Gee 1985, Mens and Pirrus 1997/. Early Cambrian sandstone is recognized also as
dykes in the crystalline basement, immediately below the subcambrian peneplain /e.g.
Mattsson 1962, Bergman 1982/. /Bergman 1982/ suggested that these clastic dykes were
related to tectonic events causing earthquakes and that sand was injected into fractures
from above during the Early Cambrian and Early Ordovician. Marine epicontinental condi-
tions continued through the entire Ordovician and most of the Silurian with predominantly
carbonate facies sedimentation /Bruton et al. 1985, Basset 1985, Nestor and Einasto 1997/.
A sudden change in the sedimentary environment was first noted in the western parts of
the basin, where a transition from Wenlockian marine limestones to Late Silurian fluvial
siliciclastic deposits is documented from the autochthonous Ringerike Group in the Oslo
region /Turner and Whitaker 1976/. Slightly later (latest Pridolian and earliest Lochkovian),
a similar, but more dramatic, transition was recorded in the eastern parts of the basin due

to rapid uplift and local erosion of all previous strata. As a result, the earliest Devonian
strata (fluvial siliciclastic Old Red sediments and dolomites belonging to the Lochkovian
Gargzdai group) were deposited on a marked unconformity /Kurss 1992, Kleesment and
Mark-Kurik 1997, Murnieks 1999/. Deposition of the Gargzdai group was followed by
more uplift and erosion, resulting in a new unconformity until dolomite-cemented siliciclas-
tic sediments (Kemeri Formation) were deposited during the Pragian and Emsian. These
Early Devonian successions were overlain by more fluvial sediments during the Middle
Devonian and evaporitic and carbonate deposition prevailed during the Late Devonian. The
epicontinental deposits are now preserved as autochthonous successions along the margins
of the Fennoscandian Shield, with the most complete sections in the Baltic Sea region.

2.1.4 Development of a foreland basin and post-orogenic
sedimentary basins

Stratigraphic and sedimentological evidence for a southeastwards migrating foreland basin
in Fennoscandia in the Late Silurian/Early Devonian was first presented by /Bassett 1985/
based on data for a profile from the central Scandinavian Caledonides to northern Poland.
This was further elaborated by /Kurss 1992/ who created a sedimentological model for the
development of the Devonian Old Red sandstone basin in the entire North Atlantic region.
Quantification of the dimensions of this foreland basin has given width estimates of 350 to
600 km and depth estimates ranging from 6.5 km in Jamtland to a few kilometres in south-
central Sweden. This basin structure was accompanied by a foreland bulge in the Baltic Sea
region or even further to the east /Middleton et al. 1996, Samuelsson and Middleton 1998,
Larson et al. 1999/.
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2.1.5 Tectonic aspects

The compressional event induced by the Caledonian continent-continent collision
generated crustal thickening, partly due to the overriding of Laurentia on Baltica and

partly due to nappe emplacement onto the northwestern margin of Baltica. The tectonic
stress was accompanied by hydrothermal activity in the Precambrian granitic basement

in the interior parts of the Caledonian orogeny, with mobilization of U and Pb at 420 Ma
/Stuckless et al. 1982/. The compressional phase of the orogeny was succeeded by exten-
sional tectonic conditions before the end of the Early Devonian /Fossen and Rykkelid 1992,
Braathen et al. 2002/ resulting in listric faults and half-graben structures, accompanied by
rapid erosion and deposition of km-thick Early to Middle Devonian sediments in intermon-
tane basins on top of eroded, metamorphosed Caledonian crust /Hossack 1984, Steel et al.
1985, Norton et al. 1987/.

The rapid uplift and associated erosion of Early Palaeozoic strata in the Baltic Sea region,
as well as the subsequent dramatic change in sedimentary environments in the beginning
of the Devonian, was an immediate response to major fracturing and faulting of the
Precambrian crust and overlying sedimentary successions. This is best seen in Latvia,
where block movements with vertical displacements of up to 500 metres are documented
along a set of ENE-trending faults that extend from the Baltic Sea to the Russian border
/Brangulis and Kanevs 2002/. These faults affected the Precambrian crystalline basement,
as well as the entire Cambro-Silurian and lowermost Devonian (Lochkovian) platform
sediments, but are overlain by undisturbed Pragian and Emsian strata (Kemeri Formation)
as well as younger Devonian strata, thus providing a Lochkovian/Pragian age of the faults;
¢ 410-415 Ma, according to the time scale of /Gradstein et al. 2004/. A similar zone of
fractures and faults is documented in Estonia, through the Precambrian basement and the
Cambro-Silurian succession from Péarnu to Narva, i.e. along the Devonian front /Puura and
Vaher 1997/. The Latvian and Estonian fault systems shall thus be seen in the perspective
of the new stress field in the continental crust of Baltica, which was induced by the
Caledonian event. It is worth noting that the Latvian faults follow the same structural
trend as the docking zone between Baltica/Avalonia and Laurentia, as presented by
[Torsvik et al. 1996/. The Latvian faults can thus have formed in response to a zone of
weakness represented by the Laurentian/Avalonian margin that progressed into Baltica

in the Lochkovian. A contemporary (Lochkovian) rift phase is also identified in the
Pechora-Kolva basin in the northeastern part of Baltica /Nikishin et al. 1996/.

2.1.6 Carboniferous to Permian evolution

Lower Carboniferous sandstones, shales, siltstones and dolomites, followed by an uncon-
formity and Upper Permian limestones, dolomites and sandstones are preserved in Latvia,
Lithuania, the Kaliningrad region and northeastern Poland /Brangulis et al. 1998/ as well as
in the Oslo region of southern Norway. This sedimentation was associated with significant
tectonic and magmatic activity during the Late Carboniferous to Permian, when a failed
intracontinental rift graben developed along a NNE-trending fracture in the Oslo region,
with significant formation of alkaline intrusive and extrusive rocks /Neumann et al. 1992/.
A NW-trending branch of the Oslo Palaeorift runs through the southernmost tip of Sweden
(Skane) and forms the present southwestern boundary of the Fennoscandian Shield and the
entire East European Platform.
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[Tullborg et al. 1995/ and /Larson and Tullborg 1998/ noted that the lower intercept

for many U-Pb isochrons of Swedish Precambrian crustal units indicate disturbance of
the isotopic systems and lead loss from the zircons in the Late Palaeozoic, mainly at
250-300 Ma, i.e. in the Permian. This was interpreted /Larson and Tullborg 1998/ to be
due to elevated temperatures in the Precambrian crust caused by the thick overburden
of Devonian sediments, conditions which were suggested to have remained for at least
100 m.y.

2.2 Geological setting of Phanerozoic fluorite-calcite-galena
mineralization in the Fennoscandian Shield

Phanerozoic fluorite-calcite-galena mineralization is reported from a number of sites in

the Precambrian crust of the Fennoscandian Shield. Two principal geological environments
can be distinguished: 1. mineralizations associated with Permian igneous activity and

2. mineralizations that are unrelated to igneous activity. The latter group can be further
subdivided into vein mineralization and sandstone-hosted mineralization.

1. Mineralizations connected with Permian igneous activity

Fluorite-calcite-galena-bearing veins, connected with Permian igneous activity, are reported
from several sites in the Oslo region /see e.g. Bjerlykke et al. 1990/ as well as in the Skane
region /see e.g. Johansson and Rickard 1982/. Since it was concluded that the veins in the
Baltic Sea region do not belong to this mineralization system /Alm and Sundblad 2002/, this
group will not be discussed further in the present report.

2. Mineralizations unrelated to igneous activity
a. Veins

Fractures filled with calcite and/or fluorite and galena, without igneous association, are
identified at a number of sites all over the Fennoscandian Shield /Johansson 1983, Alm and
Sundblad 2002/ (Figure 4-1). They occur in the upper parts of the Precambrian crystalline
basement, probably reaching a maximum depth of 1 km below the subcambrian peneplain
and often in close spatial association to Cambrian sandstone dykes. The mineralized
fractures are therefore mainly located along the margins of the shield or close to inliers of
Palaeozoic sedimentary rocks underneath the Bothnian Sea and the Gulf of Bothnia. These
vein mineralizations display open-space textures and occur in closely spaced (dm-m-scale)
fracture systems, commonly with steeply dipping and NNE- to ENE-trending orientations,
indicating a significant extensional tectonic event. The mineralized fractures show compo-
sitional variations, both with respect to paragenesis and lead isotopic compositions. Most
fractures are dominated by calcite, others by fluorite and yet others (more rarely) by galena,
but two or three of these phases commonly occur in various proportions at each locality.
The most fluorite-rich veins are encountered where high F contents are recorded in the
Precambrian host rocks (> 0.2% F), which indicates a rather local origin of the fluids. The
lead isotopic composition of galena is variably radiogenic (**®Pb/?**Pb ratios ranging from
17.0 to 35.0) and the lead isotopic signature for individual veins is characteristic for each
host rock, supporting a local derivation of the fluids. Fluid inclusion data indicate vein for-
mation under relatively shallow conditions from moderately saline, CaCl,-dominated fluids
and with depositional temperatures of 100-150°C. /Johansson 1983/ assumed a Caledonian
age for the calcite veins but stated that his lead isotopic results were not conclusive enough
to specify an exact age for the veins. /Tullborg et al. 1995/ and /Larson and Tullborg 1998/
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suggested that the veins were formed in the Late Palaeozoic as a result of the accumulation
of thick sequences of Devonian sediments on the Precambrian basement and related lead
loss from zircons. Using the same frequency distribution of ages for the veins as /Larson
and Tullborg 1998/ showed for the lower intercept ages of Precambrian zircons, the veins
should mainly have formed during the time period from 250-300 Ma, i.e. in the Permian.

b. Sandstone-hosted galena-calcite-fluorite mineralization

Galena-calcite-fluorite mineralizations are also common as cement in Late Precambrian to
Cambrian sandstones along the Caledonian front. Calcite is the most frequent mineral but
accumulations of galena and fluorite are locally so intense that they represent a significant
economic value, particularly at Laisvall and Vassbo, which were the largest lead produc-
ers in Europe during the second half of the 20th century. Hence, a number of publications
are available for this mineralization system /e.g. Grip 1954, 1967, 1973, Tegengren 1962,
Lilljequist 1973, Rickard et al. 1979, 1981, Christoffersson et al. 1979, Bjarlykke 1983,
Bjarlykke and Sangster 1981, Bjgrlykke and Thorpe 1982, Lindblom 1982, Kendrick et
al. 2005/. The close affinity to Vendian or Early Cambrian sandstones, the mineralogical
and isotopic compositions as well as the fluid inclusion characteristics of this mineraliza-
tion type are very similar compared to the vein-hosted mineralizations and a genetic link
between these two mineralization types has often been put forward.

The age and origin of the sandstone-hosted mineralization have, however, been difficult
to asses and these topics have been in focus for considerable amounts of discussions.
/Grip 1954/ and /Rickard et al. 1979/ were convinced about a Caledonian age for the
Laisvall deposit and suggested long-transported hydrothermal fluids from the interior

of the Caledonides. /Tegengren 1962/ concluded that both Caledonian and Permian ages
were plausible alternatives for the timing of the Vassbo deposit, in particular noting the
possible genetic link between sandstone-hosted lead, calcite-fluorite-galena veins near

the Caledonian front, and calcite-fluorite-galena veins immediately associated with the
Permian Oslo rift. /Bjgrlykke and Sangster 1981/ assumed that all sandstone-hosted miner-
alizations in the Caledonian front had formed shortly after the deposition of the sediments.
Furthermore, based on a lead isotope study of the Osen deposit, /Bjagrlykke and Thorpe
1982/ argued strongly for a local metal derivation (the granitic basement) and subsequent
Early Cambrian redeposition of metals into the Early Cambrian clastic sediments.

Current ideas on the Laisvall deposit /Kendrick et al. 2005/ are in support of the early
theories proposed by /Grip 1954/ and /Rickard et al. 1979/, indicating Late Silurian fluid
derivation from Precambrian crustal units within the continental margin of Baltica, and
migration of metals to the Caledonian front in conjunction with the main Caledonian
overthrusting. This is consistent with the observation of Pb (and U) mobilization from
the Precambrian basement in the interior parts of the Caledonides at 420 Ma /Stuckless
et al. 1982/ and recent Ar-Ar dating at ¢ 425 Ma of K-feldspar overgrowths associated
with mineralization in Laisvall /Kendrick et al. 2005/.
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3  Background to the Sm-Nd isotope method
for dating fluorite

Ca-bearing minerals, like fluorite and calcite, may carry ppm levels of REE including

Sm and Nd, which substitute for Ca in the crystal lattice. More or less successful efforts

to determine ages of fluorite by the Sm-Nd isochron method have been reported for
Phanerozoic fluorite mineralizations /Galindo et al. 1994, Chesley et al. 1991, 1994,
Menuge et al. 1997/. With this method, Sm and Nd in fluorite are isotopically analyzed for
some 3—6 samples within a mineralized system, so that the 24Nd/*4Nd ratio of each sample
can be plotted vs. the *’Sm/*4Nd ratio in a standard Sm-Nd isochron diagram. Ideally, all
data points with the same age form a straight line, an isochron, whose slope corresponds to
the age of the analyzed samples. An important prerequisite for a meaningful age calculation
is that all samples have the same initial **Nd/***Nd ratios.
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4 Present investigation

For the present investigation, Sm-Nd isotopic systematics in vein fluorite and calcite
(fracture infillings) as well as fluorite cement in sandstone was utilized, in an attempt to
determine the age of the Phanerozoic hydrothermal fluorite-calcite-galena mineralization
event(s) in the margins of the Fennoscandian Shield. The veins represent three geological
settings in the Baltic Sea region; Gotemar, in a 1,452 Ma granite in southeastern Sweden,
Tindered, in 1,859 Ma sheared granites along the northeastern margin of the Trans-
scandinavian Igneous Belt (T1B) complex in southeastern Sweden, and Lovisa, in the

¢ 1,640 Ma Wiborg batholith in southeastern Finland. The fluorite cement occurs in
Vendian sandstone at Laisvall in the Caledonian front, northern Sweden.

A number of potential source rocks to the fluorite mineralizations were also selected for
this study, following the assumption that Sm-Nd isotopic systematics in the source may be
related to that of the precipitates in such a way that well constrained isochrons could be
constructed.

4.1 Characteristics of the target areas

In all selected target areas with vein fluorite, the host rocks to the mineralizations typically
display intense vertical fracturing, often with a spacing in dm-m scale with mineralization
on most fractures. The mineralizations in the Tindered and Lovisa areas are well-exposed
in road cuts along more than a kilometre, and in the Gétemar area, fluorite is best exposed
in a several hundred metres long quarry. At each site, abundant mineralized fractures can
be observed, which may be up to several tens of metres long. The Gétemar and Lovisa
areas are dominated by ENE-NE trending structures, whereas NNE-NE trending structures
dominate in the Tindered area /Sundblad and Alm 2000, Alm and Sundblad 2002/. The
observed intensity of mineralized fractures over large volumes of bedrock suggests that the
Precambrian crust was subject to a large and sudden stress fields in conjunction with the
hydrothermal activity.

4.1.1 GoOtemar area

The Gétemar A-type granite intrusion has a diameter of five km and is located 30 km
northeast of Oskarshamn (Figures 4-1, 4-2 and 4-3). This pluton is dominated by a coarse,
even-grained granite containing around 0.35-0.40% F, sitting in fluorite as well as F-rich
biotite /Kresten and Chyssler 1976, Alm and Sundblad 2002/. Subhorizontal fluorite- and
topaz-bearing pegmatites are locally found within and outside the pluton /Kresten and
Chyssler 1976/. Several age determinations employing different minerals and different
methods have been carried out on the Gétemar granite /Aberg et al. 1984, Smellie and
Stuckless 1985, Aberg 1988/ but the best age estimate is 1,452 +11/-9 Ma, obtained by
/Ahall 2001/. Mm-dm-wide vertical Cambrian sandstone dykes are abundant in the eastern
part of the pluton, particularly in the Krakemala 2 quarry. Fluorite veins are observed in
many of the quarries in the Gétemar granite, including Askaremala, Krakemala 1 and 2,
Bussvik, and Gotebo. Fluorite veins are also found in the older TIB rocks immediately
outside the Gotemar pluton. /Kresten and Chyssler 1976/ paid particular attention to the
fact that the dykes with Cambrian sandstone only were found east of the fault seen in
Figure 4-2, and concluded a post-Cambrian age for this structure. The fault is of more than
local importance, because it continues for at least 20 km towards the north /Kresten and
Chyssler 1976, Lundegardh et al. 1985/.
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Figure 4-1. Geology of the Fennoscandian Shield with location of the investigated areas and other relevant
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Tindered, and other fluorite-calcite-galena mineralizations.
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Figure 4-3. Geology of the G6temar area /Kresten and Chyssler 1976/ with location of
investigated samples.

4.1.2 Tindered area

The *Tindered granite’ is an informal name for a characteristic rock unit occurring along
the border between the TIB and the metamorphosed Svecofennian complex, some 30 km
northwest of Vastervik (Figures 4-1 and 4-2). This granite is in part strongly sheared,
probably by movements in the Precambrian NW-trending Loftahammar-Linkoping defor-
mation zone (LLDZ; /Beunk and Page 2001/), which passes just north of Tindered. The
granite was marked as “Older granite” and “Older granite and granodiorite, porphyritic” by
/Lundegardh et al. 1985/ on the regional 1:250,000 map sheet. Recent

work on this unit has shown that it has an age of 1,859 Ma (H Wikman, SGU Lund,

pers. comm. 2004) and that two main granite types can be distinguished: “biotite granite”
and “porphyritic granite” /Alm and Sundblad 2002/. The geochemical signatures of these
two rock types are indicative of metaluminous, differentiated granites. The F content

in the biotite granite ranges from 0.22 to 0.25% and is slightly lower in the porphyritic
granite (c 0.18%). Fluorite has been documented as accessory phase in both granites
/Alm and Sundblad 2002/. Fluorite veins are abundant in the exposures along the main
road (Figure 4-4) and one vein is associated with Cambrian sandstone dykes.
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Figure 4-4. Geology of the Tindered area /Alm and Sundblad 2002/ with location of
investigated samples in short notation; see Table 5-1 for complete sample numbers.
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4.1.3 Lovisaarea

The Wiborg batholith is located in southeastern Finland and in adjoining areas in Russia
(Figure 4-1). It is the largest of the Fennoscandian rapakivi plutons and was emplaced

from 1,650 Ma to 1,625 Ma /Vaasjoki et al. 1991/. The pluton consists of several rock
types, including wiborgite (with spectacular mantled feldspars), pyterlite, coarse- and
even-grained rapakivi as well as porphyry aplite. The chemical character of the rocks in

the Wiborg batholith is typical for A-type granites and the high contents of F (c 0.5%) have
often allowed for fluorite to form in the rock in addition to F-rich biotite /Alm and Sundblad
2002/. Vertical fractures with infillings of fluorite occur in the Lovisa area (Figure 4-5),
where two subareas are identified: 1) Metsola, on the main road between Lovisa and Kotka,
some 8-10 km east of Lovisa and 2) Hastholmsvégen, some 3 km southeast of Lovisa, on
the road connecting Lovisa with the nuclear power plant at Hastholmen. These sites are
located on the map sheets 3023 Kotka and 3021 Porvoo but were not recognized when
/Laitala 1964/ and /Simonen and Laitala 1970/ published their respective bedrock map. The
Metsola fluorites are located in a (fault-controlled?) sliver of pyterlite, only few hundred
metres from surrounding varieties of wiborgite and some 1-2 km east of an even-grained
rapakivi granite. The Hastholmsvégen fluorites are located on the border between a
wiborgite and a porphyry aplite.

4.1.4 Laisvall area

The sandstone-hosted galena-fluorite deposit at Laisvall is located in the Caledonian front
in northern Sweden and was the largest lead producer in Europe for many years during the
latter part of the 20th century. At Laisvall, galena, fluorite, calcite and barite act as cement-
ing agents in Vendian and Lower Cambrian sandstones /Grip 1954/. Local variations in the
proportions of these minerals are recorded. Galena dominates in the central parts

of the mineralized area, whereas the other cementing agents surrounds the galena ore
[/Carlsson 1970/. A small but intense fluorite-galena mineralization occurs at Ackerselet,
some 20 kilometres south of the mine. This mineralization is found in the Ackerselet
Formation, which constitutes the lowermost unit of the sedimentary sequence at Laisvall
/Willdén 1980/. 1t is underlain by granite and syenite /Lilljequist 1973/ that belongs to the
¢ 1,790 Ma /Ski6ld 1988/ Sorsele suite.
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Figure 4-5. Geology of the Lovisa area /Laitala 1964, Simonen and Laitala 1970, Laitakari
and Simonen 1962, Simonen 1965/ with location of investigated samples in short notation; see
Tables 5-1 and 5-2 for complete sample numbers.
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5  Description of samples

5.1 Fluorite and calcite from fracture infillings

The investigated vein fluorite and calcite is typically found as thin coatings on fracture
planes, which have become exposed when roads (or quarries) were constructed/exploited.
Fluorite and calcite veins outside these artificial outcrops are very rare. The general appear-
ance of the fluorite is quite similar in all three target areas, despite their wide geographical
distribution. Most fluorites exhibit intergrown, well developed cubic crystal faces on the
surface (centre of fracture during formation). However, crystal size and colour varies, even
within individual fracture planes in each area. Only in one fracture at Tindered, a weak
colour banding was observed (see below). No field evidence argues against a contempora-
neous formation of the fluorite fracture infillings within each of the three investigated areas.
Fluorite (and calcite) samples from thin (< 10 mm), vertical-subvertical fracture infillings
were collected from six sites in the Gotemar area (Figure 4-3), ten sites in the Tindered area
(Figure 4-4), and ten sites in the Lovisa area (Figure 4-5). At one site in Gotemar and at one
site in Tindered, abundant calcite is intergrown with the fluorite and coprecipitated mineral
pairs could thus be separated for isotope analysis. All samples are listed in Table 5-1.

In the Gotemar area, fluorite was collected in the abandoned Krakemala 2 quarry (Kr 03-50,
Kr 03-51, Kr 03-53), in the active Krakemala 1 quarry (Kra 03-54), and in a road cut
southeast of Krakemala 2 (Kv 03-56, Kv 03-57), see Figure 4-3. All Krakemala fluorites
are hosted in coarse-grained Gotemar granite. The two samples (# 56 and # 57) from the
road cut are hosted in a fine-grained Smaland granite, which is partly sheared near the
contact to the Gotemar granite. Of the three Krakemala 2 samples, # 50 was taken from

a thin, very fine-grained, dark purple fluorite-coating on a large dimension stone. Under
the microscope, this fracture infilling proved to be greisen-like, consisting of extremely
fine-grained fluorite, like a fine powder, and considerable amounts of white mica. This
fluorite is considered not to be related to the Phanerozoic mineralizing event but more
likely to a late magmatic stage of the Gotemar intrusion. It is therefore not included in the
isotope study. Sample # 51 was taken in a fracture, which crosscuts a sandstone dyke (close
to field obs. 89:18 in /Alm and Sundblad 2002/) and consists of mm-sized crystals of purple
fluorite associated with calcite. Sample # 53 is from a fracture plane with a sandstone dyke
and fluorite coating on the sandstone (field obs. 89:16 in /Alm and Sundblad 2002/). The
fluorite crystals are less than 1 mm in size, clear and colourless or purple. The Krakemala

1 sample consists of mm-sized purple fluorite grains associated with some calcite. The
fluorite in # 56 (from the same fracture plane as sample GM 01-15 in /Alm and Sundblad
2002/) and # 57 (some 70 m to the north) is yellow to colourless or pale purple, with up

to 1 cm-sized crystals. Pyrite is common on the fracture where sample # 56 was collected.
Very few and small solid inclusions were seen in the fluorites sampled in the Gotemar area.

The Tindered fluorites were sampled in subareas 1, 2, 3, 5, 7 and 9 /Alm and Sundblad
2002/ in both types of granitic host rocks (Figure 4-4). The fluorite crystals are commonly
up to 0.5 mm or rarely 10 mm in size. The colour varies from very dark purple (one specific
site in subarea 9; sample Ti 03-38) to semibanded bluegreen-pale purple (one specific site
in subarea 5; sample Ti 03-44; same as Ti 01-18 in /Alm and Sundblad 2002/, pale purple,
yellow or white/colourless. Calcite and galena are associated with fluorite in sample # 44.
Galena is also present in samples # 40, 41, and 45. Only two of the fluorite samples (# 45
and 46) contain solid inclusions. These are probably amorphous Fe-hydroxide, undetectable
with X-ray diffraction.
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Table 5-1. Mineral samples.

Sample # Mineral  Area Site E/N Coordinates* Host rock Analysis
Kr 03-50 fluorite ~ Gotemar  Kradkemala 2 1550384/6373105  Gotemar granite  REE
Kr 03-51 fluorite ~ Gotemar  Krdkemala 2 1550673/6372752  Goétemar granite  Sm-Nd
Kr03-51a calcite ~ Gotemar  Krékemala 2 1550673/6372752  Gotemar granite  Sm-Nd
Kr 03-53 fluorite  Gotemar  Krakemala 2 1550799/6372614  Gotemar Sm-Nd
granite/ss dyke
Kra 03-54  fluorite  Gotemar  Krékemdla 1 1549769/6372963  Gotemar granite REE, Sm-Nd
Kv 03-56 fluorite  Gotemar  SE of Krdkemala 1551204/6372360  TIB granitoid, REE, Sm-Nd
contact zone
Kv 03-57 fluorite  Gotemar  SE of Krdkemdla 1551242/6372433  TIB granitoid, REE, Sm-Nd
contact zone
Ti 03-38 fluorite  Tindered  Subarea 9 1540147/6428521  biotite granite REE, Sm-Nd
Ti 03-39 fluorite  Tindered  Subarea 5 1540157/6428041  porphyritic REE, Sm-Nd
granite
Ti 03-40 fluorite  Tindered  Subarea 5 1540158/6428048  porphyritic REE, Sm-Nd
granite
Ti 03-41 fluorite  Tindered  Subarea 7 1540182/6428224  biotite granite REE, Sm-Nd
Ti 03-42 fluorite  Tindered  Subarea 9 1540163/6428454  biotite granite REE, Sm-Nd
Ti 03-43 fluorite  Tindered  Subarea 5 1540124/6427942  porphyritic REE, Sm-Nd
granite
Ti 03-44 fluorite  Tindered  Subarea 3 1539946/6427666  porphyritic REE, Sm-Nd
granite
Ti03-44B  calcite Tindered  Subarea 3 1539946/6427666  porphyritic Sm-Nd
granite
Ti 03-45 fluorite  Tindered  Subarea 2 1539983/6427668  porphyritic REE, Sm-Nd
granite
Ti 03-46 fluorite  Tindered  Subarea 2 1539957/6427640  porphyritic REE, Sm-Nd
granite
Ti 03-47 fluorite  Tindered  Subarea 1 1539856/6427570  biotite granite REE, Sm-Nd
Me 03-01  fluorite  Lovisa Metsola 3466920/6708290  pyterlite REE
Me 03-02  fluorite  Lovisa Metsola 3467000/6708280  pyterlite REE
Me 03-03 fluorite Lovisa Metsola 3467270/6708440  pyterlite REE, Sm-Nd
Me 03-04  fluorite Lovisa Metsola 3467290/6708450  pyterlite REE
Me 03-05  fluorite  Lovisa Metsola 3467330/6708460  pyterlite REE
Me 03-06 fluorite Lovisa Metsola 3467660/6708600  pyterlite REE, Sm-Nd
Me 03-07 fluorite Lovisa Metsola 3467780/6708660  pyterlite REE, Sm-Nd
Hv 03-08 fluorite  Lovisa Héstholmsvagen  3459800/6703570  porphyry aplite REE, Sm-Nd
Hv 03-09 fluorite Lovisa Hastholmsvagen  3459770/6703570? porphyry aplite REE, Sm-Nd
Hv 03-10 fluorite Lovisa Hastholmsvagen  3460120/6703380  wiborgite REE, Sm-Nd
Ak 2:1 fluorite  Laisvall Ackerselet Ddh 2, 1563028/7321248  Vendian Sm-Nd
7.57-8.30m sandstone
Ak 4:1 fluorite Laisvall Ackerselet Ddh 4, 1563020/7321180 Vendian Sm-Nd
5.13-6.01 m sandstone
Ak 5:1 fluorite Laisvall Ackerselet Ddh 5, 1563084/7321180 Vendian Sm-Nd
13.71-13.73 m sandstone
Ak 5:2 fluorite  Laisvall Ackerselet Ddh 5, 1563084/7321180 Vendian Sm-Nd
15.20-15.29 m sandstone
Ak 6:1 fluorite Laisvall Ackerselet Ddh 6, 1563096/7321232  Vendian Sm-Nd
13.69-14.02 m sandstone

*Swedish and Finnish national grids respectively.

ss = sandstone; Ddh = diamond drillhole.

26



Of the ten Lovisa fluorites, seven were collected in road cuts located along ¢ one km of the
main road east of Metsola (samples Me 03-01 to 03-07), see Figure 4-5. The colour of the
fluorite is mostly yellow, white/colourless or to a lesser extent pale purple. The fluorite is
fairly coarse-grained and crystals 0.5-1 cm in size are abundant. The host rock is a pyterlite.
Three fluorites were sampled in two road cuts along Hastholmsvagen; samples Hv 03-08
and Hv 03-09 in two outcrops on either side of the road ¢ 3 km southeast of Lovisa, and

Hv 03-10 ¢ 450 m further to the southwest. The fluorite is similar at all sites; pale yellow or
purple to white/colourless, with crystals up to 0.5 cm in size. The host rock to sample # 10
is a wiborgite, while # 08 and 09 are hosted in a porphyric aplite. It can be noted that no
calcite or galena is found associated with the fluorite in the observed outcrops in the Lovisa
area. Calcite and dolomite together with fluorite is, however, reported by /Gehdr et al. 1997/
in fracture infillings in the Wiborg batholith, observed in drillcores at the site for the nuclear
power plant at Hastholmen. Most of the fluorites from the Lovisa area contain solid inclu-
sions, probably amorphous Fe-hydroxide as in the Tindered area.

5.2 Fluorite as cement in sandstone

Five fluorite-rich sections in four drillcores from Ackerselet were selected (Table 5-1). Pale
purple fluorite fills the pore space between fairly rounded but poorly sorted detrital grains,
mainly quartz with minor feldspar. The grain size of the light grey sandstone is approxi-
mately in the range 0.1-10 mm. Small amounts of Fe sulphides and barite (?) accompanies
the fluorite, whereas visible galena impregnation mostly is found a few

metres higher up in the sections. The sub- to anhedral fluorite crystals are clear without
solid inclusions and the grain size is <2 mm.

5.3 Potential source rocks to fluorite mineralizations

All rock samples are listed in Table 5-2. One sample each of the two granite types at
Tindered was collected in the road cuts (Figure 4-4). Of the coarse-grained, dark red
Gaétemar granite, one sample was taken in the active quarry (Krakemala 1) and one in

the abandoned (Krakemala 2; Figure 4-3). In the Lovisa area, two pyterlite samples were
collected in the Metsola road cuts, dark wiborgite in natural outcrops at two sites, north
and northeast of Metsola, two wiborgite samples in natural outcrops south and southeast
of Metsola and one in the northwestern road cut at Hastholmsvagen. Porphyry aplite was
sampled in the same road cut at Hastholmsvégen and at Tessj0, in a small road cut along the
main road between Lovisa and Metsola (Figure 4-5). Fresh and representative samples of
the Sorsele suite underlying the Ackerselet fluorite mineralization were collected from two
drillcores.
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Table 5-2. Rock samples.

Sample#  Area Site E/N Coordinates* Rock type Analysis

Kr 0417 Gotemar Krékemala 1 1549810/6372850 Gotemar granite  Chem, Sm-Nd
Kr 0418 Gotemar  Krakemala 2 1550660/6372745 Gotemar granite Chem, Sm-Nd
Ti 0419 Tindered Subarea 5 1540157/6428052 porphyritic Chem, Sm-Nd

granite

Ti 0420 Tindered  Subarea 9 1540160/6428448 biotite granite Chem, Sm-Nd
Me 0401 Lovisa Metsola 3466950/6708250 pyterlite Chem, Sm-Nd
Me 0402 Lovisa Metsola 3467360/6708450 pyterlite Chem

Me 0403 Lovisa Metsola 3467530/6709110 dark wiborgite Chem, Sm-Nd
Me 0408 Lovisa Metsola 3466640/6709450 dark wiborgite Chem, Sm-Nd
Me 0404 Lovisa Metsola 3468270/6708700 wiborgite Chem

Me 0409 Lovisa Metsola 3467580/6707750 wiborgite Chem

Hv 0405 Lovisa Hastholmsvagen 3459760/6703600 wiborgite Chem, Sm-Nd
Hv 0406 Lovisa Héastholmsvagen 3459800/6703570 porphyry aplite  Chem, Sm-Nd
Te 0407 Lovisa Tessjo/Tessjoki 3460810/6706680 porphyry aplite  Chem, Sm-Nd
Ak 0415 Laisvall Ackerselet Ddh 1564120/7322890 Sorsele granite  Chem, Sm-Nd

24,94.27-94.68 m
Ak 0421 Laisvall Ackerselet Ddh 4, 1563020/7321180 Sorsele granite  Chem, Sm-Nd

14.16-14.68 m

*Swedish and Finnish national grids respectively.
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6  Analytical methods

Fluorite was mechanically separated from adjacent wall rock fragments and 3-10 g of
fluorite grains were handpicked in alcohol under microscope and ground in an agate mortar.
Varying (but mostly small) amounts of included Fe-hydroxide, pyrite (marcasite?), or cal-
cite could not be avoided in these separates. The 15 rock samples were crushed and milled.
Four Gotemar, ten Tindered, and ten Lovisa fluorite separates were analyzed for trace
element contents and the rock powders for major and trace element contents using ICP-MS
at Acme Analytical Laboratories LTD, Vancouver. The F content in the rock powders was
determined at the Laboratory of Geological Survey of Estonia, Tallinn,

using ion-selective electrode.

Six fluorite samples from the Lovisa and Gotemar areas respectively, and all Tindered and
Laisvall mineral samples, were selected for the isotopic investigation, partly based on the
results of the ICP-MS analyses. Some 150 mg of purest possible fluorite and calcite grains
were handpicked in alcohol under microscope. 18-150 mg of the fluorites were dissolved
on hot plate in Savillex screw-cap Teflon beakers using HCI and H;BO;. The calcites were
dissolved in HCI and the rock powders in Teflon bombs in oven. Standard procedures
/e.g. Hanski et al. 2001/ were used for chemical treatment and mass-spectrometry.
Chemistry and isotope analyses (VG sector 54 MS) were conducted at the Geological
Survey of Finland, Espoo. Age calculations were performed using Isoplot/Ex rev. 2.49
/Ludwig 2001/.
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7 Results

a. Geochemistry of potential source rocks

The geochemical composition of the sampled rocks is given in the Appendix. Most rocks

in this study plot in the granite field in the SiO, vs. Na,0+K,0 discrimination diagram by
/Cox et al. 1979/. An exception is the dark wiborgite Me 0403, which falls in the quartz
diorite field. In a PQ diagram /Debon and Le Fort 1982/ the same dark wiborgite plots in the
adamellite (monzogranite) field, together with the pyterlite Me 0409, the Gétemar granite
Kr 0417, the Tindered biotite granite Ti 0420, and the Sorsele granite Ak 0421. All others
plot as true granites.

Chondrite-normalized /Boynton 1984/ REE profiles for rocks analyzed in the present study
are presented in Figure 7-1a—d. For the Tindered and Gotemar granites, previously pub-
lished data /Alm and Sundblad 2002, Wikman and Kornfalt 1995/ are included. All Gotemar
granites have highly fractionated LREE and the majority show a HREE pattern with a char-
acteristic curve, dipping from Gd to Dy or Ho and then rising to Lu. Negative Eu-anomalies
are generally present but of highly variable size. In the LREE a minor but clear division into
two groups with different total REE contents can be noted. The Tindered granites show a
fractionated LREE and fairly flat HREE pattern, with negative Eu-anomalies that are larger
for the more evolved biotite granite than for the porphyritic granite. The biotite granite also
has slightly higher LREE contents. A similar pattern, with fractionated LREE and fairly

flat HREE, is displayed by the various Wiborg rapakivi granites. A distinct separation into
two groups is obvious in that pyterlites and porphyry aplites have higher LREE contents
and much larger negative Eu-anomalies than the wiborgites. The Sorsele granites from
Ackerselet show only slight fractionation in all REE, with a small negative Eu-anomaly,
indicative of a less evolved magma source compared to the other granites in this study.

b. Geochemistry of fluorites

The results of the trace element analyses of fluorites are presented in Table 7-1 and plotted
in Figure 7-2a—c, presenting chondrite-normalized REE profiles.

For the GOtemar area, REE data are available for four fluorite samples, of which only one is
from a typical fluorite vein within the Gotemar granite (Kra 03-54). The other three are the
greisen-like fluorite (Kr 03-50) and the two fluorite samples collected immediately outside
the Gotemar granite (Kv 03-56, Kv 03-57). Two of the other Gotemar samples were too
small to allow for REE analyses. Sample Kra 03-54 displays a slightly fractionated LREE
pattern, a pronounced negative Eu anomaly and fairly flat HREE but with some enrich-
ment in the MREE. The REE pattern for the greisen-like sample (Kr 03-50) shows more
fractionated LREE, a smaller Eu anomaly and lower HREE content compared to # 54. The
REE patterns of samples # 56 and 57 are similar to each other but differ from that of # 54
through lower LREE content, flat LREE, smaller Eu anomalies, and fairly flat HREE that
are significantly enriched relative to the LREE.

Ten data sets are available for the REE contents in Tindered fluorites. Eight of these

have fairly uniform REE patterns, with rather flat LREE curves, pronounced negative Eu
anomalies, and HREE that are constantly enriched relative to the LREE, although slightly
decreasing from Er to Lu. Ti 03-41 has a similar pattern but generally with higher total
REE contents. Ti 03-44 (the only sample consisting of green fluorite) is significantly more
fractionated both in LREE and HREE, displaying a marked relative HREE depletion, and
the smallest Eu-anomaly among the Tindered fluorites.
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All ten REE profiles for Lovisa fluorites are similar, but display some variation in LREE
fractionation. A weak distinction between the Metsola and Hastholmsvégen populations
may be discerned. The latter (Hv 03-08 to 03-10) are slightly depleted in La relative to Ce,
whereas the Metsola fluorites have flat LREE patterns or are enriched in La and Ce relative
to Nd. For all samples, the negative Eu anomalies are large and HREE are enriched relative
to the LREE but decreasing from Er to Lu (cf. Tindered profiles).

According to the ICP-MS data, the Sm and Nd contents of fluorite in the Gétemar, Tindered
and Lovisa areas are fairly high and display a narrow range (4 to 10 ppm Sm, and 12 to

23 ppm Nd) for most samples. The only exceptions are samples Ti 03-41 and Ti 03-44
(Tindered), which have distinctly higher contents (Figure 7-2b). The Sm/Nd ratios vary
from 0.33 to 0.42 for the three non-greisen-like Gotemar fluorites, from 0.36 to 0.65 for the
Tindered fluorites, and from 0.39 to 0.56 for the Lovisa fluorites.

It can be noted that a weak tendency toward population-related elevations in other trace
elements than REE exists, e.g. for Co in Tindered and Metsola, and for Th, U, W, and Zr in
Krakemala and the Lovisa area. This observation is, however, not further discussed in the
present study.

c. Sm-Nd isotopes

All Sm-Nd isotope analyses are technically of a high quality and the results are presented
in Table 7-2 and Figures 7-3 to 7-8. The total concentration of Nd and Sm in fluorite from
all study areas ranges from 8 to 26 ppm and from 2 to 10 ppm respectively. Two of the
Tindered fluorite samples (# 41 and # 44) have distinctly higher concentrations of up to
117 ppm of Nd. These results are in agreement with the results obtained from the ICP-MS
analyses. The two calcite samples have Nd concentrations of 54 and 117 ppm and low
147Sm/***Nd ratios compared to fluorite.

None of the obtained mineral data populations yield proper isochrons because of large
MSWD values, indicating scatter much in excess of the analytical error. The reason for this
scatter is probably a variation in initial *Nd/***Nd ratios between samples. However, for
each study area reference lines can be constructed, which provide age estimates that form a
base for further elaboration on the timing of the hydrothermal vein formation. The fluorite-
calcite pairs from the Gotemar and Tindered areas contribute successfully to better constrain
the age estimates. It is, on the other hand, clear that the isotope data from the suggested
source rocks do not help in assessment of the fluorite ages.

Lovisa area

A reference line, including all the six analyzed fluorites from the Lovisa area (Figure 7-3),
can be constructed, which corresponds to an age of 407 £ 54 Ma (MSWD = 5.0). The six
rock samples, representing four different granite types within the Wiborg batholith, plot on
a steeper line corresponding to an age of 1,565 + 240 Ma (MSWD = 2.1). This age reflects
within error limits the true intrusion ages of 1,650 to 1,625 Ma (as established by U-Pb
chronology on zircons; /Vaasjoki et al. 1991/).
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Table 7-2. Sm-Nd isotope data.

Sample/anal# Location Sample type Sm Nd MSm/¥Nd  “3Nd/***Nd  eNd (420)
(ppm)  (ppm)

Gotemar area

Kr 03-51 fl Krakemala 2 Fluorite 9.16 25.62 0.2161 0.511901 -155
Kr 03-51a Krakemala 2 Calcite 7.12 44.16  0.0975 0.511562 -15.7
Kr 03-53 fl Krakemala 2 Fluorite 1.76 7.83 0.1361 0.511689 -15.3
Kra 03-54 fl Krakemala 1 Fluorite 6.23 19.22  0.1958 0.511862 -15.1
Kv 03-56 fl SE of Krdkemala  Fluorite 5.88 13.44 0.2643 0.512121 -13.8
Kv 03-57 fl SE of Krdkemdla  Fluorite 9.79 20.56 0.2879 0.512263 -12.3
Kr 0417 wr Krakemala 1 Goétemar granite  2.40 19.35 0.0749 0.511341 -18.8
Kr 0418 wr Krakemala 2 Gotemar granite 8.92 64.53 0.0835 0.511441 -17.3
Tindered area
Ti 03-38 fl Tindered Fluorite 7.72 19.05 0.2450 0.512009 -14.9
Ti 03-39fl Tindered Fluorite 5.92 10.84 0.3302 0.512303 -13.8
Ti 03-40 fl Tindered Fluorite 7.40 1476  0.3031 0.512216 -14.0
Ti03-41fl Tindered Fluorite 33.76 51.96 0.3927 0.512386 -15.5
Ti 03-42 fl Tindered Fluorite 3.94 10.04 0.2368 0.512021 -14.2
Ti 03-43 fl Tindered Fluorite 6.46 13.63 0.2865 0.512166 -14.1
Ti 03-44 fl Tindered Fluorite 66.14 117.41 0.3406 0.512266 -15.0
Ti 03-44B Tindered Calcite 24.74 117.57 0.1272 0.511699 -14.6
Ti 03-45 fl Tindered Fluorite 5.92 12.69 0.2819 0.512124 -147
Ti 03-46 fl Tindered Fluorite 8.41 16.97 0.2997 0.512216 -13.8
Ti 03-47 fl Tindered Fluorite 6.97 18.18 0.2316 0.512069 -13.0
Ti 0419 wr Tindered Porphyritic 10.09 46.84 0.1302 0.511917 -10.6
granite
Ti 0420 wr Tindered Biotite granite 12.05 66.70 0.1092 0.511640 -14.8
Lovisa area
Me 03-03 fl Metsola Fluorite 8.51 16.67 0.3087 0.512212 -14.4
Me 03-06 fl Metsola Fluorite 7.83 20.05 0.2362 0.512041 -13.8
Me 03-07 fl Metsola Fluorite 7.28 13.39 0.3286 0.512276 -14.2
Hv 03-08 fl Hastholmsvagen  Fluorite 6.37 11.35 0.3390 0.512307 -14.2
Hv 03-09 fl Hastholmsvagen  Fluorite 5.59 9.78 0.3458 0.512342 -13.8
Hv 03-10 fl Hastholmsvagen  Fluorite 4.82 9.99 0.2919 0.512181 -14.1
Me 0401 wr Metsola Pyterlite 17.38 99.42 0.1057 0511599 -15.4
Me 0403 wr Metsola Dark wiborgite 14.93 80.80 0.1117 0.511680 -14.2
Hv 0405 wr Hastholmsvagen  Wiborgite 11.11 60.76 0.1106 0.511666 -14.4
Hv 0406 wr Hastholmsvagen Porphyry aplite 23.09 146.00 0.0956 0.511512 -16.6
Te 0407 wr Tessjo/Tessjoki Porphyry aplite 18.99 112.13 0.1024 0.511581 -15.6
Me 0408 wr Metsola Dark wiborgite 15.24 83.60 0.1102 0.511657 -14.6
Laisvall area
Ak 2:1 fl Ackerselet Fluorite 5.18 17.44 0.1795 0.511900 -13.5
Ak 4:1 fl Ackerselet Fluorite 5.17 17.89 0.1748 0.511917 -12.9
Ak 5:1 1l Ackerselet Fluorite 1.78 8.35 0.1292 0.511786 -13.1
Ak 5:2 fl Ackerselet Fluorite 2.96 13.68 0.1307 0.511775 -13.4
Ak 6:1 fl Ackerselet Fluorite 3.96 12.92 0.1855 0.511941 -13.1
Ak 0415 wr Ackerselet Sorsele granite 18.68 86.86 0.1300 0.511707 -14.6
Ak 0421 wr Ackerselet Sorsele granite 9.91 5142 0.1165 0.511701 -14.0

Error in 147Sm/144Nd is 0.4% (Ti03-44B 1%), and in 143Nd/144Nd 0.00001 (absolute 2 o error).
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Lovisa area

0.5125 | All fluorites
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Figure 7-3. Sm-Nd plot for fluorites and rocks, Lovisa area.

Tindered area

For the Tindered fluorite population, a reference line with a slope corresponding to an

age of 361 + 77 Ma (MSWD = 40) can be constructed. If the data point generated by the
calcite sample is included, a line corresponding to an age of 402 £ 57 Ma (MSWD = 47)
is obtained (Figure 7-4). This age estimate can neither be improved by combining only the
fluorite samples with the same host rock, nor by combining the fluorite samples with the
data point generated by their respective host rock. A reference line for the coprecipitated
fluorite-calcite pair corresponds to an age of 406 + 10 Ma.

Gotemar area

All five fluorite data points from the Gotemar area generate a reference line with an age of
568 £ 180 (MSWD = 72). With the calcite sample included (Figure 7-5), the obtained age
estimate is 538 £ 110 Ma (MSWD = 65). If the two fluorites hosted by TIB granitoids out-
side the Gotemar granite are omitted, a line through the remaining three fluorite data points
yields 414 + 380 Ma (MSWD = 5.2) and if the calcite sample is included, 441 + 87 Ma
(MSWD = 6.1). A line connecting the fluorite-calcite pair yields an age estimate of 436 + 18
Ma. No meaningful combinations with the two Gétemar granite

data points can be made.

Laisvall area

For the five Laisvall fluorites, a reference line corresponding to an age of 423 + 130 Ma
(MSWD = 8.0) is obtained (Figure 7-6). As for the Gétemar data no meaningful combina-
tions with the data points generated by the two Sorsele granite samples

can be made.
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Figure 7-4. Sm-Nd plot for fluorites, calcite and rocks, Tindered area.

Gotemar area
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Figure 7-5. Sm-Nd plot for fluorites, calcite and rocks, Gotemar area.
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Laisvall area

05120 - All fluorites
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Figure 7-6. Sm-Nd plot for fluorites and rocks, Ackerselet, Laisvall area.

Total fluorite (and calcite) population

The total population of 28 mineral data, including vein fluorite as well as calcite and
sandstone-cementing fluorite (Figure 7-7) yields a reference line corresponding to an
age of 420 + 35 Ma (MSWD = 78).

The various age estimates are summarized below:

Target area and sample association Age (Ma) MSWD
Gotemar (three fluorites) 414 + 380 5.2
Gotemar (three fluorites and one calcite) 441 + 87 6.1
Gotemar (two fluorites from same quarry) 405 + 27 -
Gotemar (calcite-fluorite pair) 436 + 18 -
Tindered (all 10 fluorites) 36177 40
Tindered (all 10 fluorites and one calcite) 402 + 57 47
Tindered (calcite-fluorite pair) 406 + 10 -
Lovisa (all 6 fluorites) 407 + 54 5.0
Laisvall (all 5 fluorites) 423 + 130 8.0
All targets (all 26 fluorites and two calcites) 420 + 35 78
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Figure 7-7. Sm-Nd plot for fluorites and calcite, all areas.

All areas
-10
_12 L
X XX X
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Figure 7-8. engqao mayvs. *'Sm/**Nd plot for fluorites and calcites, all areas.

41



8 Discussion

a. Geochemistry of potential source rocks

As was concluded by /Alm and Sundblad 2002/, the critical factor that governs the various
proportions of fluorite, calcite and galena as well as the lead isotopic composition in each
particular vein system is the geochemical character of the source rock.

One important element in this respect is F. In case there is insufficient F in the source rock,
calcite is likely to be precipitated from the hydrothermal fluid. In low-F rocks, F is com-
monly tied to the crystal lattice of minerals like apatite, amphibole and pyroxene. In high-F
rocks, e.g. evolved granites, these minerals will become saturated with F and fluorite will
form in the rock. Based on available data for the F contents (/Alm and Sundblad 2002/ and
this report), the Gotemar granite has =~ 0.4% F, the Tindered biotite granite = 0.25% F, and,
in the Lovisa area, the pyterlite = 0.5% F and the porphyritic aplite = 0.4% F. In most of
these, magmatic fluorite is observed /Alm and Sundblad 2002/. The high F contents, and in
particular the presence of magmatic fluorite, are probably the main reasons for the abundant
occurrence of fluorite-dominated hydrothermal vein mineralization in the investigated
areas, since a low-temperature fluid will release F easier from a fluorite-bearing rock than
from a rock with all F tied to silicates or apatite. Each of these host rocks must therefore be
considered as a realistic source for F in the low-temperature fluid that formed the veins, thus
implying a very local derivation. Other host rocks, as the porphyritic granite in the Tindered
area and wiborgites in the Lovisa area, have slightly lower F contents (0.12-0.25% F), and
are thus less evident, but still possible, sources for the hydrothermal fluorites. The Sorsele
granite constituting the basement for the Ackerselet Formation has such low F-content (=
0.05%), that it is an unlikely source for the fluorite in the above-lying sandstones. This
provides support to models advocating long-transported fluids in the Laisvall system /Grip
1954, Rickard et al. 1979, Kendrick et al. 2005/.

The origin of Ca, as well as Sm and Nd, in the hydrothermal minerals is even more criti-
cal in the present context, because if the fluids contain elements from several sources, a
complexity in the Sm-Nd isotope systematics of the hydrothermal mineral precipitate will
arise. As noted above, two possible source rocks have been identified in the Tindered area
and several possible source rocks in the Lovisa area, based on field criteria, available whole
rock data on the F contents, and petrographic information. Each rock unit has its specific
geochemical composition (see Appendix and /Gehor et al. 1997/) and variations in the initial
13N d/**Nd ratios can be expected, which would cause a complex Sm-Nd isotope composi-
tion in the hydrothermal system. The conditions are even more complex in the Goétemar
area. While most of the investigated minerals are hosted by the Gétemar granite, two
fluorite samples were collected in the border zone to the TIB. Since these two samples have
Sm-Nd isotope compositions that fall off the trend for the other samples from the Gétemar
area, it is assumed that the Sm and Nd compositions in these two samples were heavily
influenced by the TIB granitoids. It is thus well-motivated to exclude the data points for
these two samples from the age calculations. Furthermore, it is evident from a closer look
at available chemical data from the Gotemar intrusion that discrete geochemical variations
exist within this intrusion, even if it appears to be reasonably homogeneous based on field
criteria. As can be seen in Table 8-1, one variety of the GOtemar granite, represented by five
samples, has SiO, contents between 75.5 and 77.3%, and rather modest contents of several
elements, e.g. Fe,Ostot, CaO, MgO, TiO,, Sr, Sm and Nd, while another variety, represented
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Table 8-1. Compositional range for selected elements in two Gétemar granite types
and TIB*.

Sio2 Fe203tot  MgO CaO TiO2 Sr Sm Nd

Gotemar

Type 1 (n=5) 75.5-77.3 0.70-1.25 0.06-0.12 0.44-0.75 0.05-0.11 28-73 2.5-5.0 20-28
Type 2 (n=4) 72.0-74.1 1.88-2.23 0.32-0.43 1.04-1.18 0.27-0.33 127-130 6.4-9.3 49-61
TIB (n=8) 69.0-71.1 2.61-3.58 0.75-1.23 1.93-2.59 0.36-0.51 530-798 4.9-7.4 32-50

Oxides are given as weight percent, trace elements as ppm.
*Data from this report and /Wikman and Kornfalt 1995/.

by four samples, has SiO, contents between 72.0 and 74.1%, and significantly higher con-
tents of the other mentioned elements, thus indicating the presence of two magmatic suites
within the Gétemar pluton. Even if it is beyond the scope of this investigation to speculate
in the reason for this bimodality, it cannot be excluded that these geochemical variations are
accompanied by variations in the initial 1**Nd/***Nd ratios. Considerable care should thus be
taken when evaluating the Sm-Nd isotope data even for individual target areas.

b. Fluid inclusion characteristics and geochemistry of fluorites

Fluid inclusion investigations of the fluorite-calcite-galena veins in the Baltic Sea region
indicated depositional temperatures of 100-150°C /Alm and Sundblad 2002/, which is
comparable to the estimates made for the fluorite-calcite-galena veins /Johansson 1980/
and the sandstone-hosted mineralization /Lindblom 1982/ along the Caledonian front.

From the fluid inclusion study by /Alm and Sundblad 2002/, indications of two fluids with
different salinities were obtained in fluorites from the Tindered and Gétemar areas. An
influx of fluids with slightly different compositions may have entered the fracture systems
at some discrete occasions during vein formation, although probably not widely separated
in time. The obvious variation in initial **Nd/***Nd ratios within the fluorite populations
may arise from such inhomogeneities in fluid composition. However, the fluid inclusion
data are obtained from a few grains of fluorite and calcite at each locality. The REE com-
positions obtained for bulk samples are in general very similar, implying a similar source.
One exception is the Tindered sample # 44, with its deviating pattern (Figure 7-2b). This
behaviour may be connected with the fact that this fluorite was intergrown with abundant
calcite and therefore a result of fractionation between the two REE-bearing phases. Details
about such fractionation are not discussed here.

When the REE profiles for fluorites are compared to those of the rocks in the Tindered

and Lovisa areas respectively, a similar change of the pattern is revealed for both areas.
The LREE are depleted in the fluorites compared to the rocks, whereas the MREE are
significantly enriched and the HREE less enriched. /Schwinn and Markl 2005/ have shown
that leaching of granites by a fluid, and subsequent precipitation of fluorite from this fluid
produces a similar change in the REE pattern as that obtained in this study. It may therefore
be inferred that the local granites in the Tindered and Lovisa areas constitute the source for
trace elements to the hydrothermal fluids that deposited the fluorite. For the Gétemar area
the few available REE data are not enough conclusive in this respect. The fractionation
trend, with (MREE)HREE enrichment relative to the LREE displayed in all investigated
areas, may be due to variations in the complexing behaviour between LREE and HREE in
the hydrothermal fluid, as suggested by e.g. /Mdéller and Morteani 1983/.
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c. Age constraints of the fluorite-calcite-galena mineralization

The age of the fluorite-calcite-galena mineralization has been discussed for more than

fifty years and a wide range of ages has been proposed /e.g. Grip 1954, Tegengren 1962,
Bjarlykke and Thorpe 1982, Larson and Tullborg 1998/. Although a Phanerozoic age is evi-
dent from the geological relations between the mineralization and the Cambrian sandstone,
there are few firm data available to provide a more detailed timing. The highly radiogenic
lead isotopic compositions of galena in veins /Johansson 1983, Alm and Sundblad 2002/
and sandstones /Rickard et al. 1981/ yield negative model ages, typical

for a Phanerozoic reactivation of Precambrian crustal sources, but of little use for more
precise age determination.

A Late Palaeozoic formation of the hydrothermal system, as a result of increased thermal
conditions created by the Devonian sediment accumulation, was proposed by /Larson

and Tullborg 1998/. This model is, however, questioned by the similarity in depositional
temperature, determined from fluid inclusions, for fluorite-calcite-galena veins close to the
Caledonian front /Johansson 1980/, and in the Baltic Sea region /Alm and Sundblad 2002/.
In case the increased heat flow and associated hydrothermal activity were generated by
thick piles of post-Caledonian sediments, the various mineralizations should record differ-
ing fluid inclusion characteristics, particularly when considering the highly variable depth
estimates obtained for different parts of the Devonian foreland basin /Middleton et al. 1996,
Samuelsson and Middleton 1998, Larson et al. 1999/. Serious doubts about a burial-gener-
ated model /Larson and Tullborg 1998/ is also raised because it cannot explain the intense
fracturing associated with the hydrothermal activity. A mineralization process independent
of a thick overburden is therefore suggested.

Although no proper Sm-Nd isochrons were obtained for the investigated fluorites, indi-
vidual fluorite (and calcite) populations, representing well-defined geological environments,
display linear trends that can be evaluated with respect to ages (Figures 7-3-7-6). The most
reliable of those are the two fluorite-calcite pairs analyzed for Gétemar and Tindered, since
the two minerals in each pair must have formed semicontemporaneously from the same
hydrothermal fluid. The eng @20 ma) VS. 1’SM/**“Nd diagram (Figure 7-8)

gives support for such an assumption because data for coprecipitated minerals should

form horizontal lines in such a diagram. The ages calculated for these two mineral pairs

are 436 £ 18 Ma for Gétemar and 406 + 10 Ma for Tindered. Age calculations based on
other geologically motivated groupings of data (including samples from the same quarry

in Gotemar as well as the entire fluorite + calcite populations in Tindered, Lovisa and
Laisvall) give similar results, although with larger errors. An age calculation made on data
for the two fluorites and one coexisting calcite from the same quarry gives 432 £ 310 Ma.
This large error may be caused by the geochemical variations detected within the Gétemar
pluton (see above). Furthermore, if the total mineral data population from all four target
areas (thus evidently involving numerous sources) are included in one calculation, an age of
420 + 35 Ma is obtained. Even if the obtained ages are imprecise, they all provide independ-
ent indications towards ages in the range between 400 and 440 Ma, suggesting shield-scale
hydrothermal and tectonic event(s) during the Silurian to Early Devonian. These data do not
support the burial-generated model (Permian) for the vein mineralization as proposed by
/Larson and Tullborg 1998/ nor the the syngenetic model (Cambrian) for

the sandstone mineralization as proposed by /Bjgrlykke and Thorpe 1982/, and some
alternative processes and events must be found to explain the shield-scale tectonic and
hydrothermal activity.
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The Lochkovian/Pragian system of faults and fractures in Latvia and Estonia is a

very strong and concrete piece of evidence for a dramatic and episodic impact on the
Precambrian crust and overlying sedimentary sequence in the Early Devonian. The geom-
etry of these faults and fractures coincide with the main trend for the fluorite-
calcite-galena-bearing fractures in the Baltic Sea region, and are also sub-parallel to a sus-
pect horst-graben system in the Lovisa area. Since the timing of the Latvian fault systems
(410-415 Ma) is based on fossil evidence and well-established geochronological calibra-
tions, it is constrained to within a few million years. This age is in excellent agreement with
the (less well-constrained) Sm-Nd ages obtained for the mineralized fractures in the Baltic
Sea region. Based on these temporal and structural similarities,

it is suggested that the Lochkovian/Pragian fault systems in Latvia and Estonia were
formed semicontemporaneously with the fracture-controlled fluorite-calcite-galena miner-
alizations in the Baltic Sea region. In consequence, the true age of this hydrothermal system
should be close to 410-415 Ma.

The 423 £ 130 Ma age for the Laisvall fluorites is the first radiometric age estimate of the
galena-fluorite-calcite paragenesis in this major ore system. It is consistent with the much
more precise age determinations of lead mobilization (420 £ 3 Ma) in the interior of the
Caledonides /Stuckless et al. 1982/ and K-feldspar overgrowths (430 £ 4 Ma and 424 +

4 Ma) in Laisvall /Kendrick et al. 2005/. Thus, the imprecise Sm-Nd age estimate for the
Ackerselet fluorites is nevertheless realistic and it is suggested that a true age for the hydro-
thermal event in Laisvall is close to 420-430 Ma. The combined evidence of the timing
and the long-transported character of the hydrothermal system in Laisvall lend support to
the genetic models for Laisvall suggested by /Grip 1954, Rickard et al. 1979, Kendrick et
al. 2005/ but are not compatible with the model proposed by /Bjgrlykke and Thorpe 1982/
for the Osen sandstone-hosted deposit. It is worth noting that if all pieces of evidence are
combined, they indicate that the hydrothermal fluids forming the Laisvall sandstone-hosted
deposit are distal (e.g. /Kendrick et al. 2005/ and this report) while the hydrothermal fluids
forming the veins in the Baltic Sea region are proximal (/Alm and Sundblad 2002/ and this
report). Based on the arguments by /Bjerlykke and Thorpe 1982/ the Osen deposit should
have formed by local fluids. Without further investigations on

the calcite-fluorite veins along the Caledonian front and the scattered occurrences of
sandstone-hosted mineralization in the Baltic Sea region, it remains unclear whether this
difference is type-related or region-related.

d. Geodynamic implications

As shown above, the combined information on the geological setting, fluid inclusion
systematics and Sm-Nd data suggest a Late Silurian/Early Devonian age for the fluorite-
calcite-galena mineralizations. If the precise ages provided by /Stuckless et al. 1982/

and /Kendrick et al. 2005/ are considered relevant for the Laisvall mineralization

(i.e. 420-430 Ma) and the Lochkovian/Pragian (i.e. 410-415 Ma) age is considered
relevant for the veins in the Baltic Sea region, it is implied that the hydrothermal

activity along the Caledonian front preceded the hydrothermal system in the Baltic Sea
region with some 5 to 10 million years. This time discrepancy is consistent with a south-
eastwards migrating foreland basin as proposed by /Basset 1985/ in the Late Silurian/Early
Devonian. The most plausible geodynamic scenario for the shield-scale low-temperature
hydrothermal mineralization is therefore that the Caledonian continent-continent collision
was accompanied by an extensional tectonic regime in the foreland

/cf. Jordan 1981, Tankard 1986/ resulting in upbulging of the lithosphere, fracturing

of the upper parts of the Precambrian crust as well as uplift and erosion of the Cambro-
Silurian and Lochkovian platform sediments.
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9 Conclusions

The Sm-Nd isotope results on low-temperature hydrothermal fluorite (and calcite) in veins
in the Baltic Sea region and fluorite in sandstones along the Caledonian front indicate local
variations in the initial *Nd/***Nd ratios. Such variations limit the possibility to use the
Sm-Nd isotope technique on the fluorite (and calcite) for age determinations and no proper
Sm-Nd isochrons were obtained. Sm-Nd data were also generated on a set of potential
source rocks to the hydrothermal systems in order to improve the age calculations but this
attempt did not prove to be successful.

Nevertheless, individual fluorite (and calcite) populations, representing well-defined geo-
logical environments, display linear trends that can be evaluated with respect to ages. The
most reliable and precise age estimates were obtained by analyzing coprecipitated mineral
pairs (fluorite and calcite). Sm-Nd isotope age calculations, using other geologically
relevant sample populations, resulted in similar ages, although with less precision, indicat-
ing shield-scale hydrothermal activity in the Silurian to Early Devonian. This activity took
place in conjunction with major fault tectonics reaching many hundreds of metres below the
subcambrian peneplain.

Comparison with well-dated lead mobilization in the interior of the Caledonides and K-feld-
spar associated with mineralization in the Caledonian front suggest that the hydrothermal
activity in the Caledonides took place at 420-430 Ma (Wenlock/Ludlow).

Comparison with well-dated regional fracture systems in Latvia suggest that the low-
temperature hydrothermal veins in the Baltic Sea region were formed in conjunction with
faulting, uplift and the transition from marine to fluvial sedimentary conditions during the
Lochkovian to Pragian, i.e. at ¢ 410-415 Ma, some 5-10 m.y. later than the hydrothermal
event in the Caledonides.

The time lag between the hydrothermal activity in these two environments is in accordance
with sedimentological evidence for an advancing Caledonian thrust front and a south-
eastwards migrating foreland basin during the Late Silurian to the Early Devonian.

The hydrothermal processes operated over the entire Fennoscandia and produced the largest
(and most economic) concentrations of galena in Europe (Laisvall and Vassbo along the
Caledonian front). Similar and semicontemporaneous ore forming processes were also
active elsewhere in Fennoscandia and a possibility to discover similar concentrations in the
Cambrian successions in the Baltic Sea region cannot be excluded. A key problem is that
far-transported hydrothermal solutions may be necessary for creating large enough metal
concentrations, an incident that may be unique for the hydrothermal deposits along the
Caledonian front.
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