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AKE JOHANSSON

ABSTRACT

Johansson, Ake, 1985: The Dalslandian sulphide-bearing quartz veins of Dalsland and Viarmskog,
southwest Sweden. Sveriges geologiska undersokning, Ser. C No. 809, pp. 1-48. Uppsala 1985.

Quartz veins containing sulphides, sulphosalts, carbonates and occasionally fluorite,
barite, chlorite, sericite, magnetite and/or hematite are found in Dalsland and Virm-
skog (southwest Virmland) in southwest Sweden. The Dalsland veins are hosted by
rocks of the Amal Complex and the Dalsland Group and the Virmskog veins by
gneisses of the southwest Swedish gneiss complex (western 'Pregothian’ unit) on the
east side of the Gillberga synform. Geological and lead isotope evidence indicates a late
Dalslandian age of around 1000 Ma for both vein groups, and a metamorphic or
magmatic contribution to the ore-forming fluid may be indicated by the presence of
CO, in fluid inclusions in quartz and sphalerite from the Vegerbol deposit in Varmskog.
Fluid inclusion data indicate quartz deposition at a minimum temperature (no pressure
correction added) of +190 to +330°C from a weakly saline (c. 4 eq. wt % NaCl) CO,-
bearing hydrothermal solution, while the temperature of sphalerite deposition is more
uncertain.

Wall-rock alteration with breakdown of feldspars and mafic minerals is common
around the veins. In Varmskog, an inner quartz-sericite zone, sometimes containing
calcite and pyrite impregnation, is followed outwards by chloritization of the gneiss.
The sericitization led to a drastic decrease of sodium, as well as other chemical changes,
in the wall-rocks, and could have released the silica and many of the other constituents
now found in the veins. Although sulphide impregnation caused a local enrichment of
ore metals and sulphur adjacent to the veins, lead isotope data suggest the surrounding
rocks of the Amal Complex and the southwest Swedish gneiss complex as the source of
lead, and these rock units may well be the source of sulphur as well. Sulphur isotope
data from Varmskog indicate a sulphur source with a composition close to zero per mil
vs. CDT, typical for igneous sulphur, while lighter galena sulphur in Dalsland may
indicate a contribution of light sedimentary sulphur to these veins, or a more oxidizing
environment of galena precipitation in the Dalsland veins, something also suggested by
their mineralogy. Quartz and sulphide deposition probably occurred at near-neutral
pH (5-6 at +250°C) from a sulphide-dominated solution in Vegerbol (Varmland) and a
solution containing both sulphide and sulphate in Sladekarr (Dalsland). Increase in
pH, caused by wall-rock reactions, promoted sulphide and carbonate precipitation in
the veins, and oxidation caused by mixing with ground water could have led to the
precipitation of barite, magnetite and hematite found in some veins. Thus, the most
important mechanism for ore deposition probably was the wall-rock alteration process,
which precipitated quartz, released many other elements from the rocks and increased
their concentrations in the hydrothermal solution, and increased the pH of the solution.
Cooling and dilution with ground water may also have played a role, especially towards
the later stages of deposition. Veins of different mineralogy may have formed at
different stages of the development of a hydrothermal system, or may represent
different erosional levels through vein systems displaying a vertical mineral zoning.

The combined evidence suggests that the Dalsland-Varmskog veins formed by
hydrothermal activity in connection with block faulting following Dalslandian folding
and thrusting in the area. The hydrothermal activity may either have been connected to
late Dalslandian metamorphism or to the intrusion of Bohus-type granites and pegma-
tites in southwest Sweden.
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INTRODUCTION

Sulphide-bearing quartz veins are found in Dalsland and southwest Varmland
in southwest Sweden. Most of these veins are concentrated to two limited
areas: (1) the Viner coast of Dalsland between Mellerud and Amal, and (2)
the parish of Virmskog in southwest Varmland (Fig. 1). Mining has occurred
intermittently from the 17th to the 19th century in Dalsland, and during the
mid-19th century in Virmskog (Tegengren et al. 1924). Recently, some of the
veins were drilled by the Geological Survey of Sweden (SGU) because of their
high silver content.

The veins of the Dalsland district have been described by Tegengren et al.
(1924), including descriptions of individual deposits, and in an unpublished
company report by Tegengren (1944 a). The Virmskog veins are described by
Nordenstrom (1881), Tegengren et al. (1924), Tegengren (1944 b, unpublished
company report) and Lundegardh et al. (1983). The copper-bearing veins of
Virmskog, as well as the nearby Glava copper deposits, are discussed by
Sherbina (1941) and Jongejan & Westerveld (1949). Wickman et al. (1963)
included some lead isotope samples from Dalsland and Viarmskog in their
study of ore lead in Sweden, and discussed the age of these veins. Short
descriptions of the Dalsland and Viarmskog veins are also found in Magnusson
(1953, 1973), Frietsch (1975) and Grip (1978).

The present work is focussed on the Pb-Zn-bearing veins in this area. Their
geological setting and mineralogy is summarized, and new data on wall-rock
geochemistry and alteration, fluid inclusion thermometry, and lead and sulph-
ur isotopes are discussed. Special attention has been paid to two deposits,
Sladekirr in Dalsland and Vegerbol in Varmskog. Here new drill core samples
were obtained from SGU (samples numbered AJ 80:xx). Most other samples
(numbered AJ 79:xxx) are from mine dumps. The old mine workings are no
longer accessible, and in most cases nothing of the veins are seen at the surface.
Thus, detailed observations of the veins and internal relations within them
have not been possible. The purpose of this study is to combine geological,
mineralogical and geochemical data into a model for the formation of the
sulphide-bearing veins of Dalsland and Virmskog.

GEOLOGY AND MINERALOGY OF THE VEINS
GEOLOGICAL SETTING

The location and geological setting of the investigated deposits are shown in
Table 1 and Figs. 1-3. For more complete descriptions of individual veins, the
reader is referred to Tegengren et al. (1924), where information on deposits
not included in this study is also found.
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Fig. 1. Map of the Dalsland-Virmskog area, showing location of investigated deposits. Regional
geology from Magnusson ef al. (1957). Numbering of deposits refers to Table 1.

Most of the Dalsland veins (nos. 2-7 in this investigation) are located in a
small area around the southern end of lake Animmen in Animskog parish (Fig.
2B) which has been recently described geologically by Jakobsen et al. (1983).
The Ingribyn deposit (No. 1) is located a few kilometres southwest of that area
(outside Fig. 2), while Bjérbyn (No. 8) and Sliddekirr (No. 9) are located c. 10
km north of Animskog, in Tydje parish (Fig. 2A). Most of the veins are hosted
by acid or intermediate gneisses, greenstones or porphyries belonging to the
Amal Complex (Amal tectonic mega-unit; Amal supracrustals and intrusives;
cf. Gorbatschev 1975, 1977). This includes the Ingribyn vein, although the
map in Fig. 1 shows it within an area otherwise covered with Dalsland Group
rocks. The Knollegruvan vein is located in a fault which separates Amal
greenstone from sandstone presumably belonging to the base of the Dalsland
Group. The veins at Totten and Stora Kilane are hosted by calcareous phyllite
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TABLE 1. Location and geological setting of the investigated deposits.

Coordinates .i.n1

4 : Tl
Latitude / Strike/dip’ Host rock Host rock
1= e Mo teal "Rikets nit" longitude of vein unit lithology
DALSLAND
1 Ingribyn 9C la 65 22 05 N 58 46 35 N N60 W/ ? Am&l Complex Intermediate to
13 04 35 E 12 25 30 E acid gneiss
2  Askekirr SC Sc 65 26 20 N 58 49 00 N N10 W/ ? Am31 Complex Qz-fsp porphyry
(Edskekdrr) 33 1115 E 12 32 20 E
2  Hoppets gruva 9C 5¢ 65 26 75 N 58 49 20 N N30 W/vert. Am31 Complex Acid augen gneiss,
1313 05 E 12 34 15 E sericitic fault gouge
4  Vassviken 9Cc 5¢ 65 28 70 N 58 50 20 N N-S / ? Amdl Complex Intermediate gneiss
13 11 55K 12 32 B E
5  Knollegruvan 9C S5c 65 29 65 N 58 50 50 N N20 W/vert. Am31 Complex, Greenstone W of vein,
131125 E 12 32 15 E Dalsland Group Quartzite E of vein
6 Totten 9C 5b 65 28 70 N 58 50 20 N N-S / ? Dalsland Group Calcareous phyllite
(Sniicke gruva) 13 09 30 E 12 30 15 E
7 St. Kilane 9C 6b 65 31 75 N 58 52 05 N N55 E/steep Dalsland Group Calcareous phyllite
130915 E 12 30 00 E
8 Bjérbyn 9C 7d 65 38 60 N 58 55 50 N N-8 / ? Am&l Complex Greenstone
1316 15 E 12 36 40 E
65 38 65 N 58 55 50 N N25 W/ ? Amil Complex Greenstone
13 16 25 E 12 36 45 E
9  Slidekdrr 9C 7d 65 38 4O N 58 55 45 N E-W /steep Am&l Complex Qz-fsp porphyry
1317 65 B 12 38 30 E
VERMSKOG
10 Vegerbol3 10C Sh 65 99 20 N 59 28 55 N N60 W/ 80 NE SW Swedish Intermediate banded
13 35 90 E 12 54 45 E zneiss Complex  gneiss
1 KarlsbolB 10C Sh 65 99 05 N 59 28 50 N N75 W/ vert. SW Swedish Intermediate banded
13 36 55 E 1255 28 E gneiss Complex gneiss
12  Nisgruvan 11C Og 66 01 25 N 59 29 55 N ca. E-W / ? SW Swedish Intermediate banded
13 33 40 E 125155 E gneiss Complex  gneiss
13 8 Génis,jéj 11C Oh 66 04 85 N 59 31 55 N WNW / steep N SW Swedish Intermediate banded
13 36 20 E 12 54 45 E gneiss Complex  gneiss

1. "Rikets nit" = Swedish national grid.
2. Strikes often determined from shapes of mine workings.
3. Coordinates for center of mine area, in S. G#rdsjd several subparallel veins.

of the Dalsland Group (sometimes also referred to as the Dal Group, the Dal
Formation or the Dalslandian supracrustal Group).

The Dalsland veins are not very large; the length rarely exceeds 100 m and
they are c. 1-2 m wide. Tegengren et al. (1924) report the Vassviken vein to be
10 m wide, but it consists of several narrower veins separated by segments of
wall-rock gneiss. The veins have only been mined down to a depth of some tens
of metres according to Tegengren (1944a). They dip steeply and are probably
bound to faults in most cases. According to Tegengren et al. (1924) they should
strike N=S in the Amal rocks and E~W in the Dalsland Group, but this is
disputed by Tegengren (1944a), who finds no such regularity in the strikes of
the veins. Present field studies support the latter opinion.

The Sladekirr deposit, which has been studied in some more detail, is a
steep, E-W trending vein hosted by schistose, rhyolitic porphyry of the Amal
Complex.
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Fig. 2. Maps of the Bjorbyn-Slidekirr (A) and southern Animskog (B) areas in Dalsland,
showing local geology and location of investigated deposits. The geology has been compiled from
H. E. Johansson (1908; Dalsland Group), unpublished SGU material (Bjorbyn-Sladekarr area)
and own mappings. Numbering of deposits refers to Table 1. The Ingribyn deposit (No. 1) is
located outside the map areas.

In addition to the sulphide-bearing quartz veins in Dalsland, two other ore
types are present in the same area: Fe—Mn deposits, sometimes containing
lenses of Cu sulphides (Tegengren et al. 1924; Tegengren 1944a; Geijer 1961),
and stratabound copper impregnation in the calcareous phyllite of the Dals-
land Group (the copper shale of Stora Strand; H. E. Johansson 1908; Tegen-
gren et al. 1924; Tegengren 1944a).
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The veins of the Varmskog district (Fig. 3) are hosted by the gneisses east of
the Gillberga synform (“‘southwest-Swedish gneisses” of Lundqvist 1979;
“western Pregothian gneiss unit”, “‘iron gneisses”’, “red and grey gneisses” in
older terminology). According to the new geological map of Viarmland County
by Lundegardh et al. (1983) these gneisses however dominantly consist of
gneiss granites of the Amal type, equivalent to the rocks found within the
Gillberga synform/Amal Complex. The Virmskog veins are divided into Pb-
Zn-Ag veins and Cu veins and appear to form four E-W or WNW-running

zones (Nordenstrom 1981; Tegengren et al. 1924):

1. The Grindsbol zone, with the small Cu veins at Grindsbol, Borgebol and
Hog as well as the more pegmatitic veins of Goksbol, Fjole and Stomne
(studied by Jongejan & Westerveld 1949).

2. The Nas-Vegerbol-Karlsbol zone, about 7 km long, and including the Pb-
Zn-Ag veins of Nasgruvan (No. 12), Vegerbol (No. 10) and Karlsbol (No.
11) as well as an apparently barren quartz vein at Degerbynis (see Fig. 3).

3. The Sodra Girdsjo zone, dominated by the Pb-Zn-Ag deposit of Sodra
Girdsjo (No. 13) and with the Cu deposit of Rud as a possible westerly
continuation.

4. The Edane zone, with the small Pb-Ag vein of Edane in Brunskog parish
north of Viarmskog.

These zones probably represent late Dalslandian fault zones crossing the
gneisses, although no faulting has been proved. It is improbable that they are
continuously mineralized, but the Vegerbol and Karlsbol deposits, separated
only by a 400 m wide valley lacking outcrops, may be parts of the same vein
structure. (They are often treated together in the literature, either as “Veger-
bol”, “Karlsbol” or ‘“Vegerbol-Karlsbol””. The SGU drill cores are labelled
“Karlsbol” although most of them are from the Vegerbol segment. In this
paper, Vegerbol refers to the westerly segment of this deposit, Karlsbol to the
easterly segment, and Vegerbol-Karlsbol to the deposit as a whole).

The Virmskog veins thus strike E-W or WNW and dip steeply. The Veger-
bol vein can be followed for 300 m, and may, as mentioned, be part of aneven
longer vein structure. It has been mined to a depth of 60 m and has a width of
1-2 m. At Sodra Girdsjo, several parallel veins of similar size are found
(Tegengren 1944b).

The Glava copper deposits, on the northern side of the Gillberga synform
about 20 km northwest of Varmskog, appear to be similar to the Cu veins of
Varmskog and may thus be related. They have been studied in detail by
Sherbina (1941).

Thus, the veins of Dalsland and Varmskog are hosted by several different
rock units: the southwest Swedish gneisses, the Amal Complex and the Dals-
land Group, representing a total range from perhaps 1700 Ma to 1000 Ma in
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age (cf. Lundgvist 1979 and Gorbatschev 1980). These rocks have all been
affected by the Dalslandian (Sveconorwegian) orogeny around 1 000 Ma ago,
but the southwest Swedish gneisses and the Amal rocks have also been
affected by older metamorphic events (cf. Jakobsen et al. 1983). The Dalsland
veins are believed to be of late Dalslandian age, as some of them cross-cut
rocks of the Dalsland Group, which were formed c. 1100-1050 Ma ago
(Skiold 1976). Based on their similarity with the Dalsland veins, Tegengren
(1956) and Wickman et al. (1963) suggested the Varmskog veins to be of a
similar, Dalslandian age. Sherbina (1941), however, suggested the Varmskog
veins as well as the Glava copper ores to be related to the older Amalintrusives
of the Gillberga synform, based on their spatial closeness. Lead isotope data
presented in this paper are consistent with a Dalslandian age for both the
Dalsland and Varmskog veins. They probably formed in connection with
block faulting during a late stage of the Dalslandian orogeny. The E-W
trending Varmskog veins may have been formed in connection with the
second, east—westerly deformation phase of the Dalslandian orogeny in
southern Viarmland (cf. Lundegardh 1980 and Lundegardh et al. 1983). A
genetic relationship between the veins and the late-orogenic Bohus granite
(Rb-Sr age 891134 Ma; Skiold 1976, recalculated to new decay constants by
Welin 1979) which may underlie large parts of southwest Sweden, is discussed
by Wickman et al. (1963), and cannot be excluded.

VEIN MINERALOGY

Tegengren et al. (1924) divide the Dalsland veins into three mineralogical
groups: (1) pyrite-chalcopyrite-galena veins, (2) bornite veins, and (3) fahlertz
veins. Most of the investigated veins here are of the first type, but Knolle-
gruvan and Stora Kilane are included in the bornite type by Tegengren et al.
(1924) and Sladekarr is of the fahlerz type (although it also contains pyrite,
chalcopyrite, galena and bornite). The mineralogy of the studied veins is
summarized in Fig. 4. These data are based on literature information and
observations on dumps, and should, because of the latter, be regarded with
some caution. Some minerals may be present in one vein without being
observed on the dump or being specifically mentioned for that deposit in the
literature.

Quartz is the dominating mineral in all veins. In the Dalsland veins, substan-
tial amounts of carbonates also often occur. Calcite and ankerite have been
identified by XRD during this study, while siderite (mentioned by Frietsch,
1975, in addition to calcite and ankerite) has not been identified. Fluorite is
found in Knollegruvan in association with ankerite and a black, amorphous
substance, possibly bitumen (reported from Knollegruvan and Sladekirr as
well as some Viarmskog veins). Barite has been found in small amounts at
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Fig. 4. Mineralogy of the investigated veins, based on observations on dumps and older literature
data. In the literature, some minerals (e.g. siderite, hematite, barite, and also albite) are someti-
mes reported to occur without mentioning of specific deposits, making their inclusion in the above
tabulation problematic. Sericite and chlorite are only reported above when they occur as primary
gangue minerals, not as alteration products in the wall-rocks or fragments thereof. Chalcocite may
also include digenite and neodigenite.
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Sladekirr, and has been reported from Totten by Tegengren (1944a). Sericite
and chlorite are sometimes seen in fragments of altered wall-rock in the veins,
more rarely in a form that suggests them to be primary vein minerals.

Pyrite, chalcopyrite and galena occur in all the studied Dalsland veins.
Sphalerite, earlier thought to be absent in all Dalsland veins (Tegengren et al.
1924; Tegengren 1944a), has been found at Hoppets gruva and Totten. It has a
similar light grey or beige colour with opaque zones as the Viarmskog sphale-
rite (see Johansson 1983a). Bornite is common at Stora Kilane and Sladekérr
and also occurs elsewhere, fahlerz is common at Sladekirr, and covellite and
chalcocite are also found in some veins. Malachite is sometimes seen as a
supergene alteration product, but has not been included in Fig. 4. At Hoppets
gruva, magnetite occurs in intergrowths with galena (Tegengren et al. 1924)
and sphalerite (this study), while hematite is found in separate, lath-shaped
crystals. Native silver and proustite-pyrargyrite have been reported from some
veins (Tegengren et al. 1924) and the Sladekarr vein is noted for its high silver
content.

The Virmskog veins may be divided into Cu veins and Pb-Zn-Ag veins. The
mineralogy of the Cu veins is discussed in detail by Sherbina (1941) and
Jongejan & Westerveld (1949), while the mineralogy of the investigated Pb-
Zn-Ag veins is shown in Fig. 4. Also in Viarmskog quartz dominates, with
calcite and primary chlorite occurring as additional gangue minerals, and
siderite, fluorite, barite and bitumen having been reported in the literature
(Tegengren et al. 1924; Frietsch 1975). Galena, sphalerite, pyrite and chalco-
pyrite are found both at Vegerbol-Karlsbol and at S6dra Gérdsjo, the former
three also in the smaller Nasgruvan deposit. The sphalerite has a pale grey or
beige colour with opaque zones around grain boundaries and fractures in the
crystals. Its composition is discussed by Johansson (1983a). Hematite has not
been found in this study, although it should be quite common, especially at
Karlsbol, according to Nordenstrom (1881) and Tegengren et al. (1924). The
Sodra Girdsjo deposit has a more complex mineralogy compared to Vegerbol-
Karlsbol, with Ag-rich fahlerz (a rare mineral at Vegerbol-Karlsbol according
to Tegengren 1944b) as well as other copper and silver minerals (Nordenstrom
1881; Tegengren et al. 1924; Sherbina 1941; Tegengren 1944b), but the dumps
at Sodra Girdsjo are very poor in ore minerals compared to those at Vegerbol-
Karlsbol.

The vein quartz in the Dalsland and Virmskog veins generally consists of
coarse, anhedral crystals. The other minerals (carbonates, sulphides, etc.)
form nodules and aggregates in the quartz, sometimes apparently filling vugs
in it. These minerals thus appear to postdate the quartz. Detailed paragenetic
sequences are hard to work out, as many of these minerals occur separate from
each other and as observations of zonations or other internal structures in the
veins are impossible because of the inaccessibility of the mine workings. As
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noted by Tegengren et al. (1924), the Sladekarr vein with its complex mine-
ralogy has a different structure. It contains more fine-grained quartz with
bands of fine-grained sulphide impregnation and layers of more or less dis-
solved and altered wall-rock. This “crustiform” structure suggests repeated
fault movements during deposition. Also in some other veins (e.g. Knollegru-
van and Sodra Girdsjo) signs of movements during or after the vein formation
is seen.

Some sulphides also occur as impregnations in altered wall-rock. Minor
impregnations of pyrite, chalcopyrite and galena occur in strongly silicified
greenstone around the Bjorbyn vein. Impregnations of pyrite as well as of
other sulphides occur in the strongly altered gneiss (quartz-sericite rock)
around the Vegerbol-Karlsbol and So6dra Gardsjo veins. One of the Sodra
Girdsjo veins in fact is reported to consist of fragments of quartz, galena,
sphalerite and fahlerz in a chloritic matrix (Nordenstrom 1881; Tegengren et
al. 1924), possibly a fault cutting the other quartz veins.

Differences in vein mineralogy and structure may reflect lateral, geographi-
cal variations between types of deposits, but may also, at least partly, reflect
vertical variations within single vein systems eroded to different levels. Thus,
Sherbina (1941) suggests that the Sodra Géardsjo deposit, with its complex
mineralogy and several parallel veins, may reflect a deeper level of erosion
than the single, simple Vegerbol-Karlsbol vein.

WALL-ROCK ALTERATION

The Dalsland-Varmskog veins are often characterized by a distinct alteration
of the wall-rocks around the veins. This is best developed in the gneisses
around the Varmskog veins, where an outer dark green chlorite zone and an
inner, light green quartz-sericite zone often envelopes the veins themselves.
The inner zone was called "’serpentine’’ by Nordenstrom (1881) and*‘sericite-
epidote” by Tegengren et al. (1924), but neither serpentine nor epidote has
been found in it. The light green colour comes from fine-grained greenish
sericite, and “‘quartz-sericite rock’’ seems the most appropriate term for this
rock. The total thickness of these alteration zones rarely exceeds 1 m.

The alteration has been studied in more detail at Vegerbol. The surrounding
rock here consists of banded, intermediate gneiss containing acidic and amphi-
bolitic bands. The gneiss consists of quartz, K-feldspar, plagioclase, biotite
(often green), hornblende, epidote, orthite (as grains surrounded by epidote),
sphene, minor apatite, and accessory zircon, hematite, magnetite and pyrite.
Some sericitization of feldspar and chloritization of biotite exist several tens of
metres away from the vein, presumably as part of a regional alteration not
related to the vein formation. In the chlorite zone, the biotite and amphibole
have been totally altered to chlorite, and there is also more sericitization of the
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feldspar, but the rock still retains its gneissic structure. This structure is lost in
the quartz-sericite zone, where the feldspar is pervasively altered to sericite,
the biotite altered to light mica with opaque inclusions, sphene altered to a
dark, non-reflective material (leucoxene?) and hornblende, epidote and
orthite also disappear. There seems to be a neo-formation of quartz, pyrite and
carbonate in this zone, and apatite is still stable. Chlorite has disappeared,
although it occurs as a late primary mineral within the vein itself. The inner
alteration zone is thus characterized by quartz and sericite/muscovite with
additional pyrite and carbonate and minor apatite, leucoxene (?) and Fe-
oxides.

The alteration around the Sladekérr vein in Dalsland has also been studied
in some detail. This vein is surrounded by red, schistose, rhyolitic porphyry,
consisting of quartz and feldspar phenocrysts in a fine-grained groundmass
(probably also of quartz and feldspar). There is a strong, regional sericitization
affecting both the groundmass and some of the feldspar phenocrysts (while
others remain fresh). Because ferromagnesium minerals are absent, no chlori-
tization occurs, but within a metre of the vein the red porphyry is altered to a
green-grey quartz-sericite rock with occasional weak sulphide impregnation.

Seen under the microscope, the difference between “fresh” and altered
porphyry mostly lies in the degree of sericitization of the feldspar. In the latter
rock, the feldspar pseudomorphs start to dissolve, and the porphyritic texture
of the rock is lost. In the vein itself, highly altered wall-rock fragments, partly
dissolved in the vein quartz, may be seen, as well as surprisingly fresh porphyry
fragments. The latter may have been enclosed by vein quartz before given time
to react with the hydrothermal solution, or they may have come in contact with
the solution during a stage when it was in equilibrium with the unaltered
porphyry.

The vein at Hoppets gruva is partly enclosed by green, sericitic fault gouge,
distinctly different from the surrounding red augen gneiss. This alteration
may, however, be related to the faulting rather than the vein formation, sensu
stricto. In the dumps surrounding the Askekarr and Ingribyn deposits, rocks
displaying similar sericitization as at Sladekérr can be found. Altered porphyry
from Askekarr also contains carbonate. At Bjorbyn, samples of both dark,
calcified greenstone and light, strongly silicified greenstone (with weak sul-
phide impregnation) may be found, and the phyllite around the Stora Kilane
vein appears to have undergone a similar two-way alteration: markedsilicifica-
tion or marked calcification. Because observations in the latter cases have
been made on the dumps only, the geometrical relationship between the veins
and the altered rock samples remains unknown, making conclusions rather
uncertain.
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WALL-ROCK GEOCHEMISTRY

In order to study the chemical changes of the wall-rocks during hydrothermal
alteration, samples have been taken from altered as well as relatively fresh
rocks on both sides of the veins in two drill cores obtained from the Geological
Survey of Sweden, one from Sladekirr, Dalsland, and one from Vegerbol,
Viarmskog (Fig. 5). Additional samples of altered an unaltered wall-rocks
were taken from dumps and outcrops around four other veins in Dalsland, one
(Stora Kilane) hosted by calcareous phyllite belonging to the Dalsland Group,
the others (Ingribyn, Askekirr and Bjorbyn) hosted by metamorphosed
igneous rocks of the Amal Complex. Sample descriptions are given in Appen-
dix I A-C. The wall-rock of the Sladekérr vein is a fairly homogeneous
rhyolitic porphyry, although the samples below the vein in the drill core have a
somewhat less acidic, rhyodacitic composition. At Vegerbol, the surrounding
gneiss had a much more variable pre-alteration composition, making interpre-
tations of the results more difficult. Sampling was done on a drill core where
the gneiss appeared more homogeneous in composition than usual, and more
amphibolitic bands in the sampled core segment were avoided, the sampling
being done on the dominant acidic to intermediate gneiss.

Most samples were analysed by Plasma excitation—Optical emission spec-
trometry (CMP-OES; Govindaraju et al. 1976) by the CNRS-CRPG in
Nancy, France. The relative precision of the data is estimated to be +0.5 % for
major and minor oxides, £10 % for trace elements occurring in the 100 ppm
range, and +50% for trace elements occurring in the 10 ppm range (K.
Govindaraju, written communication 1983). A few samples, rich in carbonate
or sulphides, were analysed by wet chemical methods by CNRS—-CRPG, as
indicated in Appendix II A—C where all analytical results are given. Additio-
nal XRF analyses of immobile elements (TiO,, Y and Zr) as well as Rb and Sr
were carried out at the Department of Geology in Stockholm to see if correc-
tion for dilution effects could be made using the immobile elements. Plots of
Zr versus Y, Zr versus TiO, and Y versus TiO, for the Slidekérr samples
showed limited variation between altered and unaltered samples, while the
Vegerbol samples showed a large variation partly related to the alteration but
partly also reflecting earlier inhomogeneities. For the remaining localities, the
number of samples per locality is too small to make any firm conclusions. In no
case, it was considered meaningful to use the immobile elements for any
corrections, and the reported and discussed values thus represent relative
rather than absolute changes during alteration, although the Sladekarr trends
may be considered ‘‘semi-absolute”. Because of the limited number of sam-
ples from Ingribyn, Askekirr, Stora Kilane and Bjérbyn, and the uncertainty
in the geometrical relationship between the dump samples and these veins, the
results from these deposits must be interpreted with special caution.
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Fig. 5. Highly schematic profiles across the Sladekérr and Vegerbol veins, illustrating the approxi-
mate geometric relations between the veins and the sampled drill cores, and the position of the
wall-rock samples within each core.

The most important element trends from the Sladekarr and Vegerbol drill
cores are illustrated in Figs. 6 and 7. The results may be summarized in terms of
two processes: silicification and calcification. Silicification is seen in the Slidde-
karr data, as well as “below” the vein in the Vegerbol drill core and in two
samples each from Stora Kilane and Bjorbyn. During this alteration, there is
an increase in SiO, and often in base metals (sulphide impregnation; in
Sladekirr also Ba, probably by barite impregnation), a drastic decrease in
Na,O and often some decrease in Al,O3, K,O, CaO, MgO, FeO and TiO,,
partly by dilution with silica. In the Bjorbyn samples, the decrease is mostly in
Ca0, MgO and FeO, while the alkalis appear rather unaffected. The decrease
in Na,O is most marked in Vegerbol, where sodium is almost entirely absent
close to the vein, and in some samples from Sladekarr. The sodium decrease in
Vegerbol appears to be complemented by an increase in potassium, probably
by local enrichment in new formed K-mica. In Slddekérr, there is a drastic
decrease in CaO in two samples, although these are not immediately adjacent
to the vein. Iron and magnesium appear constant at Sladekarr, while at
Vegerbol they are depleted around the vein.

In the hanging wall of the vein in the Vegerbol drill core, and in one altered
sample each from Ingribyn, Askekirr, Stora Kilane and Bjorbyn, there is
instead a more or less marked decrease in SiO,. At Stora Kilane and Vegerbol,
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this SiO, decrease is accompanied by a marked increase in CaO and CO,, and
also at Askekirr and Bjorbyn some calcification can be seen. In sample AJ
79:217 from Stora Kilane, the dilution effect of the calcite makes most other
elements decrease to very low levels.

Thus, the alteration process is rather complex, working in different direc-
tions in different samples even from the same locality. SiO, or CaO leached
from one part of the rock may be precipitated as free quartz or calcite in
another part. Generally, the breakdown of feldspar, hornblende and biotite to
sericite involves the consumption of H* from the hydrothermal fluid, and the
release of SiO,, calcium, sodium, iron and magnesium. The silica formed the
quartz responsible for the marked silicification in some samples, and if larger
volumes of altered rocks along the path of the hydrothermal fluid are inferred,
this may also account for the vein quartz itself. Potassium was taken up by the
muscovite/sericite formation, and calcium precipitated as calcite, while
sodium was lost from the rock into the fluid in exchange for the hydrogen ions
consumed. Part of the iron was left as dark Fe-oxide patches in biotite pseudo-
morphs, but much of it probably combined with sulphur to produce the pyrite
found as impregnation in some quartz-sericite rock as well as in the veins
themselves. The fate of the magnesium is less clear, some being retained in the
rock, some involved (together with Fe, Al, Si etc.) in the formation of late
primary-hydrothermal chlorite in the veins, and some perhaps being lost with
the fluid.

Although it appears likely that base metals were also released during altera-
tion (Pb especially by breakdown of K-feldspar, Cu and Zn by breakdown of
mafic minerals), these elements remain constant or increase sharply in the
altered rocks. Very high base metal contents are caused by sulphide impregna-
tion of the wall-rocks, but even if all the trace metal content of the alteration
zones enveloping the veins had been transported out into the veins and
precipitated there, it is obvious that the metals of the thin alteration envelopes
(not thicker than the veins themselves) could not account for the vein minerali-
zation. As with the silica, much larger volumes of altered rock along the path
of the hydrothermal solution must be invoked to explain the mineralization.
At the site of deposition (i.e. at the present level of erosion) sulphide precipita-
tion and metal enrichment occurred both in the veins and the alteration zones.
However, although no depletion of base metals is seen immediately around
the veins, the existence of strong, pervasive alteration still suggests the sur-
rounding rock complexes to be a probable metal source.

LEAD ISOTOPES

Lead isotope analyses of galena from the Dalsland and Virmskog veins have
been made during a stay at the U.S. Geological Survey in Denver, Colorado,
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and at the Swedish Museum of Natural History in Stockholm. Whole rock lead
composition of some of the chemically analysed drill core samples from
Sladekarr and Vegerbol was analysed at the U.S. Geological Survey. The
analytical methods used are summarized in Doe & Delevaux (1980) and
Johansson (1981, 1983b). Correction factors, based on NBS standard SRM
981, and estimated analytical uncertainties for the two laboratories are givenin
Table 2. All reported errors are at the 2 sigma level.

The results of the analyses are found in Tables 3 and 4, and illustrated in
Figs. 8 and 9. The isochron calculations are summarized in Table 5. The
galenas from Dalsland and Virmskog show a similar, rather restricted range of
lead isotope compositions, indicating a similar age of mineralization and
source of lead. They fall close to the primary growth curve of Stacey &
Kramers (1975; see Fig. 8) and the Orogene curve of Zartman & Doe (1981;
see Fig. 9) with 2°Pb/?%Pb = 16.8 to 17.9, *’Pb/’*Pb = 15.45 to 15.60, and
208ph24ph = 36.5 to 37.5. The samples from Sliddekirr and Vegerbol clusterin
the middle of that range, while the most radiogenic galena is from Hoppets
gruva and the least radiogenic from Nésgruvan and Sodra Gérdsjo. In terms of
their Stacey-Kramers (1975) model ages, 1080 to 560 Ma, the Dalsland-
Virmskog galenas are non-radiogenic to moderately radiogenic compared to
their inferred Dalslandian age of 900-1000 Ma. On the 27pb/2%Pb versus
206pb/2%4Ph diagram (Figs. 8 and 9) they fall along a linear trend with a slope of
0.1265+0.0189 and a MSWD of 0.26 (Table 5).

From the drill cores at Slidekérr and Vegerbol, three wall-rock samples
each were analysed for lead isotope composition, viz. one strongly altered
rock adjacent to the vein, one nearby sample of relatively fresh rock, and one
sample of fresh rock taken at some distance away. At Vegerbol, the altered
rock sample (AJ 80:63) contained strong pyrite impregnation and had a lead
isotope composition not very different from that of the galena; another frac-
tion of the same powdered sample was leached with HNO; and HCl and
thereby split into a leach solution containing the non-radiogenic sulphide lead
and a residual fraction containing the radiogenic silicate lead (Table 4, Fig. 8).
The altered sample from Sladekéarr (AJ 80:80) is intermediate to the two
unaltered samples from that locality in its rock-lead composition.

The rock-lead samples from Sladekirr and Vegerbol (treating the whole
rock, leach and residue fractions of sample AJ 80:63 as three separate sam-
ples) all fall on the same linear trend on the *Pb/**Pb vs. ***Pb/***Pb diagram
(Fig. 8), in spite of them being from different rock types and rock units
(porphyry from the Amal Complex and gneiss from the southwest Swedish
gneiss complex, respectively) and being located about 65 km apart. The slope
of this line, 0.0730+0.0031 (Table S), corresponds to an age of 101090 Ma.
This is clearly not the original age of these rocks (cf. Lundqvist 1979), but an
age related to the Dalslandian metamorphism or more specifically to the
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TABLE 2. Correction factors and analytical uncertainties of the lead isotope analyses.

Correction factors Hetimatod 1ytical

206Pb /20uPb 2075 /ZOUPb 208Pb /ZOUPb uncertainty (2 sigma)
U.S. Geological Survey, Denver 1.002675 1.003966 1.005686 *0.1%
Museum of Natural History, Stockholm 1.0010 1.0018 1.0041 0.2 %

Based on multiple analyses of NBS standard SRM 981. The Virmskog and Slidekirr galena data of Table 3,
and the whole rock lead data of Table 4, have been multiplied with the correction factors for Denver;
the remaining galena data of Table 3 with those for Stockholm.

TABLE 3. Lead isotope composition of galena in the Dalsland and Virmskog veins.

206%/20“1:1-, 207Pb/20uPb 2081%/2016Pb

Deposit Sample Description of hand specimen
DALSLAND

1. Ingribyn A 79:132 17.348 15.534 36.799 Galena in quartz

2. Hskekirr AJ 79:191 17.330 15.518 36.730 Ga in gz vein in porphyry
AJ 79:192 17.339 15.528 36.738 Ga + cpy in qz vein in altered porphyry
AJ 79:194 17.306 15.500 36.679 Ga in gz veinlets in altered porphyry

3. Hoppets gr. AJ 79:161 17.856 15.590 37.408 Qz+gatcarbonate+sericite gouge fragments

4. Vassviken AJ 79:172 17.327 15.513 36.736 Qz with py and minor cpy and ga

5. Knollegruvan AJ 79:183 17.277 15.505 36.717 Qz, cpy, minor ga+py in veins in greenstone

6. Totten AJ 79:211 17.454 15.538 36.728 Qz, cpy, ga, minor bn and py

7. St. Kilane AJ 79:232 17.558 15.542 36.810 Qz with ga and bn

8. Bjoérbyn RJ 79:236 17.388 15.516 36.942 Py and ga as impregnation in silicified
AT 79:237 17.279 15.516 36.801 . " grecintn
AJ 79:239 17.199 15.496 36.696 Galena in vein quartz

9. Slédekdrr AJ 79:252 17.332 15.521 36.911 Qz with cc+ga+fa+cpy+altered wall-rock
AJ 79:253 17.372 15.525 36.957 Qz with cc+gat+cpy+altered wall-rock
AJ 79:254 17.350 15.520 36.923 Qz with cc+gatep+py+fataltered wall-rock
AJ 79:255 17.412 15.533 37.005 Qz with cc+gat+cpy+altered wall-rock
AT 79:259 17.314 15.513 36.879 Qz with ga+fatcpy+altered wall-rock

VERMSKOG

10. Vegerbol AJ 80:50 17.290 15.523% 36.903 Quartz with ga and py
AJ 80:53 17.485 15.543 37.080 Qz with sp and ga, minor py
AJ 80:56 17.420 15.531 37.039 Quartz with ga and py
AJ 80:57 17.275 15.515 36.886 Qz with ga and py, minor cpy

11. Karlsbol AJ 79:316 17.179 15.502 36.806 Qz with sp, ga and py
AJ 79:320 17.152 15.499 36.778 Quartz with sp and ga

12. Nisgruvan AT 79:350 16.883 15.461 36.514 Quartz with galena
AJ 79:351 16.929 15.467 36.560 Qz with carbonate, ga, sp, minor py

13. S. Girdsjd AJ 79:342 17.081 15.497 36.802 Qz veinlets with carbonate, ga, cpy

in altered wall-rock gneiss

AJ 80:86 16.847 15.461 36.515 Ga, sp, py as impregnation in

heavily altered wall-rock gneiss

Estimated analytical uncertainty: ¥ 0.1 % for Virmskog and Slidekirr data, * 0.2 % for all other Dalsland data.

Mineral abbreviations: gz = quartz, cc = calcite, ga = galena, sp = sphalerite, cpy = chalcopyrite,
py = pyrite, bn = bornite, fa = fahlerz.
Correction factors used: see Table 2.
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TABLE 4. Present-day lead isotope composition of wall-rock samples from the Sladekérr and
Vegerbol veins'.

Sl 2 : 2 s
Semple no, Foeition in fratame”  gumple description  Type' 2%0p/20%py  207py/20p,  208py/20%p
SLADEKARR (DALSLAND), Drill core 80 002
&J 80:75 36.2 m 4.7 m Rhyolitic porphyry wr 19.014 15.640 38.709
AJ 80:78 48.5 m 2.4m Rhyolitic porphyry wr 20.561 15.742 39.985
AJ 80:80 50.0 m 0.9 m Altered porphyry wr 19.516 15.672 40.004
(quartz-sericite rock)
VEGERBOL (VARMSKOG), Drill core 80 204
RJ 80:58 29.3 m 13.2 m Monzogranitic gneiss wr 20.936 15.781 38.763
AJ 80:61 4.3 m 1.2 m Monzonitic gneiss wr 21.515 15.814 37.126
(weakly chloritized)
AJ 80:63 2.4 m 0.1m Heavily altered gneiss wr 17.681 15.531 37.049
(qz-sericite rock
with pyrite minera- leach 17.509 15.521 37.001
lization) res. 23.156 15.932 38.904

1. Multiplied with the correction factors for Denver in Table 2.
2. Measured along the drill core (= maximum true distance).

3. Normative classifications based on chemical analyses in the Appendix,
and following the classification scheme of Streckeisen (1976) .
4, Type: wr = whole rock sample.
leach = leach solution from leaching of wr with HNO3 and HCl1.
res. = residue remaining after that leaching.

TABLE 5. Isochron calculations.

Slope Y-intercept  MSWD T, (Ma) T, (Ma)
Rock lead ¥ % ¢
e 0.0730 % 0.0031 14.24 * 0.06 0.44 0 1010 + 90
Galena . + + 370
e 0.1265 * 0.0189 13.33 * 0.32 0.26 1010 £ 90 1410 © oo

All error limits 2 sigma.
MSWD = Mean square of weighted deviates.
q Assumed "upper" age (mineralization age for galena).

T, = Calculated "lower" age (metamorphic rock-lead age, source rock age
for galena isochron).

hydrothermal alteration around the veins (in case the latter affected the
macroscopically unaltered rock several metres away from the veins to such a
degree as to reset the Pb isotope system completely). The fit to one single
isochron of both the Sliadekirr and Vegerbol rock lead, rather than two
separate parallel ones, implies either that a regional metamorphic homogen-
ization of lead occurred on a large scale 1000 Ma ago, or that a Pre-Dalslan-
dian homogeneity in lead isotope composition existed between these different
rocks.

The rock-lead isochron intersects the galena line at a point very close to the
composition of Slidekarr and Vegerbol galena (Sladekérr-Vegerbol galena
mean: 2%Pb/2%Pb = 17.36, 2’Pb/**Pb = 15.525). This composition may thus
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Fig. 8. Lead isotope composition of Dalsland-Virmskog ore and rock lead (Tables 3 and 4)
plotted in the conventional *’Pb/**Pb and **Pb/’**Pb versus *Pb/*Pb diagrams. The asterisks
mark the lead isotope composition of rock-lead sample AJ 80:78 corrected for in situ decay of U
and Th in a closed system during the past 1010 Ma. The isochrons drawn are from Table 5, the
primary growth curves from Stacey & Kramers (1975).
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Fig. 9. Enlarged lead isotope diagrams, showing the lead isotope composition of the Dalsland and
Varmskog galenas in Table 3 in relation to the curves of the Plumbotectonics model (version II;
Zartman & Doe 1981). Both the galena and rock-lead isochrons from Table 5 are shown for
reference on the lower plot.

be taken as the starting point of the rock-lead isochron 101090 Ma ago, since
it appears likely that the galena lead represents the isotope composition of
these rock units during leaching and mineralization. This also means that the
figure 101090 Ma may be taken as the best radiometric estimate of the age of
mineralization of the veins.

On the *®Pb/™Pb vs. ®Pb/**Pb plot in Fig. 8, both galena leads and rock
leads show much more scatter. If the galena mean is used as a starting point for
the latest stage of rock-lead evolution, Th/U ratios in the range 0.1 to 4.5 may
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TABLE 6. Th-U systematics of wall-rocks from Vegerbol and Sladekarr.

Sample  ARaLVL. Th (ppm) U (ppm) ™/U  Factor?)
AJ 80:58 2) 18.8 + 2.3 7.53 * 0.16  2.50 o
~ 3) 1.58 i
é AJ 80:61 2) 6.5 2.2 10.0 * 0.20  0.65 6.5
1) 3) 0.10 3
2 8063 2) 13.2 + 2.0 3.51 + 0.09  3.76 7.1
3) 0.53 3
AJ 80:75  2) 24.2 + 2.0 4,08 + 0.09  5.93
3) 1.7
3.41
g AJ 80:78  2) 23.0 £ 2.0 4.65 + 0.10  4.95 ¥
e 3) 3.03 b
= 4) 15.5 4.37 3.09
® AT 80:80 2) 21.3 + 1.8 3.06 + 0.08 6.9 .
3) 4.53 \
1) Th/U ratio from neutron activation analysis divided by Th/U ratio

calculated from lead isotope data.

n

Neutron activation analysis by Studsvik Energiteknik AB; Analytical
errors indicated are 1 standard deviation.

W

Th/U ratio calculated from lead isotope data using the following

starting points, based on ore lead composition in respective deposit:
faag A :

Vegerbol: 2%pp/20%y = 17,368, 208py/20py, - 36.907

Sisdektirr: 2%pp/2%py = 17,356, 298py/20%p, - 36,935

4) Isotope dilution - mass spectrometer analysis at USGS in Denver.

be calculated for the individual rock samples (Table 6). Actual thorium and
uranium contents in these samples were measured by neutron activation by
Studsvik Energiteknik AB (Table 6) and were found to be systematically
higher than those calculated, in four cases by a factor of about 1.6, in two by a
factor around 7. The discrepancy could possibly be explained by the large
uncertainties in the Th analyses. One of the whole rock samples, AJ 80:78
from Sladekérr, was analysed for U, Th and Pb by isotope dilution at the
USGS in Denver, and was found to contain 4.37 ppm U, 13.5 ppm Th and 10.2
ppm Pb. The measured Th/U ratio (3.1) fits closely with that inferred from the
28pb/2%Ph plot (3.0). However, if the measured isotope composition for that
sample is corrected for in situ decay during the past 1010 Ma using the above
concentrations, the obtained figure (***Pb/**Pb = 15.69, ’Pb/*™Pb = 15.39,
28pp/2MPh = 35.29, asterisk in Fig. 8) deviates markedly from the galena
composition believed to represent the rock lead in Dalslandian time. The most
likely cause for this discrepancy is recent loss of lead from the rock, with the
Th/U system staying closed.

As stated earlier, the best radiometric estimate of the mineralization age of
the veinsis 1010%£90 Ma, which is in accordance with geological evidence from
Dalsland suggesting a Dalslandian age of the veins (veins found in the Dals-
land Group). Using this mineralization age, a source rock age for the ore lead
of 1400+400 Ma may be computed from the slope of the galena isochron
(Table S). The large uncertainty in this age, in spite of the low MSWD of the
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galena line, is caused by the narrow range of galena-lead isotope compositions.
This age needs not necessarily be the original age of the source rocks, but may
reflect homogenization during an earlier metamorphic event, as southwest
Sweden is known to have a complex, polymetamorphic history during the time
range 1700 to 1000 Ma (cf. Lundqvist 1979 and Gorbatschev 1980). If the
surrounding rock units, viz. the rocks of the Amal Complex in Dalsland and
the southwest Swedish gneiss complex in Varmskog, are considered to be the
lead sources, the galena isochron suggests a common history for these rock
units, or at least parts of them, back to Mid-Proterozoic time. This would agree
with the interpretation by Lundegardh et al. (1983) that the gneisses in Varm-
skog dominantly are gneiss-granites of similar origin as the granitoids of the
Amal Complex in Dalsland. It is interesting to note that the Dalslandian ore-
lead line presented here can be extrapolated back to the composition of ore
leads within the Svecokarelian province and the Post-Svecokarelian Belt
(Johansson & Rickard 1985), just like the Phanerozoic ore-lead line of Johans-
son & Rickard (1984). In particular the Alvdalen ore lead (**Pb/**Pb = 16.04,
27Pb/2%Pb = 15.36, *Pb/**Pb = 35.51) fall right on the Dalslandian ore-lead
line, but it would be premature to invoke a genetic link between the rocks of
southwest Sweden and those of the Alvdalen area based just on this coinci-
dence.

To sum up the lead isotope data, they suggest that the lead evolved in a
crustal environment (presumably the southwest Swedish gneisses and the
better preserved volcanites and granitoids of the Amal Complex) from at least
Mid-Proterozoic time (1400400 Ma) to the time of the Dalslandian orogeny.
At 1010£90 Ma, part of this lead was leached to form the galena mineraliza-
tion in the veins, and thus the fossil, ““secondary” galena isochron. At the same
time, the remaining lead in the rocks underwent at least local homogenization,
and from a composition approximated by the ore lead, it has evolved until
present, forming the “‘tertiary” rock-lead isochron. It is likely that some of the
ore lead in the veins hosted by the Dalsland Group meta-sediments was Amal
basement lead redeposited in these clastic sediments. Contributions from
other sources, such as the spilitic greenstone of the Dalsland Group, or adirect
magmatic contribution from late Dalslandian Bohus-type granite, cannot be
substantiated from the present data. The lead isotope compositions of these
rock units are, however, unknown. A common, Dalslandian mineralization
age for both the Dalsland and Varmskog veins is indicated by the present lead
isotope data.

FLUID INCLUSION THERMOMETRY ON THE VEGERBOL VEIN

Fluid inclusion temperatures have been measured on quartz and sphalerite
from the Vegerbol vein, Virmskog, using a Chaixmeca heating and freezing
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stage mounted on a Leitz microscope (cf. Poty er al. 1976). The stage was
heated electrically and cooled with liquid nitrogen pumped directly through
the stage, calibration of the temperature scale being made by measurements of
melting points of standard substances (Poty et al. 1976). The accuracy of the
obtained temperatures depends both on the precision of the thermocouple and
the correctness of the calibration curve as well as more variable factors such as
the visibility within the individual inclusions and the alertness of the observer.
However, the low temperature measurements are probably correct within
+0.5°C, and the homogenization temperatures within +5°C.

Most of the Vergerbol vein quartz contains an abundance of very tiny
inclusions (smaller than 2 micrometers) as well as numerous larger, irregular
single-phase inclusions of unknown nature, making visibility very poor and
observations on ‘“‘good” two-phase fluid inclusions difficult. Measurements
thus were restricted to 6 crystals in 5 double-polished thin sections where the
quartz was unusually clear and numerous large (longest dimension in the plane
of the thin section some micrometers to some tens of micrometers), clear, two-
or three-phase fluid inclusions were found. The measured inclusions mostly
occurred scattered or in groups, suggesting a primary origin. One may still
question whether these unusually large inclusions in this unusually clear quartz
are truly representative. However, nothing in the textural relationship sug-
gests this to be a different generation of quartz, and the results obtained are
thus considered at least tentatively representative for the bulk of the vein
quartz.

The measured fluid inclusions in the quartz normally contained a liquid
phase and a vapour bubble with an estimated volume of between 5 and 20 %.
Some inclusions (not measured) contained an abnormally large vapour phase
(50-100 vol. %); many large dark inclusions presumably contained solely
vapour or air (they appear dark because of the large contrast in refraction
index between quartz and vapour/air). As leakage of fluid inclusions during
heating runs occurred rather frequently, these inclusions probably had leaked
earlier, and no boiling is inferred from these vapour-rich inclusions. In some
unusually large and clear inclusions in sample AJ 80:56, a separate CO, liquid
phase was observed between the H,O liquid phase and the vapour bubble at
room temperature. In the other thin sections, the presence of CO, in addition
to water was indicated in many inclusions by their freezing behaviour, al-
though the thick meniscus of the vapour bubble made observation of a sepa-
rate CO, phase impossible (cf. Roedder 1972).

Much of the sphalerite was unsuitable for fluid inclusion work because of
wide opaque zones surrounding grain boundaries and fractures (Johansson
1983a). Where transparent, the sphalerite was seen to contain dark (semi-
opaque to opaque) inclusions without visible gas bubbles, ranging from highly
irregular to almost perfectly cubic in shape. Only rarely fluid inclusions with
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visible gas bubbles were observed along what appeared to be healed fractures.
The measured fluid inclusions, in 5 sphalerite crystals from 3 samples, are thus
probably of secondary origin. They were of the same size as those measured in
the quartz, a few micrometers to a few tens of micrometers, with liquid H,O
and a vapour bubble of a few per cent by volume. Often, the vapour bubble
failed to reappear after heating or freezing runs, making it difficult to obtain
both heating and freezing data from the same inclusions. In one sample, AJ
80:53, inclusions containing CO, in addition to water were observed in the
sphalerite.

The thermometric results are summarized in Figs. 10-12. During cooling of
H,0-CO, inclusions, three major solid components may form (disregarding
minor components such as hydrated salts): ice, CO, hydrate (CO, clathrate,
C0,%5.75 H,0) and solid CO,. Solid CO, did not form until cooling to about
—100°C, and was observed to melt rapidly within a few tenths of a degree from
the triple point of CO,, —56.6°C. Most inclusions were, however, never cooled
this far. Formation of ice and CO, hydrate during cooling occurred in the range
—30 to —45°C. Contrary to the observation of Collins (1979), the impression
was that the ice formed prior to the hydrate on cooling. Some inclusions
nucleated ice only during some freezing runs and both ice and hydrate during
others, some inclusions (CO,-poor or CO,-free) never nucleated anything but
ice during freezing.

The observation of the last melting of ice (T, ice) was made more difficult by
the presence of another solid, CO, hydrate. Recorded temperatures are in the
range —6 to 0°C (Fig. 10) both in the quartz and in the sphalerite. Two modes
may be seen, a major mode around —4°C (weakly saline water) and a minor
mode around 0°C (fresh water — heated ground water). The melting of CO,
hydrate occurred around +8°C in the quartz and around +10°C in the few
inclusions in sphalerite where it was recorded (Fig. 10). As discussed by
Collins (1979), the melting point depression of hydrate melting (+10°C for
pure H,O-CO, mixtures) gives a more accurate estimate of the salinity of
CO,-bearing inclusions than does the melting point depression of ice, as part of
the water has been used up by the hydrate formed. Using the formula of Bozzo
etal. (1973), a melting temperature of CO, hydrate of +8%1°C corresponds to
a salinity of 4£2 equivalent wt % NaCl.

In some inclusions in quartz, a small colourless crystal was found to persist
above the melting of the CO, hydrate. Its dissolution temperature was recor-
ded in 12 inclusions, mostly in sample AJ 80:56, and ranged between +10 and
+81°C. It did not nucleate again at room temperature, but only during freezing
runs, and was not present initially in the inclusions. Most likely, considering
the composition of the inclusions, it is some form of sodium carbonate or
bicarbonate (hydrated or not) nucleated during freezing. From its dissolution
behaviour, sodium bicarbonate (nahcolite) seems to be the best candidate,
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Fig. 10. Histograms showing observed temperatures of melting of ice, melting of CO, hydrate, and
homogenization of CO, liquid and gas, in fluid inclusions in quartz and sphalerite from the
Vegerbol vein in Viarmskog.

although the crystals do not show the prismatic needles typical for that mineral
(cf. Borisenko 1974; Crawford 1981).

Homogenization of CO, liquid and gas was recorded in inclusions in sphale-
rite in sample AJ 80:53 and in quartz in AJ 80:56, the temperatures being
presented in Fig. 10. In the sphalerite, it occurred by shrinking and disappea-
rance of the gas phase between +12 and +28°C, while in the quartz it occurred
by critical (fading of meniscus) or near-critical homogenization around +31°C,
the critical temperature of CO,.

Final homogenization temperatures (homogenization of H,O liquid and
vapour or H,O liquid and CO, fluid) are presented in Fig. 11. Most inclusions
in quartz homogenized in the liquid phase in the interval +190 to +330°C. A
trimodal distribution, possibly caused by different pulses of quartz-precipita-
ting solution, may be discerned within this interval. One case of homogeniza-
tion to the CO, fluid phase at +371°C was recorded in a CO,-rich inclusion in
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liquid and CO, fluid (final and total homogenization), in fluid inclusions in sphalerite and quartz
from the Vegerbol vein in Virmskog.

AJ 80:56, while several other CO,-rich inclusions in that sample leaked before
homogenization. The quartz inclusions homogenizing around +100 to +150°C
are interpreted as secondary. The inclusions in the sphalerite all homogenized
in the range +60 to +140°C, with the exception of one CO,-bearing inclusion
in sample AJ 80:53 which homogenized around +190°C (for the other CO,-
bearing inclusions in that sample no final homogenization temperature could
be recorded because of poor visibility). Although the sphalerite texturally
appears later than the quartz (filling vugs etc. in the quartz) and thus may have
formed at lower temperatures, and although a formation temperature for
sphalerite around +100°C is not unreasonable, the measured fluid inclusions
probably were secondary and the formation temperature of the sphalerite
higher than the +60 to +140°C range recorded. The inclusions apparently
contain cooled ore fluid, and some of them heated ground water (cf. Fig. 12).

No pressure correction has been applied to the homogenization data, as the
depth and pressure of formation of the Vegerbol deposit is unknown. The
190-330°C range recorded in the Vegerbol quartz is thus a minimum estimate
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of the formation temperature of the Vegerbol deposit, although the range in
itself does not appear geologically unreasonable (cf. the 200-330°C range for
epithermal Au-Ag-Cu-Pb-Zn vein and replacement deposits considered typi-
cal by Spooner 1981). The ore-forming fluid apparently was a CO,-bearing
hydrothermal solution with about 4 wt % salt. Fig. 12 shows a plot of final
homogenization temperature versus melting temperature for ice for those
inclusions where both were recorded. It indicates the presence of cooler
solution of similar salinity in many inclusions in sphalerite as well as quartz, but
also the presence of heated non-saline ground water in some inclusions both in
quartz and sphalerite. The presence of significant amounts of CO; in the ore
fluid may suggest a contribution of metamorphic (Dalslandian) or magmatic
(Bohus-type granite) fluid, although the carbon dioxide could also be derived
from dissolution of carbonates by acid hydrothermal fluid.

SULPHUR ISOTOPES

The sulphur isotope composition of galena, sphalerite, chalcopyrite and pyrite
from the Vegerbol-Karlsbol vein in Varmskog, and of galena from other veins
in Dalsland and Varmskog, has been analysed at the Swedish Museum of
Natural History using standard methods (Robinson & Kusakabe 1975; Nord &
Billstrom 1982). The absolute analytical error is estimated to be £0.3 per mil
(Nord & Billstrom 1982). The results are presented in Table 7 and Fig. 13.

The Vegerbol-Karlsbol sulphides (24 analyses) have 8*S-values between
—2.7 and +2.2 per mil versus CDT, with the exception of one sphalerite
sample from Karlsbol with —9.0 per mil. Generally, the Vegerbol galena has a
lighter sulphur isotope composition (i.e. lower 8*S) than the other sulphides,
but sulphide pairs from the same hand specimen give a wide variety of
temperature estimates, indicating that full isotopic equilibrium between sul-
phides was not reached on that scale. Galena from Niasgruvan and Sodra
Girdsjo (Varmskog) is a few per mil lighter than the Vegerbol-Karlsbol
galena, while galena in the Dalsland veinsis even lighter, between —6 and —18
per mil versus CDT.

It is likely that sulphide (H,S) rather than sulphate was the dominant
sulphur species in the Vegerbol-Karlsbol ore solution. This means that 8**S of
the total sulphur in solution probably was within a few per mil of zero (cf.
Ohmoto 1972), which would indicate that the sulphur probably was of igneous
origin in Vegerbol-Karlsbol (cf. Ohmoto & Rye 1979). This in turn would
either mean magmatic sulphur derived directly from fluids emanating from
late Dalslandian Bohus-type granite and pegmatite, or, perhaps more likely,
sulphur of ultimate igneous origin derived by leaching of the surrounding
gneisses. The much lighter sulphur isotope composition of the Dalsland gale-
nas may be explained by a contribution of light sedimentary sulphur to these
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Sulphur isotope composition of Dalsland and Virmskog sulphides.

Deposit

Sample

4

62's vs. CDT (per mil)

ga cpy

sp py

Description of hand specimen

DALSLAND

. Ingribyn
. Askekdrr

. Hoppets gruva

6. Totten

. St. Kilane
. Bjdrbyn
. Sladek#rr

AJ
AJ
AJ
AJ
AJ
AJ
AJ
AJ
A7
AJ
AJ

8.
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Galena in quartz

Ga in gz vein in porphyry

Gat+cpy in gz vein in altered porphyry

Ga in gz veinlets in altered porphyry
Qz+gatcarbonate+sericite gouge fragments

Qz, cpy, ga, minor bn and py

Qz with ga and bn

Galena in quartz

Qz with cc+ga+cpy+altered wall-rock fragments

Qz with cc+ga+cpy+py+fa+altered wall-rock
fragments (porphyry)

z with cc+ga+cpy+altered wall-rock fragments

10.

11.

12.

13.

Vegerbol

Karlsbol

Nésgruvan

S. GHrdsjs

gnEEa EEREEETaRREESS

1296

:319

1320
=525
:350
1351
1342
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= w0 &=
|
o

=13
2.0

k1274

4.7
b
-6.5

%)

2 Qz with ga, sp, py, cpy

Qz with sp, cc and minor ga
Qz with ga and py
Qz with sp, py, g2 and minor cpy

3 Qz with ga and py

3 Qz with ga, py, sp, cpy

=02 - 420
0.0

0.
+0.2

+0.
+0.3 +0

+1.
+1.8
=2.7 . #0.
=9:0

Qz with ga and sp, minor py and cpy
Qz with ga and py

Py in chloritized wall-rock gneiss
Qz with sp, cpy, g2

Qz with sp and ga, mincr py

Qz with ga and py

Sp, py, ga, minor he, in strongly altered
wall-rock gneiss (qz-sericite rock)

Qz with sp and ga
Qz with sp and py
Quartz with galena
Qz with carbonate, ga, sp, minor py

Qz veinlets with carbonate, ga, cpy
in altered wall-rock gneiss

Estimated analytical uncertainty: % 0.3 per mil (absolute value).

Mineral abbreviations: qz

Py

quartz, cc
pyrite, bn

calcite, ga
bornite, fa

galena, cpy = chalcopyrite, sp = sphalerite,
fahlerz, he = hematite.

veins from the Amal or Dalsland Group metasediments, or by more oxidizing
conditions during galena precipitation, with the presence of some sulphate in
the solution. The latter hypothesis is attractive because of the occurrence of
barite in Sladekérr (also reported from Totten in Dalsland and S6dra Girdsjo
in Varmskog; cf. Fig. 4) as well as other minerals indicating more oxidizing
conditions (magnetite, hematite etc.) in veins showing light sulphur isotope
values of galena.
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Fig. 13. Histograms of sulphur isotope values from sulphides in the Dalsland and Virmskog veins
(Table 7). Except for the three galenas containing the lightest sulphur in Virmskog, all Virmskog
sulphides are from the Vegerbol-Karlsbol vein system.

Fig. 14 shows a plot of 8*S vs. **Pb/**Pb for galena samples analysed both
for lead and sulphur isotope composition. Only four of the galena samples
from Vegerbol-Karlsbol (nos. 10-11 in Fig. 14) were analysed for both isoto-
pes, but the total range of lead and sulphur isotope compositions recorded in
galena from there is indicated by the box in Fig. 14. Most lead and sulphur
isotope values from Dalsland and some from Varmskog appear to fall along a
linear trend, indicated by two parallel dashed lines in the figure, with the
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Fig. 14. Plot of %S versus **Pb/**Pb in galena from Dalsland and Varmskog. The numbering
refers to the deposit numbers in Table 1. The box indicates the total range of lead and sulphur
isotope values in galenas not analysed for both isotopes from Vegerbol (No. 10) and Karlsbol (No.
11). The two parallel dashed lines indicate a possible linear trend encompassing galena from all
investigated deposits except Sladekarr (No. 9) and Vegerbol-Karlsbol (nos. 10-11).

lighter sulphur being associated with the more radiogenic lead. The Vegerbol-
Karlsbol galenas (nos. 10-11) and two of the Sladekarr galenas (No. 9),
however, fall markedly outside the trend on opposite sides. Oxidation of
sulphur, leading to lighter sulphide sulphur, should not affect the lead isotopes
directly, but a process where the ore solutions gradually leached more radioge-
nic lead from the source rocks and at the same time gradually became more
oxidized, or vice versa, may be envisaged to explain the trend. Alternatively,
mixing of lead and sulphur from two different sources (rock units), one with
light sulphur and more radiogenic lead, the other with heavier sulphur and less
radiogenic lead, may be suggested. In either case, the deviation of some
deposits from the trend points to the complexities involved in the isotope
geochemistry of these veins.
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GENERAL DISCUSSION AND CONCLUSIONS

A Dalslandian age has already been established for the Dalsland veins and
suggested for the Varmskog veins by earlier authors. The lead isotope data
presented here confirm a common Dalslandian age for both vein groups,
refuting the suggestion of Sherbina (1941) of a Pre-Dalslandian age for the
veins in Varmskog. Altered and unaltered wall-rocks around the Sladekarr
(Dalsland) and Vegerbol (Varmskog) veins yield a Pb—Pb isochron age of
1010+90 Ma, interpreted as the age of metamorphic resetting of the rock-lead
system, of hydrothermal alteration of the rocks and of formation of the veins.
From a geological point of view, the hydrothermal activity and the vein
formation may be connected with block faulting during a late stage of the
Daislandian orogeny. It is conceivable that Dalslandian folding and thrusting
caused instabilities in the crust, resulting in taphrogenic block movements.
Andreasson et al. (1984) suggest a relation between ore formation in the
Vittern and Vinern areas (the latter including the Dalsland and Varmskog
districts) and failed late Proterozoic rifting along the Protogine zone. If so, late
Dalslandian faulting may gradually have passed over into faulting related to
the onset of rifting. The presence of carbon dioxide in fluid inclusions in the
Vegerbol vein may suggest a contribution from metamorphic or magmatic
fluid to the ore-forming solutions. Although the rock-lead isochron age of
1010£90 Ma is in closest agreement with the age of Dalslandian metamor-
phism (around 1000 Ma), a connection with the intrusion of Bohus-type
granite and pegmatites in southwest Sweden around 900 Ma BP, as suggested
by Wickman et al. (1963), may be as likely. The more pegmatitic character of
the Cu veins in Varmskog, as reported by Tegengren et al. (1924) and Jongejan
& Westerveld (1949), would support such an interpretation.

The lead isotope data point to a crustal source of at least Mid-Proterozoic
age for the ore lead. It is likely that the source of metals, and possibly also
sulphur, was the rocks of the southwest Swedish gneiss complex and the Amal
Complex hosting most veins. Sulphur isotope compositions of vein sulphides
were, however, modified by redox reactions in the ore solution or mixing with
lighter, sedimentary sulphur. Data on wall-rock geochemistry mostly show an
enrichment of metals and sulphur in the alteration zones adjacent to the veins,
suggesting that the source was not the immediate wall-rocks of the veins but
rocks further away traversed by the hydrothermal solutions on their way. The
marked wall-rock alteration, with breakdown of feldspar and mafic minerals,
created a quartz-sericite zone adjacent to the veins and, where mafic minerals
were more abundant, also an outer chloritization zone. Chemically, the altera-
tion caused a drastic depletion of sodium, while many other constituents (such
as SiO, and CaO) may show either relative enrichment or relative depletion.
The sericitization produced free quartz in the alteration zones and in the veins
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themselves. It also produced calcium to form calcite, ankerite and fluorite in
the veins, and iron to form pyrite and other Fe-bearing sulphides, hematite,
magnetite, chlorite, ankerite or siderite. Potassium was taken up by the
sericite forming in the wall-rocks, while sodium was lost to the fluid in
exchange for H*. The increasing pH of the ore solution as wall-rock alteration
proceeded promoted sulphide and carbonate precipitation, thereby explaining
the general paragenetic sequence, with sulphides and carbonates following
quartz in the veins.

Fluid inclusion studies indicate that the ore-forming solution, at least in
Vegerbol, was a weakly saline (c. 4 eq. wt % NaCl), CO,-bearing hydrother-
mal fluid. They also indicate the presence of some heated, non-saline ground
water. Quartz deposition at Vegerbol occurred at a minimum temperature (no
pressure correction added) of +190 to +330°C, while the temperature of
sphalerite deposition is more uncertain. In Fig. 15, alog fO, versus pH diagram
for +250°C has been compiled from Ohmoto (1972) and Barton et al. (1977),
and mineralogical and geochemical data have been used to reconstruct the
chemical environment of formation of these veins.

The environment of quartz and sulphide deposition at Vegerbol was pro-
bably in the lower part of the crosshatched area in Fig. 15 (log fO, around —38
at 250°C, pH between 5 and 6, i.e. approximately neutral at this temperature).
The area is limited by the conversion of K-feldspar to muscovite (sericite) in
the wall-rock, the presence of less than 3.2 mole per cent FeS in the sphalerite
(Johansson 1983a), and the constant sulphur isotope values of the Vegerbol
sulphides, suggesting an environment below the sulphide-sulphate transition
zone (shaded band in Fig. 15) where sulphide totally dominates the ore
solution. The presence of carbon dioxide, rather than methane, also limits the
environment to oxygen fugacities above -39 (cf. Ohmoto 1972). The environ-
ment in Sladekdrr may have been slightly more oxidizing than at Vegerbol,
somewhere in the upper part of the crosshatched area crossing the sulphide-
sulphate boundary. This is suggested by the presence of bornite in addition to
chalcopyrite in Sladekérr, the occurrence of barite, and the lower and appa-
rently more variable sulphur isotope ratios of the Sladekarr galena.

Wall-rock reactions would tend to increase the pH of the ore solution,
moving it towards and into the K-feldspar stability field, thereby promoting
sulphide and carbonate precipitation. Mixing with ground water could lead to
a more oxidized environment. These effects are indicated by the two arrows in
Fig. 15. Thus, during the final stages of mineral precipitation, the chemical
environment may have moved towards the upper right in Fig. 15, causing the
precipitation of hematite, magnetite, chlorite or Fe-bearing carbonates (anke-
rite or siderite). According to Barton et al. (1977), chlorite may form instead of
magnetite under certain conditions, and siderite may overtake the magnetite
field at high CO, fugacities and lower temperatures according to Holland
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Fig. 15. Log fO, versus pH-diagram for +250°C, compiled from the diagrams of Ohmoto (1972)
and Barton et al. (1977). The shaded band marks the transition zone from reduced to oxidized
sulphur in solution, and the encircled symbols show the dominant sulphur species in solution.
Solid lines indicate Fe mineral stability boundaries at S, = 0.02 molal (from Barton et al. 1977).
At certain conditions, Fe chlorite (Barton et al. 1977) or siderite (Holland 1959) may overtake the
magnetite field. Kaolinite ~ muscovite — K-feldspar boundaries from Ohmoto (1972), chalcopyrite
stability field (cpy = chalcopyrite, py = pyrite, bn = bornite, chl = chlorite) from Barton et al.
(1977). Barite is stable above the sulphide-sulphate transition zone. Long dashed lines show 0.1
and 3.2 mole per cent FeS in sphalerite at 50 bars (Barton et al. 1977). The lower part of the cross-
hatched area is the inferred environment of quartz and sulphide deposition in Vegerbol, and the
upper part that in Sladekéarr. The two arrows suggest a late-stage development with increase in pH
and/or mixing with oxidized ground water. At the right-hand side, a scale of approximate log fO,
values at +150°C (presumed late low-temperature stage) has been drawn.

approximate log f02 at 150 2C
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(1959). As late-stage sulphide, oxide and carbonate deposition may have
occurred at significantly lower temperatures than the quartz deposition, an
approximate log fO, scale for +150°C has been drawn to indicate possible late-
stage low-temperature oxygen fugacities. Even if the environment became
more oxidized, the actual log fO, values decrease very rapidly with decreasing
temperature.

The most important mechanism for ore deposition appears to be the wall-
rock alteration process, which increases the pH and the concentrations of
many elements in the hydrothermal fluid and produces free quartz. Cooling
and dilution with ground water may also have played a role, especially during
the later stages. Veins of different mineralogy, such as the three different
sulphide vein types of Tegengren et al. (1924) in Dalsland, could have formed
at different stages in the development of a hydrothermal system, and could
possibly represent different erosional levels through vein systems displaying a
vertical mineral zoning.

As mentioned earlier, different types of Cu and Fe-Mn deposits are present
in Dalsland and southwest Virmland in addition to the quartz-sulphide veins
discussed here. This makes the area west of lake Vénern the most significant
ore province known in southwest Sweden, a part of Sweden otherwise gene-
rally devoid of ore deposits, in contrast to the Precambrian of southern
Norway or central Sweden. While the Varmskog and Glava Cu veins in
Virmland may be closely related to the Varmskog Pb-Zn veins as part of the
same mineralizing event, the relationship between the Dalsland veins and the
copper shale of Stora Strand may not be as close, if a synsedimentary origin for
the copper shale is assumed (cf. discussion by H. E. Johansson, 1908, and
Tegengren, 1944a, on the age and origin of the Stora Strand copper shale and
its relation to the vein mineralization). The Fe-Mn deposits in Dalsland are
replacements and fissure fillings related to fracture zones, mainly in the Amal
Complex but also in the Dalsland Group, according to Tegengren et al. (1924)
and Geijer (1961). The occurrence of Cu sulphide mineralization inside some
of the Fe-Mn ores (Kesebol, Spethult; Tegengren et al. 1924, Geijer 1961) may
indicate a connection between the Fe-Mn mineralization and the formation of
the quartz-sulphide veins. In any case, at least in a broader sense the sulphide-
bearing quartz veins of Dalsland and Varmskog can be considered part of a
Dalslandian metallogenic province and epoch encompassing several other
types of ore as well.
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Appendix I-A: Description of rock samples for chemical analysis; Ingribyn, Askekirr, St. Kilane

and Bjorbyn.

Normative classification |

Deposit Sample no. Location Rock description (based on Streckeisen, 1976)
1. Ingribyn AJ 79:136 Dump at mine Green sericitized gneiss =
AJ 79:137 Dump at mine Green and red gneiss (Syeno-)granite
AJ 79:139 Outcrop 300 m Green and red gneiss (Monzo-)granite
south mine
2. Rskekarr AJ 79:190 Dump at mine Greenish, sericitized Rhyodacite
porphyry
AJ 79:191 Dump at mine Red qz-fsp porphyry Rhyolite
AJ 79:199 Outcrop 100 m Red qz-fsp porphyry Rhyodacite or rhyolite
NW of mine
7. St. Kilane AJ 79:215 Dump at mine Normal phyllite (quartz- b=
- muscovite-carbonate schist)
AJ 79:216 Dump at mine Calcified and silicified phyllite -
(quartz-carbonate rock)
AJ 79:217 Dump at mine Strongly calcified phyllite =
(quartz-carbonate rock)
AJ 79:221 Dump at mine Strongly silicified phyllite -
(quartz-muscovite rock)
8. Bjorbyn AJ 79:236 Dump at W mine Silicified greenstone with =
sulphide impregnation
AJ 79:237 Dump at W mine Silicified greenstone with =
sulphide impregnation
AJ 79:244 Outcrop 80 m S Greenstone (relatively Monzodiorite
of western mine fresh)
AJ 79:247 Dump at E mine Calcified greenstone -

ik

No normative classification for metasediments and heavily altered rocks.

Appendix I-B: Description of rock samples for chemical analysis; Sladekarr, drill core 80002.

" 1
Position in - Distance

Normative classification =

Sample no drill core to vein Rock description (based on Streckeisen, 1976)

RJ 80:75 36.2 m 4.7 m Red qz-fsp porphyry Rhyolite

AJ 80:7€ 44,3 m 6.6 m Red gz-fsp porphyry Rhyolite

AJ 80:77 4.8 m 4iim Red gz-fsp porphyry Rhyolite

AJ 80:78 48.5m 2.4 m Red gz-fsp porphyry Rhyolite

AJ 80:79 49.5 m 1.4 m Red qz-fsp porphyry with Rhyolite (altered)
narrow qz veinlets

AJ 80:80 50.0 m 0.9 m Altered porphyry (green -
quartz-sericite rock)

AJ 80:81 50.8 m 0.1m Altered porphyry (green -
quartz-sericite rock)

Vein: 50.9 - 52.1m

AJ 80:82 52.5 m 0.4 m Partly altered porphyry Rhyolite (altered)

RJ 80:83 535.7 m 1.6 m Red gz-fsp porphyry with Rhyolite (altered)
narrow gz veinlets

AJ 80:84 56.0 m 9 Reddish grey qz-fsp porphyry Rhyodacite or dacite

AJ 80:85 59.8 m 7.7 m Reddish grey qz-fsp porphyry Rhyodacite

1. * 0.1 to 0.2 m. Distance to vein measured along drill core (= maximum true distance).

2. No normative classification for heavily altered samples.
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Appendix I-C: Description of rock samples for chemical analysis; Vegerbol, drill core 80204'.

- Position in Distance < SAE : o 5 3
Sample no. > < Rock description Normative classification
drill .cove T Ve (based on Streckeisen, 1976)
AJ 80:58 29.3 m 13.2 m Light, acidic gneiss (Monzo-)granite
AJ 80:59 36.0 m 6.5m Intermediate gneiss Granodiorite
AJ 80:60 39.6 m 2.9m Intermediate gneiss Monzodiorite
AJ 80:61 41,3 m 1.2m Slightly chloritized Monzonite
intermediate gneiss
AJ 80:62 41.6 m 0.9 m Strongly altered gneiss -
(quartz-sericite rock)
AJ 80:63 42.4m 0.1m Strongly altered, mineralized -
quartz-sericite rock
Vein: 42.5 - 43,7 m
AJ 80:64 43.8 m 0.1m Strongly altered, mineralized =
quartz-sericite rock
AJ 80:65 44,3 m 0.6 m Strongly altered, mineralized -
quartz-sericite rock
AJ 80:66 44,6 m 0.9 Chloritized, pegmatitic gneiss -
AJ 80:67 45.4 m i s Pegmatitic gneiss (Monzo-)granite, granodiorite
or tonalite
RJ 80:68 47.8 m 4.1 m Intermediate gneiss Granodiorite
AJ 80:69 50.0 m Bo3im Intermediate gneiss Diorite or monzodiorite
AJ 80:70 53.4 m 9.7 m Intermediate gneiss Granodiorite

1. Drill core named "Karlsbol
the Vegerbol segment of the Vegerbol-Karlsbol vein.

80 204" by Geol. Survey of Sweden, although being from

2. * 0.1 to 0.2 m. Distance to vein measured along drill core (= maximum true distance).

3. No normative classification for heavily altered samples.



46

AKE JOHANSSON

Appendix II-A: Chemical composition of altered and unaltered wall-rock samples; Ingribyn,
Askekarr, St. Kilane and Bjorbyn.

Deposit Ingribyn Kskekdrr St. Kilane Bjdrbyn

Sample no.r)  79:136 79:137 79:139  79:190 79:191 79:199 79:215 79:216 79:217 79:221 79:236 79:237 79:244 79:2u7
Anal. method 2) 2) 2) 2) 2) 2) 2) 3) 3) 3) 2) 2) 2) 2)
Si0,  wt.% 52.29 65.00 64.58 64.28 75.01 70.91 57.81  62.63 39.23 72.69 67.98 66.40 56.36 50.25
AlLO; we.Z  21.32 14.73 14.48  15.64 13.04 14.80 13.38 9.62 0.75 5.28 14.72 14.53 16.19 16.98
Fe, . Wwt.% 7 6.38 3.93 3.96 3.62 1.1 2.03 6.36 - - - 4,04 3.81 670 981
FeO  wt.% ) (1.41) (1.24) (1.41)  (1.23) (0.63) (0.90) (1.48) 0.86 0.58 1.08 (0.80) (1.21) (2.95) (6.37)
Fe 0, wt.% 5) (u.B1) (2.55) (2.39) (2.25) (0.M1) (1.03) (4.72) 0.7 0.10 2.63  (3.15) (2.17) (3.42) (2.13)
MO wt.% 0.09 0.08 0.08 0.10  0.03 0.07 0.05 0.05 0.11 0.05 0.07 0.06 0.15 0.23
Mg0  wt.% 385 0.83. . 6N 1.240 047 0.80 .57 ) LT %58 060 0.82  1.04 ApT 6.2
Cad  wt.% 183 2,65 . 1.86 2.88 °© 0.09 2.04 hua  9.88 30.30 7.75 1.92° . 118 539 2490
Na O wt.% 0.08 3.05 3.66 2.45 258 z.4p 3.23 838 63 - 0.16 2.96 . 2.92 3.2 3.58
KO  wt.% 8.92  4.83  4.39 5.99 | G20 L K31 350 ' H5.95 - 0.05 1.5k 3.8% - 475 398 5.3
TiO, wt.% 0.97 0.61  0.68 0.52 = 0.08'  0.38 D66 © B30 . 0.02 - 0.12 0.500" 6.3 ‘oqy 136
P05 wi.f 0.27 0.22 0.18 0.11 traces 0.07 0,22 ' GD8. Cg.n1 | 640 .11 03 630 o
loss on ign. R T - R T 4.27 0.99 1.03 7.14 - - - 2.74  3.69  2.10  3.4o
H0 wt. % ¥ - = = ;- = > 0.91 0.43 1.38 23 = - -
co, we.s2)  (1.97) (2.42) (2.12) (2.32) (0.27) (0.19) (5.55) 8.70 26.11 5.97 (1.32) (0.71) (0.38) (1.41)
St w3 ) (0.04) ((0.02) (0.02) (0.03) ((0.02) ((0.02) (0.02) 0.01 0.08 0.01 (1.26) (0.93) (0.14) (0.03)
Total °/ 99.34 99.71 98.85 100.30 99.30 99.64 99.37 99.80 99.84 99.96 99.50 98.60 98.57 100.23
Pb opm 11 25 13 38 2 25 7 154 155 43 387 1383 51 194
Zn ppm 162 70 60 72 26 46 82 23 15 39 97 279 233 487
Cu pmb)  (172) (10 (10 s el - RT3 T (10 28 10 32 (266)  (668) 54 22
Ba ppm 1132 899 1139 1022 438 663 (10 - - - 866 802 656 21
Rb ppm 538 215 164 328 222 161 146 - - - 157 193 126 238
Sr ppm 51 98 111 79 45 167 112 - - = 130 163 617 208
Ti0, wt.zl;\ 0.7 0.57  0.62 D581~ 0.2 N 0.50 079 . 042 Q00 0.4 0.36 0.36 0.80 t1.21
Y ppm 51 40 4o 22 16 28 34 24 15 28 25 4y 18 22
g ppmu> 450 310 322 174 85 172 186 200 18 52 170 189 127 102
Rb ppmu) 550 204 158 318 197 154 144 29 0 T 154 177 135 243
8r ppmu) 40 104 106 78 40 182 111 123 638 66 136 174 685 224

1) See Appendix I-A for sample descriptions.

2) Standard plasma excitation - optical emission spectrometry (Govindaraju et al., 1976) by CNRS-CREG of major elements

Cu, Ba, Rb and Sr; special analysis by CNRS-CRPG of FeO, cc,, :"c“ Pb and Zn; l-'ezo,. calculated from Fet
3) Wet chemical analysis by CNRS-CRPG of major and trace elements (including FeO, FeEO

4) XRF analysis of TiOZ, Y, 2Zr, Rb and Sr at the Department of Geology, Stockholm.
5) Values in brackets not included in total.
6) Cu values in brackets (above 150 ppm) only approximate ('"valeur indicative").

) li‘e‘:ot = all Fe given as F9203.

35

o and FeO.

H0, CO, and S, ).
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Appendix II-B: Chemical composition of rock samples from drill core 80002, Sladekirr.

Sample no.)  80:75 80:76 80:77 80:78 B80:79 80:80 B80:81 Vein 80:82 80:83 80:84 80:85
ey W7m 6.6m 4im 24m LAm 09m 0dm o4m 1.6m 3.9m 7.7m
Si0,  wt.% TLET 7343 72.91 TaES 1543 T7.75 . 78478 76.93 75.63 68.40 69.54
ALOs we.% 14,20 13.00 13.52 1355 12.67 1.3 10.%6 11,26 12.44 14,10 14,26
Fe, . Wt.% T SV /T T SRR R SRR e R U S B 4057 086 TUg RL e By
FeD wt.g>) (0.59) (0.61) (0.79) (0.59) (0.66) (0.43) (0.91) (0.92) (1.09) (1.43) (1.39)
Fe 05 we.83)  (1.07) (0.96) (1.90) (1.10) (0.99) (1.05) (0.78) (0.95) (0.45) (1.22) (1.28)
MO wt.% .06 o.06 D05 0.8 002 002 003 0.03 0.03 0.08 0,06
Mg0  wt.% OMh B39 054 ol cloee il 0.u1 040 B30 1.060 1 D.B6
Ca0  wt.% 0.94 0.53 047 0.79 0.01 treces 0.33 0307 70,261 4 206 14710
Na,0 wt.% 2068 930 . 1m0l st ol 10408 12700 237 2,01 258
KO0  wt.% 5.73 5.79  5.89 5.29 « 472 - 5,09 3.91 3.96 4.51 5.06 4.31
Ti0, wt.% 0.36 0.35 037 0.82  0.35  0.25  6.25 630 0.31  0.B 0.6
PZOS wt. % traces traces traces traces traces traces traces traces 0.02 traces 0.03
loss on ign. 197 B - a0, SRUT B RS 2ie REYE e 26 sl
co, wt. %o (0.93) (0.63) (0.86) (0.80) (0.18) (0.13) (0.42) (0.52) (0.73) (2.73) (1.74)
Seoe we.%>)  ((0.02) ((0.02) (0.02) (0.07) (0.48) (0.28) (0.26) (0.02) ((0.02) ((0.02) ((0.02)
Total > 99.78 99.12 99.76 99.03 98.98 99.01  99.51 98.78 99.33 100.19 100.03
Pb ppm 25 10 4y 9 15 8 132 22 15 14 16
Zn ppm 37 27 53 36 60 70 322 48 38 58 T4
Cu pn'? (10 (10 (10 (10 (120 (10 (N50M) 8 TR o 1 N AR O
Ba  ppm') 777 728 798 1697 (2166) (M7M3) 759 soh s49 599 617
Rb ppm 239 249 250 234 197 200 163 162 160 222 182
Sr ppm 73 53 42 68 521 177 46 31 46 61 66
Ti0, wt.z?) 0.28 0.8 0.3 035 0.60 oM .22 et 027 035 Bl
Y pom ) 26 24 36 31 26 22 22 23 23 28 28
ir ppm 5) 139 137 145 154 146 141 116 118 143 159 147
B opea® 208 0 212 a8k 198 196 189 162 Wy 18 198 174
s pm?) s u3 20 4 519 164 42 26 10 69 74

Plasma excitation - optical emission spectrometry (Govindaraju et al., 1976) of all samples by CNRS-CRPG
= all Fe given as F‘egoj); special analysis by CNRS-CRPG of

(major elements and Cu, Ba, Rb and Sr; Fe
Pb and Zn; Fe.0

Fe0, Q055 Seops

&0

tot

1) See Appendix I-B for sample descriptions.

2) % 0.1 to 0.2 m; distance measured along drill core = maximum possible distance.

3) Values in brackets not included in total.

4) Cu and Ba values in brackets (Cu above 150 ppm, Ba above 2000 ppm) are only approximate

("valeur indicative")

5) XRF analysis of Ti02,

calculated from F‘etot and FeO.

Y, Zr, Rb and Sr done at the Department of Geology, Stockholm.
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Appendix II-C: Chemical composition of rock samples from drill core 80204, Vegerbol.

Sampleno.l) 80:58 80:59 80:60 B80:61 B0:62 B0:63 Vein 80:64 80:65 80:66 80:67 80:68 80:69 80:70

g 13.2m 6.5m 2.9m 1.2m 0.9m O.im 0.1m 0.6m 0.9m 1.7m 41m 6.3m 9.7m
Anal. method 3) 3) 3) 3) 3) 5) u) 4) 3) 3) 3) 3) 3)
Si0, wt.% 69.65 66.77 61.55 63.67 61.27 55.50 77.54  64.39 62.29 63.94 64.40 61.90 66.77
ALOs wt.% 14,83 15.12 15.03  13.23 13.16 15.18 11.080 18,31 AA43  13.180 1615 16.28 15.85
Fe_, Wt.% 2.78  3.79 . 5.87 W5 397 - - - 6.28 389 s 569 3.9
FeO wt. %) (2.33) (2.79) (4.05) (3.38) (3.13) 172 1.53 1.71 (5.01) (2.70) (3.54) (3.83) (2.50)
Fe0, we.®)  (0.19) (0.69) (1.37) (0.79) (0.49) 1.22 1.13  1.18  (0.71) (0.89) (1.18) (1.43) (0.81)
MO wt.% 007 BDOT 612 0.1 0.0 0.1 0.02 5000 0.0 naae iaitiel a0 08
MgO  wt.% L0 L83 360 a3 296 0498 GA8 070 1.6 1T Am 29 138
Ca0  wt.% 200 318 hAT O W12 s e 032 5.0 33 4% 35 L 3.08
Na 0 wt.% 338 39T 346 2.5 1.80  0.06 D06  0.100 206  1.55. 393 - 382 386
KO  wt.% 4.8 2.04 233 4.10 466 4.89 306 - 456 4,32 550 247 200 3.5
T0, wt.% 0.30 0.52 0.50 0.29 0.42 0.48 0.39 0.51 0.58 059 059 0.79 0.60
PO, wt.% 0.04 0.4 0.07 0.02 0.06 0.16 008 0.15 007 0.05 - B4 036 6.3
loss on ign 0.86 1.09 1.89 2.31 6.75 - - - 4.34 4.80 s €5 1.1 50 0.94
HO  wt.% e = = - - 3.16 2.24  2.81 - - - - -
0, w.8)  (0.10) (0.11) (0.31) (0.85) (5.21) 7.21 0.27 3.98 (2.45) (3.03) (0.15) (0.11) (0.09)
Seor 350 ((0.02) (¢0.02) ((0.02) ((0.02) (0.04) 0.06 0.35  0.32  (0.09) (0.04) ((0.02) ({0.02) ((0.02)
Total °7 99.06 98.52 98.89 99.34 100.02 99.4% 98.91 99.88 99.11 99.30 100.01 99.74 99.41
Pb ppm 24 16 18 27 76 102 75 519 285 26 13 21 20
Zn ppm 63 76 124 108 106 124 104 1221 294 55 92 137 118
Cu ppm {10~ (10~ d0” ¢ 10 13 10 188 8.4 W 4w i 9w
Ba ppm 750 318 679 1066 993 - - - 928 1300 722 473 813
Rb ppm 153 89 88 134 195 - - - 155 2u6 101 78 104
sr ppm 263 331 332 246 253 = - - 164 198 316 356 333
Ti0, wt.%:; 0.42 0.57 0.5 0.29 0.40 0.49 0.42 0.60 0.57 0.54 0.61 0.73 0.53
Y ppm 5) 21 26 13 19 19 18 13 37 1 42 22 26 28
ir ppm 5) 158 22 82 75 89 122 82 203 222 288 167 164 227
Rb ppm 5) 120 93 80 124 185 264 180 214 150 211 112 78 96
Sr ppm 212 322 307 240 256 38 7 22 162 182 340 370 304

1) See Appendix I-C for sample descriptions.
2) % 0.1 to 0.2 m; distance measured along drill core = maximum possible distance.

3) Standard plasma excitation - optical emission spectrometry (Govindaraju et al., 197b) by CNRS-CREG of major elements

and Cu, Ba, Rb and ir (Fetcc = all Fe given us Fe (J,,)', speeial analysis by CNRS-CRPG of FeQ, CO,, Stot’ Pb and Zn;

Fezo, calculated from Fe and Fel.
3

4) Wet chemical analytic by ;

jor and trace elunents (including FeO, Fe,0,, H.,0, €O, and S,
2 slh 2

tot
5) XKF analysis of 'I‘iOL, Y, Zr, kb and Cr at the Department of Geology, Stockholm.

6) Values in brackets not included in total.
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