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The Husvika Zn-Pb deposit is bosted by rocks of the Helgeland Nappe Complex in the Uppermost Allochthon of the Norwegian 
Caledonides. It is a small deposit (estimated to be 100,000 metric tonnes, carrying 24% Zn and 10% Pb) which can be followed as 
longitudinal bodies for about 1.5 km along a fault zone. The deposit occurs in mixed calcareous and pelitic metasedimentary units, 
which are intruded by the granodioritic Andalshatten Pluton, granitic pegmatites and veins, all of which are parts of the Bindal 
Batholith. The hosts for the sulphides are metasomatically altered metasedimentary and granitoid rocks. The metasedimentary 
rocks demonstrate a weak alteration, giving a paragenesis comprising plagioclase, gamet, epidote and quartz, followed by a strong 
alteration giving a massive rock consisting of coarse-grained gamet, amphibole and quartz, which is in turn altered into a massive 
griinerite-cummingtonite rock. The altered granitoid contains plagioclase, amazonite, garnet and quartz. The sulphide mineraliza
tion is of three different types: (l) massive ore of sphalerite and pyrrhotite with mi nor galena, chalcopyrite and arsenopyrite, or 
massive galena in large crystals, sometimes carrying magnetite, (2) disseminations of sphalerite, chalcopyrite, galena and pyrrhotite 
and/or arsenopyrite in the altered host rocks, and (3) quartz veins and veinlets with pyrrhotite, arsenopyrite and lollingite with 
accessory minerals. Ranges for Pb-isotope ratios of sulphides from the ore, amazonites from the altered granodiorites and 
pegmatites and unaltered K-feldspars from the granodiorites are 18.559-18.628, 15.622-15.660 and 38.254-38.373 for the 206Pb/ 
204Pb, the 207PbP04Pb and the 208PbP04Pb ratios, respectively. Arsenopyrite from a quartz vein has Pb-isotope ratios of 18.963, 
15.655 and 37.950. Sm-Nd isotope analyses of the skam minerals indicate contribution from both a magmatic and a sedimentary 
source of Sm. Field relations and isotope determinations are consistent with a derivation of metals from the granodioritic 
intrusions and ore deposition simultaneous with, or shortly after, emplacement of the Andalshatten Pluton, pegmatites and granitic 
veins. Subsequently, sulphides with a UfTh-enhanced metal source (uranogenic lead) have been deposited. 

A. Birkeland* & A. Bjørlykke, Institutt for Geologi, PO Box 1047 Blindern, 0316 Oslo, Norway. • Present address: Norges Geologiske 

Undersøkelse, PO Box 3006, 7002 Trondheim, Norway 

The rocks of the Uppermost Allochthon of the Norwe
gian Caledonides are hosts to numerous Zn- Pb sulphide 
deposits, some of which are stratiform SEDEX deposits, 
such as the Bleikvassli and Mofjellet mines, whereas 
others are veins. The vein deposits occasionally cut the 
main foliation, but are commonly oriented parallel or 
subparallel to the schistosity. These deposits occur within 
mica schists and marbles of uncertain age (Middle 
Proterozoic to Late Paleozoic) and are commonly lo
cated near the contact with granitoid rocks. 

One of these veins is the Husvika Zn- Pb deposit, 
situated about 15 km west of the small town of Mosjøen 
in North Norway (Fig. l ), and mined periodically be
tween 1 897 and 1951. The ore consists of thin lenses and 
veins located along a 1 .5 km long north-south trending 
subvertical fault zone, subparallel to host-rock schistos
ity. The main mineralizations are ( from south towards 
north) : Lille Hatten, Søndre Sivertsen, Nordre Sivertsen 
and Hilda ( Fig. 3). It contained approximately 1 00,000 
metric tonnes, with about 24% Zn and 1 0% Pb in the 
massive ore ( Torgersen 1928; Cramer et al. 1974). The 
most common gangue mineral is quartz. The host rocks 
to the metal sulphides contain various skarn assem
blages, notably garnet-amphibolite assemblages and 
massive griinerite-cummingtonite rock. The deposit oc-

curs in heterogeneous amphibolite grade schists of the 
Uppermost Allochthon and is located directly in contact 
with granodioritic veins in the northern continuations of 
the Andalshatten Pluton, which is a part of the Bindal 
Batholith (Nordgulen et al. ,  in prep. and Birkeland et al. ,  
in press). 

Possible genetic relationships between the Bindal 
Batholith and the lead-zinc mineralization have been 
discussed for a long time, and Vogt ( 1900) and H. 
Bjørlykke (1951) suggested that the Zn-Pb deposits in 
Helgeland were directly related to the Bindal Batholith. 
In the present paper, this relationship is tested for the 
Husvika deposit, by the use of Pb-isotope compositions 
of galena and other ore minerals and the initial Pb 
isotope composition of the granodiorite. 

Regional geology 

The geology of the central Scandinavian Caledonides is 
characterized by flat-lying nappe units which were thrust 
eastwards onto the Baltoscandian platform during the 
accretion of the Caledonides in the Early to Middle 
Palaeozoic ( Stephens & Gee 1985). The Helgeland 
Nappe Complex and the Rødingfjellet Nappe Complex 
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Fig. l. The Helgeland Nappe Complex showing the distribution of the Bindal Batholith and the location of the Husvika Zn-Pb ore (modified after Nordgulen, in prep.). 
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comprise the Uppermost Allochthon (Gee & Sturt 1985, 
with references therein). The Uppermost Allochthon is 
regarded by most authors as an exotic terrane relative 
to the Baltic Shield before the Caledonian accretion 
(Roberts 1 988; Stephens & Gee 1 989). The Helgeland 
Nappe Complex overlies the Rødingsfjellet Nappe Com
plex (Uppermost Allochthon) ( Fig. l) in the northeast 
and the Køli Nappes (Upper Allochthon) in the east 
and southeast (Ramberg 1 967; Lutro 1 979; Dallmann 
1986, 1987). In the southwest there is an eastward-dip
ping thrust contact towards the underlying metasedi
mentary rocks which are part of the Vestranden 
sequence in central Norway (Schouenborg 1 988). 

The lithologies of the Helgeland Nappe Complex are 
comprised of three tectonic units of two contrasting 
types of supracrustal sequences (Thorsnes 1987; 
Thorsnes & Løseth 1991) and the large Bindal Batholith 
(Nordgulen et al. in prep. and Birkeland et al. ,  in 
press). One of the supracrustal sequences comprises 
marbles, calc-silicate rocks and migmatitic gneisses. The 
Husvika deposit is bosted by these rocks, the age of 
which is not known, but Middle Proterozoic dates have 
been presented by Cribb ( 1 981)  and Brattli et al. ( 1982) 
for similar rocks further north in the Uppermost Al
lochthon. The other sequence consists of fragments of a 
mafic to ultramafic basement overlain by meta-conglom
erates, schists and psammites. The mafic basement can 
be correlated with the Leka Ophiolite Complex, which 
has a U/Pb zircon age of 497 ± 2 Ma ( Dunning & 
Pedersen 1 988), and consequently the overlying 
metasediments are of Early Ordovician age or younger. 
The Bindal Batolith intrudes both of these sequences 
and is dominated by granodioritic and granitic intru
sions. U/Pb zircon ages range from 447 Ma to 428 Ma 
from various parts of the intrusion, the Andalshatten in 
particular is dated at 447 ± 2 Ma (Nordgulen et al. ,  in 
prep.). 

Geology of the Husvika area 

Supracrustal rocks 

The supracrusta1 rocks consist of three main litho1ogies: 
(a) marble, (b) mica gneissfschist with veinlets of gran
ite, and (c) a mixed unit with interbedded mica schist, 
marbles, quartzite and amphibolite (Cramer et al. 1974). 
These rocks are foliated and have experienced gamet
amphibolite facies metamorphism. 

(a) The marble is yellowish-white and consists of 
90% calcite with minor quartz, feldspar, amphibole and 
biotite. The silicates occur in thin layers, which proba
bly represent transposed bedding, and give the marble a 
banded appearance. It is approximately 25 m thick and 
the boundary with the mixed unit is gradual with in
creasing content of mica and quartz (Vik 1 975). 

( b) The mica gneiss is a fine- to medium-grained 
rock consisting mainly of biotite, microcline and plagio-
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clase (An 30-40) ; quartz content is variable. Gamet, 
muscovite, rutile and titanite occur in minor amounts. 
Epidote and chlorite occur as alteration products of 
feldspar and biotite, respectively. The mica schist 
contains a larger proportion of micas compared to the 
gneiss. A thickness of approximately 50 m is commonly 
observed in this lithology; Fig. 4 gives an indication 
of the situation in the Hilda area. The southem part 
of the area contains zones of diopside gneiss which 
probably reflects a greater original carbonate content 
(Vik 1975) .  

(c) The mixed unit is 4 to 40 m thick and consists of 
layers of amphibolite, mica schists and quartzite. The 
amphibolite, which is mainly located in the southem 
part of the area, is commonly boudinaged and consists 
mainly of homblende and plagioclase (An 40- 50). The 
mica schist contains mainly muscovite, biotite and 
feldspar and commonly has a high calcite content. The 
quartzite, occurring as thin beds, is fine-grained (0 .5-
1 mm) and contains muscovite, gamet, biotite and 
feldspar as minor minerals. 

The Andalshatten Pluton 

The Andalshatten Pluton is part of the Bindal Batholith 
(Fig. 1). It is granodioritic in composition with K
feldspar megacrysts and two micas, and is occasionally 
foliated. A U/Pb zircon age determination of the Andals
hatten Pluton yields 447 ± 2 Ma (Nordgulen et al. ,  in 
prep.). Pegmatites, aplites and granitic veins are also 
present and are observed to be younger than the grano
diorite. The only metamorphism observed to affect the 
granitic rocks is the skam formation associated with 
contact metasomatism. 

Deformation in the Husvika area 

Regionally four phases of deformation are recorded 
(Thorsnes 1987; Thorsnes & Løseth 1 991) .  The peak 
metamorphism (amphibolite grade) and the intrusion of 
granitoid dykes are both related to the 02 phase. 
Thorsnes & Løseth group all pre-02 structures into D1 • 
03 and 04 are represented by open folding. 

In the Husvika area the first phase of deformation 
(01 ) is represented by a foliation in the metasedimen
tary rocks. North-south trending faults are interpreted 
by Cramer et al. ( 1974) to represent D1 -thrusting. 02 
resulted in isoclinal folds with steep axial surfaces 
plunging 30° to the south. D3 is recorded as asymmetri
cal open folding and lineation on fold limbs of peg
matites. Fold hinges plunge 30° to the south. Boudinage 
and pinch-and-swell structures are interpreted by Bank 
( 1 987) to belong to the 03 phase. Well developed boud
inage of the 01 fault zone is exposed in the hanging 
wall in the mine opening at Hilda. Finally, open sym
metrical folds with a large amplitude have affected the 
area. 
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Fig. 2. Simplified geological map of the Husvika area (modified after Nissen 
1974). 

Sulphide deposits in the Husvika area 

Lead- zinc mineralization 

The lead-zinc mineralization in Husvika occurs along a 
1.5 km long N-S trending subvertical D1 fault zone (Fig. 
3). The sulphide veins are all located within the mixed 
unit of sedimentary rocks ( lithology C), and commonly 
where they contain weak disseminations of graphite and 
pyrrhotite. About l km to the north of the Hilda 
prospect, the small Sørdal claim (Figs. 2 and 3) occurs 
in mica gneiss and porphyritic granodioritic dykes. 

The Hilda orebody is the most extensively explored 
mineralization along the ore zone. Fig. 4 illustrates in 
detail the lithologic variation along an east-west section 
in the Hilda area. From the west to the east the lithology 
covers granodiorite with fragments of mica schist and 
alternating layers of mica schist, marbles, amphibolite 
and quartzite. Close to the ore the host rock is a hetero-
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Fig. 3. Simplified geological map of the Husvika ore zone, Sørdalsskjerpene and 
the country rock lithology (modified after Cramer et al. 1 974). Indicated mineral
izations: SS - Sørdalsskjerpet, H - Hilda, N - Nordre Sivertsen, S - Søndre 
Sivertsen, L - Lille Hatten. 

geneous zone of rapidly alternating muscovite schist, 
biotite schist, amphibolite and carbonate rich schist. 
Throughout the section there are both cross-cutting and 

E 

Mixed unit 
Fig. 4 .  A lithologic section through the Hilda area. For location, see Fig. 3. (l) Granodiorite with megacrysts of K-feldspar and occasional schlieren of mica schist. 
(2) Mica schist. (3) Granitoid dykes and pegmatites, some of which have tourmaline. (4) Marble carrying small amounts of mica. (5) Foliated amphibolite, occasionally 
cut by two-mica granite. ( 6) Dense quartzitic {psammitic?) layers al tema ting with thin laminae of mica schist, amphibolite and carbonate. (7) Heterogeneous zone of 
altemating layers of white muscovite schist, biotite schist, amphibolite and carbonate. (8) Skam and ore containing altered pegmatite. The fault indicated on Fig. 3 
is exposed in the hanging wall of the ore. 
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Fig. 5. A profile through the Hilda ore. For location, see Fig. 3 (H). ( I )  Wall rocks: Altemating layers of foliated biotite-actinolite rock, foliated amphibolite (mainly 
hornblende and plagioclase}, mica schist rich in quartz, biotite-muscovite schist, carbonaceous biotite schist, etc. Each of these layers is from l to more than l dm 
in width. (2) Massive stage Ila skam; occasionally contains cm-size irregular patches or mm-thick veinlets of quartz. The quartz may be heavily disseminated with 
chalcopyrite, sphalerite, pyrrhotite and galena. (3) Sulphide disseminated stage llb skam. The sulphides comprise about 15% by volume of the rock. Sphalerite is the 
dominant phase, other minerals are galena slightly less abundant chalcopyrite. (4) Coarsely crystalline galena. (5) Flaky stage Ilb skam and biotite. ( 6) Massive, 
foliated biotite. (7) Coarse-grained pegmatite: l cm-size K-feldspar megacrysts, which are sometimes greenish (amazonite}, clusters of biotite and muscovite flakes, 
pockets of allotriomorphic quartz and plagioclase. (8) Altemating, flaky quartzite/muscovite schist. 

apparently concordant fine-grained gramt1c dykes and 
pegmatites. The schists immediately surrounding the sul
phide ore are altered to a garnet and tschermakitic skarn 
and a griinerite-cummingtonite skarn. The pegmatite, in 
contrast, has amazonitic K-feldspar megacrysts ( Fig. 5). 
The skarns occur as layers in the schistose package, but 
they replace the primary mineralogy of the schist (Figs. 
5, 8). The sulphides occur as massive lenses in between 
layers of skarn or as disseminated grains in skarn (Fig. 
5). Sulphides also occur in quartz veins and veinlets that 
also cut the foliation of the host rocks. 

The section through the Nordre Sivertsen orebody 
(Fig. 6) contains alternating layers of marble, mica schist 
with occasional amphibole, massive and foliated amphi
bolite, quartzite and quartz-rich mica schist. The sul
phides occur as massive lenses and as impregnations in 
the schist. To the west in the section of Fig. 6 there is a 
K-feldspar megacrystic pegmatite. On the eastern wall of 
the Nordre Sivertsen shaft there is a 20 cm thick layer of 
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Fig. 6. A profile through the Nordre Sivertsen orebody. For location, see Fig. 3 
(N). (l)  Marble. (2) Biotite and muscovite schist, occasionally with amphibolite. 
(3) Massive amphibolite. ( 4) Quartzite or quartz-rich mica schist containing 
interstitial pyrite. ( 5) Stage l skam. ( 6) As ( 4) but with additional abundant 
plagioclase. (7) Flaky mica schist with sulphide impregnation. (8) Massive 
sphaleritc and galena ore. (9) As ( 7), but with additional abundant amphibole. 
( lO) Foliated amphibole. (I l )  Stage lia skam. ( 12) Massive galena. ( 1 3) Clear 
quartz impregnated with pyrrhotite. ( 14) K-feldspar megacrystic pegmatite. 

a dense pale pink rock containing plagioclase, gamet, 
epidote and quartz. A heavily altered rock consisting of 
coarse-grained garnet and tschermakite is found in im
mediate contact with massive galena ore, near the west
em wall of the Nordre Sivertsen shaft. An approximately 
l O cm thick layer of clear quartz between marble and 
amphibolite in the western wall is impregnated with 
pyrrhotite. There seems to be no contact metasomatism 
between the quartz and marble or the quartz and amphi
bolite. 

The Sørdal prospects occur about l km north of the 
main zone, where pods and lenses of sulphide ore are 
found in interfolded mica gneiss and granodiorite. A 
cross-section through one of these prospects is given in 
Fig. 7. The massive ore, which occurs in the granodiorite, 
is separated from the granodiorite by a few centimetres 
of biotite schist. In the hanging wall ( to the west) the 
biotite schist carries round fragments of granodiorite. 
The granodiorite has megacrysts of K-feldspar that are 
amazonitic in the vicinity of the ore. In some of the other 
prospects the dominant host rock is mica gneiss and 
schist, which is altered to a biotite-garnet schist in a 
halo surrounding the ore. 

Wa/1-rock alteration 

All deposits are associated with skarn in the metasedi
mentary rocks and alteration of the granitic dykes. The 
skarns can be divided into two major types, termed Stage 
I skarn and Stage Il a and b skarn. 

Stage I skarn represents moderately metasomatized 
rocks. The first appearance of alteration is a millimetre 
to centimetre thick layer comprised of calc-silicate miner
als between marble and amphibolite and marble and 
mica schist. These calc-silicate layers consist of a fine
grained sequence of almost monomineralic metasomatic 
zones, dominated by plagioclase (white zones), gamet 
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Fig. 8. Stage Ila skam. Gamet and amphibole (dark) cut the foliated mica schist 
+ (light). 

1 m  

Fig. 7. A profile through the Sørdalsskjerpet prospect. For location, see Fig. 3 
(SS). (l) K-feldspar megacrystic granodiorite. K-feldspars are commonly ama
zonitic in vicinity of the ore. (2) Rounded fragments of granodiorite enveloped 
by a film (a few cm) of mica schist. (3) Massive sphalerite and/or galena ore, 
with subordinate amounts of pyrrhotite and chalcopyrite. Quartz is the main 
gangue. ( 4) Mica schist. 

(red zones), epidote ( light green zones) and quartz (grey 
zones). The rocks may additionally contain chlorite and 
amphibole. The metasomatic zones are parallel to the 
foliation of the metasedimentary precursor, and they 
may have formed by short-range mass-transport, possi
bly diffusion-controlled, at the contact between the vari
ous lithologies. 

Stage Il skarn represents a more extensively metasom
atized metasedimentary rock. The strongly foliated fine
to medium-grained metasedimentary rock is replaced by 
skam, which consists of coarse-grained garnets and am
phiboles ( crystal size may reach several centimetres) 
growing at the expense of the previous mineralogy. The 
skam lacks foliation and it cuts the D2 foliation of its 
precursor, as demonstrated in Fig. 8.  

The stage Il skam can be further divided into two 
main groups of mineral assemblages. The stage Ila skam 
consists of a coarse-grained brownish-red gamet and a 
black amphibole. The composition of the stage Il skam 
minerals is semiquantitatively determined from scanning 
electron microscope ( SEM) analyses of selected samples. 
The garnet has an almandine-grossular composition with 
about 10% spessartine and 7% andradite. Included in 
this garnet are small areas of a garnet containing 23% 

spessartine and 23% grossular. Also this garnet has a 
low content of andradite of 6%.  The amphibole associ
ated with this garnet is tschermakitic, containing equal 
amounts of Ca and Fe and only 1 -2% of Mg and Mn. 

The other skarn mineral assemblage, the stage Ilb 
skarn, is a massive coarse-grained olive-green monoclinic 
amphibole. It is mainly a Fe-Mg amphibole with a 

griinerite-cummingtonite ratio ranging between 70 : 30 
and 80 : 20, as determined by SEM analyses. It contains 
less than 0.5% Al203 • About 10% of the tetrahedral 
cation positions are occupied by Mn. Accessory amounts 
of actinolite occur in textural equilibrium with the 
griinerite-cummingtonite. The griinerite-cummingtonite 
skarn contains schlieren of garnet-tschermakite skarn 
and overgrows the garnet-tschermakite skarn (Fig. 9). It 
is therefore interpreted to represent a later stage of the 
skarn. 

Also associated with the mineralization are altered 
granodiorite and pegmatite. This alteration involves 
breakdown of biotite and income of garnet. K-feldspar 
megacrysts are altered to amazonite. The result is a 
beautiful rock of white plagioclase, green amazonite, red 
garnet and quartz. The amazonite appears as large crys
tals (reaching 2 cm across), commonly with biotite inclu
sions. The red garnets are up to 2 mm across and 
commonly have a dark co re of biotite. There is a gradual 
transition from unaltered to altered granodiorite and 
pegmatite. 

Fig. 9. Stage Ila skam (dark) is cut by stage Hb skam (light). 
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Ore 

The mineralization in Husvika comprises three different 
ore types; (a) massive ore, (b) disseminated ore, and (c) 
quartz-sulphide veins. All ore types are characterized by 
an allotriomorphic intergrowth of the sulphides. Only 
arsenopyrite and galena show planar crystal surfaces. 
The sulphides seem to be the last minerals to crystallize 
in all ore types. 

(a) Massive ore denotes lens-formed, l-l O dm thick 
veins and pods of sulphides with only minor silicate 
gangue minera1s. Contacts with the host rocks and other 
ore types are commonly sharp and parallel to foliation 
in the host rocks (Figs. 4, 5 and 6). The ore is either 
sphalerite-rich (pyrrhotite + sphalerite with minor galena, 
occasionally arsenopyrite and chalcopyrite), or it consists 
largely of galena in large crystals, commonly together with 
magnetite. 

(b) The stage Ila skarn common1y has a sulphide 
assemblage of sphalerite, chalcopyrite, galena, pyrrhotite 
and sporadic occurrences of arsenopyrite. The stage Ilb 
skarn is dominated by sphalerite and/or arsenopyrite but 
also carries small amounts of chalcopyrite. It may also be 
a host to galena and pyrrhotite. The sulphides are either 
interstitial disseminations in quartz between grains of 
gamet and amphibole or occur as fracture fillings. 

(c) Undeformed quartz veins and veinlets are com
mon in skarns. The quartz veins mainly carry pyrrhotite, 
arsenopyrite and lollingite with accessory sphalerite, 
galena and chalcopyrite. In the Hilda deposit this type of 
ore is up to 20 cm thick (Vik 1975 ), whereas it is about 
10 cm thick at the Nordre Sivertsen prospect (Fig. 6, 
label 13). 

Vogt (1900) reports granitic dykes cutting the mineral
ization, whereas the mineralization cuts the contact 
between mica gneiss and K-feldspar megacrystic grano
diorite at the Sørdal prospect. This may indicate that the 
events of granitoid intrusion and the mineralization were 
active during the same period and were probably related. 
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Deformation of skarn and ore 

On a regional scale, skarn and ore seem to be concordant 
with respect to foliated and folded host rocks. However, 
on a local scale the skarn and ore sharply cut the 
foliation of the host rocks, by replacing the original 
mineralogy (e.g. Fig. 8); the skarn itself is not fo1iated. 
Boudins of the garnetiferous skarn and pinch-and-swell 
of massive ore are common. These deformation features 
are believed to belong to the D3 phase (Bank, 1987). 
Deformational features have not been observed in the 
mineralized quartz veins by the present authors nor have 
they, to our knowledge, been described by previous 
authors. 

Samples and analytical methods 

Sample localities and sample descriptions are given in 
Table l. In the following, we present the analytical 
techniques for common Pb analysis of K-feldspars and 
sulphides and for Sm/Nd analysis of garnet and amphi
bole mineral separates. 

Pb / Pb analyses 

The lead isotope compositions were analysed at the 
University of Alberta, Edmonton, Canada. For a thor
ough description of the analytical procedures, the reader 
is referred to Birkeland ( 1990) and Birkeland et al. (in 
prep. ). 

The amazonite was decomposed in HF without previ
ous leaching. In order to obtain initial Pb-isotope ratios, 
normal K-feldspar was leached in HCl and HN03 in 
three steps, followed by dissolution of the residue in HF. 
Pb from both amazonite and K-feldspar was separated 
by anion exchange co1umns set in HCl (2 ml Biorad 
AGl x 8, 100-200 mesh). 

Table l. Pb-isotope analytical results of sulphide minerals and amazonite from the Husvika Zn-Pb deposit, and K-feldspar from unaltered granodiorite. 

No. Sample id. Locality Mineral Sample description 206Pb/204Pb 207Pb/204pb 2osPb/20o1pb 

I AB87-25 Hilda AMAZ AMAZ and gamet from altered pegrnatite 18.585 1 5.637 38.299 
2 AB87-3 1 Hilda CPY GNT + AMPH-skam with CPY + PO + GN-ore 18.581 1 5.621 38.248 
3 AB87-31 Hilda GN GNT + AMPH-skam with CPY + PO + GN-ore 18.575 1 5.626 38.261 
4 AB87-23 Hilda GN Massive GN in amphibolite 18.575 1 5.630 38.255 
5 AB87-24 Hilda AMAZ AMAZ beside GN 18.571 1 5.622 38.254 
6 AB87-24 Hilda GN AMAZ beside GN 18.585 1 5.634 38.291 
7 AB87-32 Hilda APY QTZ-vein with APY 18.963 1 5.655 37.950 
8 AB87-30 Hilda K-F SP K-feldspar megacryst from granodiorite 18.606 1 5.639 38.417 
9 TQ87-9 Hilda GN 18.58 1 1 5.622 38.249 

l O  AB87-28 Sørdalsskjerpet p y GN + SPHL + PO +PY-ore 18.590 1 5.629 38.279 

Il AB87-28 Sørdalsskjerpet GN GN + SPHL + PO +PY-ore 18.628 1 5.660 38.373 
1 2  AB87-26 Sørdalsskjerpet K-FSP K-feldspar megacryst from granodiorite 18.596 1 5.628 38.344 

1 3  AB87·29 Sørdalsskjerpet K-FSP K -feldspar megacryst from granodiorite 18.559 1 5.623 38.323 
1 4  AB87-38 Nordre Sivertsen GN Massive GN + SPHL + APY-ore 18.582 1 5.637 38.305 

Abbreviations: AMAZ = amazonite, AMPH = amphibole, APY = arsenopyrite, CPY = chalcopyrite, GN = galena, GNT"" gamet, K-FSP- K-feldspar, PO = 
pyrrhotite, PY = pyrite, QTZ = quartz, SPHL = sphalerite. 

• No information, previous analysis by Geospec Consultants. 
Analytical precision on 30 analyses of the NBS 98I common lead standard: 2<1 on the 206Pb/204P�. 207Pbf204P� and 208Pbf204P�ratios are, respectively, 0.07%. 

0.09% and 0. 10%. The mass fractionation per mass unit is 1 .35 per mil. 
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The galena was dissolved in 10-20 ml of 2N HCl and 
slowly evaporated until PbCl2 crysallized out of solution. 
The Ph-salt was separated, washed in a few millilitres of 
4N HCl and suspended in water. Crushed mineral sepa
rates of other sulphides ( chalcopyrite, arsenopyrite and 
pyrite) were leached in three steps by applying gradually 
stronger HCl, before complete decomposition of the 
residue in HN03. Lead was then separated from the 
samples through anion exchange columns set in HBr. 
The lead was collected with 6N HCl, evaporated to 
dryness, and finally dissolved in a few millilitres of water. 

About 0.8 Jlg of the separated Ph was loaded on single 
Re-filaments with a silica gel-phosphoric acid mixture 
and analysed on a Vacuum Generators Micromass 30 
mass spectrometer at a temperature of 1250-1300°C. 
Total system laboratory blank for these analyses was 
10-12 ng, which was not significant in this common Ph 
study. Mass fractionation factors of 1.35 per mil per 
mass unit difference were obtained from 30 analyses of 
the NBS 981 Pb standard, using the values of Todt et al. 
(1983-84). The standard deviations (2cr) on replicate 
analyses of the standard were 0. 07%, 0.09% and 0.10% 
for the 206Pbj204Pb, 207Pbj204Pb and 208Pbj204Pb ratios, 
respectively. The correlation coefficient between errors of 
ratio pairs was 0.85. 

Sm-Nd analyses 

The analyses were carried out at the Mineralogical-Geo
logical Museum in Oslo. Garnets and amphiboles were 
separated from the stage Ila skam samples AB87-31 and 
AB88-57, and one gamet separate was obtained from an 
altered pegmatite (sample AB87-25) .  

Chemistry and mass spectrometer procedures are de
scribed by Meams (1986). Isotope ratios and Sm, Nd 
and Sr concentrations are measured on a fully automated 
5 collector Vacuum Generators 354 mass spectrometer, 
whereas the concentration of Rb was analysed on a 
Vacuum Generators Micromass 30 instrument. Total 
laboratory blank is 0.1- 0. 2  ng Nd and less than O.l ng Sr 
( determined by isotope dilution using mixed 87Rb-84Sr 
and 149Sm-149Nd spikes) . These blank levels are within 
the mass spectrometer errors. 

Replicate analyses of the BCR l gave 147Smj144Nd 
= 0.1384 ± 0.0002, 143Ndjl44Nd = 0.512650 + 0. 000020 
and 145Nd/144Nd = 0. 348395 ±O . 000028. Repli�ate analy
ses of Johnsen and Matthey Nd203 gave 143Nd/ 
144Nd = 0. 521125 ± 0.000008 and 145Ndf144Nd = 

0. 348412 ± 0. 000008. Replicate analyses of the Sr-stan
dard NBS987 gave 87Sr/8 6Sr = 0.710227 ±O . 0000021. To 
correct for mass fractionation, Nd isotope ratios are 
normalized by the factor 146Nd/144Nd = 0.721900. 

Decay constants of 6. 54 x 10-12 y-1 and 1.42 x JO-Il 
y-1 were used for 147Sm and 87Rb respectively. To calcu
late the initial Sr-isotope composition an age of 430 Ma 
of the Bindal Batholith was used to correct for in situ 

radiogenic Sr. 
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Pb-isotope results 

The Pb-isotope compositions of sulphides, amazonites 
and K-feldspars from the Husvika deposit are listed in 
Table l and plotted in Fig. lO. Of the fourteen analysed 
minerals, twelve form a well-defined group. The 2cr vari
ations are 0.12%, 0. 08% and 0. 26% for the 206Pbj204Pb, 
207Pbj204Pb and 208Pbj204Pb ratios, respectively. The vari
ation of the 207Pbj204Pb ratio is indistinguishable from 
the reproducibility on the standard (0. 09%), while the 
variation of the 206Pbj204Pb and 208Pbj204Pb ratios are 
two to three times larger than the corresponding errors 
on the standard. The 207Pbj204Pb variation demonsrates 
that the measuring errors on real samples are just as 
precise as those on the standard. Furthermore, there is 
no obvious relationship between the Pb-isotope ratios 
and the minerals from which they were extracted. Ama
zonite, K-feldspar, galena, pyrite and chalcopyrite have 
Pb-isotope compositions which are almost indistin
guishable from one another at the limits of precision 
obtained here. One galena (sample AB87-28 GN) is 
noticeably higher in 206Pbj204Pb and 207Pbj204Pb ratios 
compared to the main group of data (Fig. 10 (bottom)). 
and there may have been a measuring problem with this 
sample. 

One sample of arsenopyrite has Pb-isotope ratios of 
18.963, 15.655 and 37.950, respectively. They are signifi-
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cantly differen from the other samples and the Pb-isotope 
composition must reflect another lead source. 

Sm/Nd-results 

The SmfNd analytical results are listed in Table 2 and 
plotted in Fig. 1 1 .  The Sm/Nd isotope ratios from the 
garnets and tschermakitic amphiboles from the stage Ila 
skam ( omitting AB87-25, the gamet from altered peg
matite) define a line corresponding to an age of 
471 ± 20 Ma. The error is expanded (Kullerud 1 991 ) in 
accordance with the large MSWD of 5.8. The MSWD of 
this line indicates a lack of equilibrium in the Sm-Nd 
system in the skam, and that there was not a complete 
resetting of the system by the skam formation. The age 
indicated by this line may therefore not be correct. Only 
because of the expanded errors, this age is just within 
that of the Andalshatten Pluton ( 447 ± 2 Ma, Nordgulen 
and Schouenborg, in prep. and Nordgulen et al. in 
prep. ), and the magmatic activity of the Bindal Batholith 
in general. The initial 143Nd/I44Nd ratio of this line is 
0.51 1 50 ± 0.00004. This is slightly lower than the range 
of initial I43Nd/144Nd ratios of the Bindal Batholith (Fig. 
1 1  ), of which the S-type granitoids have the lowest initial 
143Nd/144Nd ratios (Birkeland et al. , in press). The I43Nd/ 
144Nd ratio of the metasediments at ca. 450 Ma is not 

Table 2. Sm-Nd isotope analytical results of stage 2a skam minerals from the 
Husvika Zn-Pb deposit. 

Sam p le 
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known, but it is most likely lower than the 143Ndji44Nd 
ratio of the Bindal Batholith at the same time. This is 
suggested because the Bindal Batholith is interpreted to 
have originated by mixing of partial melts derived from 
depleted mantle, or mantle derived basalts, and sedimen
tary rocks (Birkeland et al., in press). Depleted mantle 
and rocks derived from the depleted mantle normally 
have a higher Sm/Nd ratio, hence a higher 143Ndj144Nd 
ratio, than sedimentary rocks and purely crustal derived 
rocks (e.g. Faure 1986). A mixing of Sm and Nd from 
the Bindal Batholith and the surrounding metasediments 
will result in a I43Nd/I44Nd value somewhere between the 
I43Ndj144Nd values of the mixed magmatic source and 
the metasedimentary source at the time of skam forma
tion. The initial ratio of the line formed by the stage Ila 
minerals may represent such a mixing. 

When the garnet formed by alteration of pegmatite is 
taken into consideration, a line with a shallower slope is 
defined, giving an age of 437 ± 5 Ma and an initial ratio 
overlapping with the range of initial ratios exhibited by 
the Bindal Batholith (Fig. 1 1 ). The difference in the 
content of Sm and Nd and the isotope compositions of 
the garnets in the stage Il skarn and the gamet in the 
altered pegmatite is so large (Table 2) that it is unlikely 
there is isotopic equilibrium. The slope of this line is 
heavily weighted by the single analysis of gamet in the 
altered pegmatite and the line must, to a large degree, be 
considered as a two-point isochron. Hence, the calcu
lated age may not be reliable in spite of the fairly low 2a 
error of 5 Ma. 

m Mineral Sm Nd ,.7Sm/144Nd '"'Nd/144Nd ± 2u x w-6 Discussion 

AB87-3 1 Gamet 3 . 1  1 1 . 5  0. 1664 0.51 2006 ± 6 
AB87-31  Amphibo1e 3.7 15.4 0. 1454 0.51 1970 ± 14 
AB88-57 Gamet 2.0 2.5 0.4914 0.513018 ± 10  
AB88-57 Amphibole 0.4 2.3 0.1 1 56 0.511853 ± 10 
AB87-25 Gamet 20.8 7.7 1 .6609 0.51 6281 ± 6 

See text for mass fractionation factors and ana1ytical errors on standards. 
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Fig. 11. Sm-Nd isochron diagram for altered mineral assemblages associated with 
the Husvika ore. The initial 143Ndf144Nd ratios for the Bindal Batholith are 
calculated from data reported in Birkeland et al., in press. 

The metasupracrustal rocks in Husvika are intruded by 
granodioritic dykes which are the outer rims of the 
447 ± 2 Ma old Andalshatten Pluton in the Bindal 
Batholith (Nordgulen in prep. ). The age is similar to the 
Heilhomet Pluton, which intruded during D2, the main 
deformation event (Nordgulen & Schouenborg 1990). In 
Husvika the metasupracrustal rocks and the granodio
ritic dykes comprise the host rocks for skam and sul
phide deposits. 

The metasupracrustal rocks are altered to skam as
semblages and the granodioritic dykes and pegmatites 
are altered to a plagioclase-amazonite-gamet rock. The 
metasomatic rocks overprint the foliation in the host 
rocks. Consequently, the skam formation and the depo
sition of the metal sulphides must have taken place after 
D2• Skam, both barren and mineralized, and massive ore 
show boudinage and pinch-and-swell structures; there
fore the alteration and mineralization event can be dated 
as falling between D2 and D3• The mineralized quartz 
veins may also have been emplaced during this interval. 
They may, however, also be younger, since they are not 
observed to have D3 deformation features. 

Skam has evolved from mica gneisses in the 
Sørdalsskjerpene area and the so-called mixed unit along 
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the main zone. The first step in the evolution gave the 
stage I skarn which is a moderately metasomatized rock 
of plagioclase, calc-silicates and quartz. The next step 
resulted in an extensively metasomatized rock of garnet 
and tschermakitic amphibole ( stage Ila skarn), and a 
massive griinerite-cummingtonite (stage Ilb skarn) indi
cating a higher water rock ratio, compared to the stage I 
skarn. The presence of the l 00,000 tonnes of metal 
sulphides also requires mass transport of a considerable 
volume of water. 

The grossular-almandine garnet in stage Ila skarn is 
rich in Al and poor in ferric iron. Such a composition is 
unusual in Zn-Pb skarns, which are commonly rich in 
andradite. This relationship shows that the Fe-content in 
a hydrothermal fluid also indicates its capacity for trans
porting base metals (Einaudi et al. 1981). The composi
tion of the garnet found in Husvika may partly reflect a 
high Al content in the host rock and partly result from a 
reduced environment and/or fluids of low salinity. Pre
liminary fluid inclusion studies in the garnet show high 
contents of methane (Jaques Tourret, pers. comm. ), indi
cating an environment with a low f02• Preliminary fluid 
inclusion studies of Vik ( 1975) show the presence of 
fluids of both high and low salinity. The f02 may have 
been buffered by graphite in the metasediments, because 
mineralization seems to be localized where the metasedi
ments contain disseminations of graphite and pyrrhotite. 
The amphibole associated with this garnet is aluminous 
with about equal amounts of Ca and Fe, and with only 
negligible amounts of Mg and Mn. 

Based on textural evidence, the griinerite-cumming
tonite skarn (stage Ilb) is interpreted to post-date the 
garnet-tschermakite skarn. The transition from grossu
lar-almandine garnet and tschermakitic amphibole to 
griinerite-cummingtonite skarn involves a drastic reduc
tion in Al and Ca and an increased content of Mg and 
Fe. Subcalcic amphibole is reported from Zn-Pb skarns 
in New Mexico and Mexico, and is interpreted to have 
formed during retrogradation of the skarn system ( Al
len & Fahey 1957; Catlin 1981). Retrograde mineral 
assemblages in Zn-Pb skarn are commonly character
ized by enrichment in Mn (Einaudi et al. , 1981). The 
griinerite-cummingtonite amphibole in Husvika has an 
increased content of Mn compared to the tschermakitic 
amphibole. The stage Ilb skarn therefore has character
istics of a retrograde skarn system. The grossular
almandine garnet, with 10% spessartine of stage Ila, 
contains small domains of a garnet with the composi
tion ALM54SPESS23GROSS23• The textural relationship be
tween the two garnet types is inconclusive with respect 
to their relative timing. However, the increased Mn may 
indicate that the spessartine-rich garnet formed during 
the retrogradation of the system, perhaps contempora
neously with the griinerite-cummingtonite. 

The bulk of the ore occurs either massive or as dissem
inations in griinerite-cummingtonite skarn. This is a 
Zn-Pb ore with variable amounts of arsenopyrite and 
with a low Cu content. Disseminations and fracture 
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fillings of sulphides also occur in garnet-tschermakite 
skarn. These sulphides also contain chalcopyrite as an 
important mineral in addition to galena and sphalerite. 
Taking Cu as an indicator of a higher temperature of 
formation than that required for the formation of galena 
and sphalerite under reducing conditions (Large 1977), 
the sulphide deposition in garnet-tschermakite skarn 
occurred at a higher temperature than the deposition of 
sulphides in massive ore and in griinerite�cummingtonite 
skarn. This is consistent with stage Ila as a prograde 
skarn and stage Ilb as a retrograde skarn. 

The mineralized quartz veins are dominated by 
pyrrhotite, arsenopyrite and lollingite. They contain only 
small amounts of sphalerite, galena and chalcopyrite. 
The lack of deformation and wall rock alteration along 
these veins indicates their formation at a later stage than 
the main mineralizing phase. This introduces the possi
bility of a different metal source for these sulphides. 

The Pb-isotope analyses from Husvika fall into one 
large group and one exception (Fig. 10, Table 1). The 
large group comprises Pb in K-feldspars from unaltered 
granodiorite, Pb from amazonite from alteration haloes 
and Pb chalcopyrite, pyrite and galena from disserilinated 
and massive ore. The exception is one arsenopyrite 
(AB87-32) from a quartz vein. The 206Pbj204Pb ratio of 
this sample is considerably more radiogenic than the large 
group of sulphides (Fig. 10 (bottom)), whereas the 208Pb/ 
204Pb ratio is much lower (Fig. 10 (tap)). The lead isotope 
composition of the arsenopyrite is considered to be real, 
and not an artifact due to analytical errors, because it is 
identical to the lead isotope composition of a group of 
sulphide vein mineralizations in the Helgeland Nappe 
Complex reported by Birkeland et al. (in press). The lack 
of boundinage, pinch-and-swell and falding of the quartz 
veins in Husvika, from which one of the samples was 
taken, indicates a late formation of these veins. 

There are three alternative ways to explain the identi
cal Pb-isotope compositions of most sulphides, ama
zonites and K-feldspars. The first possibi1ity is that the 
granodiorite is the metal source of the hydrothermal 
fluids. The second possibility is that the granodiorite and 
ore-forming solution have a common Pb source. The 
source regions for the granodioritic magmas were deep
seated and represent considerable volumes of partial 
melted rocks, whereas hydrothermal fluids generated 
from the same deep-seated source would be contami
nated with lead from other sources during its movement 
upwards in the crust. It is therefore considered unlikely 
that the deep-seated source for the magmatic system and 
an independent hydrothermal system can isotopically 
reflect one common source rock. A third possibility is 
that the granodiorite and ore minerals have different 
source rocks with identical lead isotope characteristics. 
This would require two different rocks having a Pb-iso
tope evolution (including JJ.- and K-values and ages of the 
different rocks) resulting in identical Pb-isotope composi
tions. This is theoretically possible, but would be too 
much of a coincidence. We prefer the first alternative, 
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which is the simplest and explains the identical Pb-iso
tope compositions of sulphides, amazonites and K
feldspars as the result of metal derivation from the 
granodiorite. 

The presence of unaltered granitic veins cutting both 
ore and hydrothermally altered and mineralized grani
toids is evidence of magmatic and hydrothermal activity 
more or less at the same time. The age of the Bindal 
Batholith is in the range 447 Ma to 428 Ma (Nordgulen 
et al. , in prep. ), with two age determinations of the 
Andalshatten Pluton yielding 447 ± 2 Ma and 
446 ± 5 Ma. The indicated SmfNd-age of 437 ± 5 Ma of 
the skam mineralogy (or 471 ± 20 Ma if only the skam 
in the metasedimentary rocks is considered) does not 
contradict a hypothesis of wall rock alteration and ore 
formation shortly after or simultaneously with granitoid 
formation; however, the fairly high MSWD of 5.8 is a 
suggestion of lack of isotopic equilibrium. The indicated 
lower initial 143Nd/144Nd ratio in the skam minerals 
than in the granodiorites may be interpreted as a mixing 
between a magmatic source and the country rocks, but 
without a complete resetting of the Sm-Nd system in 
the altered mineral assemblages, as indicated by the 
MSWD. 

Summary and conclusions 

The main concem of this paper has been to investigate 
a possible genetic relationship between the Bindal 
Batholith and the ore deposite in Husvika, a relation
ship that has been suggested by previous authors (Vogt 
1900; H. Bjørlykke 1951). 

The reported lead isotope data show that the lead 
isotope composition of various sulphides from the de
posit, of amazonites from the metasomatized wall rocks, 
and from unaltered K-feldspars from the surrounding 
granodiorites are identical within analytical errors. 
These data represent strong support for the granodiorite 
as the dominating metal source of the hydrothermal 
fluid which was responsible for wall rock alteration and 
sulphide deposition. 

This genetic relationship between the grandiorite and 
ore formation, and the indicated evolution of the ore 
depositing system, are, in addition to the lead isotope 
evidences, supported by field relations and preliminary 
fluid inclusion data, the composition of skam minerals 
and Sm-Nd data. These evidences include: 

l. The spatial association between granodiorite (in
cluding pegmatites), skam and ore. 

2. The skam and ore were deposited after granitoid 
emplacement, but prior to final termination of ductile 
Caledonian deformation, as evidenced by replacement 
of both metasediments and granodiorite (including peg
matites) by skam and sulphides, lack of 02 foliation in 
skam and sulphides, and presence of boudinage and 
pinch-and-swell structures in both skam and sulphide 
lenses. 
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3. The presence of unaltered granitic veins cutting 
both ore and hydrothermally altered and mineralized 
granitoids is evidence of a close association of magmatic 
and hydrothermal activity in time. 

4. The influence of the carbonaceous and pelitic 
metasediments is demonstrated by the high content of 
Al203 and the low initial 143Nd/144Nd ratio in the skam, 
and the presence of methane and variable salinity in 
some fluid inclusions. 

5. Preliminary analyses of the composition of gamet 
and amphiboles from skam may be interpreted as an 
evolution from a prograde system depositing a gamet 
rich in Fe and Ca (grossular-almandine) and tscher
makitic amphibole, to a retrograde situation in which 
griinrite-cummingtonite, and possibly Mn-rich gamet, 
was deposited. Chalcopyrite is commonly associated with 
the gamet-hornblende skarn, whereas this mineral is 
only minor in the griinerite-cummingtonite skam. 

6. One sulphide sample has lead isotope composition 
distinctly more radiogenic than feldspars and the main 
group of sampled sulphides. This isotopically deviating 
sulphide may have been deposited after the main ore 
forming event in the Husvika area. This is supported by 
the lack of ductile deformation in the hosting quartz 
vein, and the fact that the lead isotope composition of 
this sample is identical to the composition of sulphide 
veins elsewhere in the Helgeland Nappe Complex, which 
are interpreted to have formed during the uplift after the 
Caledonian orogeny (Birkeland et al. , in press). 
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