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Introduction and geological setting 

The metamorphosed Bleikvassli pyritic, polymetallic Zn
Pb-(Cu) massive sulphide deposit is situated 60 km south 
of Mo i Rana, in Nordland, Norway. Tectonostrati
graphically, it is located within the Rødingsfjell Nappe 
Complex (RNC) in the Uppermost Allochthon of the 
Scandinavian Caledonide Orogen. The RNC is lithologi
cally very heterogeneous and consists of a Proterozoic 
granitic and supracrustal 'basement' and a Caledonian 
metasedimentary and metabasic 'cover' sequence 
(Stephens et al. 1985). 

Although the deposit has been extensively studied 
(Vokes 1963; Skauli et al. 1992a, b ), relatively little previ
ous work has been carried out in order to characterize 
metamorphic conditions in this complex portion of the 
Allochthon. The presence of various garnet-, staurolite-, 
kyanite-, microcline-, muscovite-, biotite-, chlorite-, and 
sphalerite-bearing assemblages in the rocks immediately 
adjacent to, surrounding, and within the deposit offers 
considerable potential for geothermobarometric calcula
tions and modelling, with the aim of defining metamor
phic conditions. Detailed phase petrological studies on 
both the microcline gneiss, chlorite-biotite-garnet and 
garnet-biotite-staurolite schists, quartz-muscovite-anker
ite alteration schists and massive pyrite-pyrrhotite-spha
lerite-galena-chalcopyrite ores are the focus of the 
present study. 

Zn-Pb-(Cu) deposits such as those of Bleikvassli and 
Mofjell ( 60 km to the north) are characteristic deposit 
types in the RNC. Such syngenetic ores are regarded as 
sedimentary-exhalative in orgin and are believed to be of 
late Proterozoic-early Palaeozoic age (Vokes 1988). 

Stephens et al. (1984) and Zachrisson ( 1986) describe the 
palaeotectonic environment of mineralization as an en
sialic intraplate or incipient plate boundary setting, situ
ated at the rifting margin of the Laurentian plate, and 
following initial continental breakup. These belong to the 
earliest sulphide deposits bosted within the rocks of the 
Caledonide Orogen. The ores have undergone the same 
metamorphic conditions as their host rocks. 

The Bleikvassli deposit is bosted within a sequence of 
metasedimentary rocks (the Mine Sequence, Skauli et al. 
1992a, b) with some lesser amphibolites (Fig. l) which 
form the lower part of the Kongsfjell Group. The domi
nant lithologies in the area are garnet-, microcline-, 

Fig. l. Simplified geological map of the Bleikvassli area, Nordland and distribu
tion of principal rock units. Inset shows location of the map area. HNC: 
Helgeland Nappe Complex, TC: Tustervatn Complex, RNC: Rødingsfjell Nappe 
Complex, S-K NC: Seve-Koli Nappe Complex, TVt.: Tustervatnet, B:  Bleikvassli 
village. Uncoloured areas of the RNC: calc-mica schists and gneisses, marbles and 
quartzites, black areas: amphibolites. Area filled with crosses: granitic rocks. 
Highway 806 is indicated by a dashed line. Map redrawn from Ramberg (1967) 
and Gustavson ( 1981 ). 
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biotite-, and kyanite-bearing mica schists and gneisses, 
with intercalated horizons of quartzite, graphitic and 
calcareous schists and marbles. Skauli ( 1992) has de
scribed the stratigraphy of the supracrustal Lower Mine 
Sequence in detail. The litostratigraphy of this unit in 
which the ore and altered rocks are situated is only 
recognized around the mine and has been summarized in 
Fig. 2. The Mine Sequence conformably overlies amphi
bolites, which also betong to the Kongsfjell Group. The 
Anders Larsa Group, dominantly composed of marbles, 
conformably overlies the Kongsfjell Group. Ramberg 
( 1967) has described the regional geology of the area in 
detail. 

Riis & Ramberg ( 1979), Brattli et al. ( 1982) and others 
have presented age dating evidence that certain gneiss 
units within the RNC are of Precambrian age. These 
gneisses display evidence of ha ving undergone two meta
morphic episodes: an early event and a later overprint. 
The lower age limits of these rocks remain somewhat 
controversial and ill-defined. The calcareous metasedi
ments, marbles and other units of the Kongsfjell Group, 
including the protolith of the microcline gneiss, were 
deposited before the second metamorphism and display 
evidence of having undergone only a single metamor
phic event. A well-constrained metamorphic age of 
464 ± 22 Ma for the peak metamorphism at Bleikvassli 
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Fig. 2. Schematic lithostratigraphic column for the southern Bleikvassli Mine 
area, simplified after that given by Skauli et al. ( 1992b). Inset shows tectonic 
location of the Rødingsfjell Nappe Complex, abbreviations as in Fig. l. Column 
is not drawn to scale. 
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based on Rb-Sr dating of the microcline alteration gneiss 
was recently determined by Råheim & Ramberg and 
reported with their permission by Skauli et al. ( 1992a). 
This age corresponds to the early stage of Caledonian 
evolution. Considerable uncertainty still surrounds the 
chronological relationships of the Bleikvassli ore and 
enclosing rocks and other rock units within the RNC. 
Although the geological setting is in accordance with an 
earl y Caledonian age as proposed by Vokes ( 1988), 
Skauli et al. ( 1992a) questioned this, since the Pb-isotope 
data can be taken as support for a late Proterozoic age 
(ca. 1000 Ma) for the ore-forming event. However, the 
data are open to alternative interpretations, which in
clude the possibility that the Pb-isotope age represents 
that of the basement source rocks for Pb in the deposit. 

Lithologies associated with the ores 

The garnet-amphibolite facies regional metamorphism, 
accompanied by polyphase penetrative deformation, has 
substantially modified the mineralogy of the country 
rocks, the ores and of their associated alteration litholo
gies. An alteration zone subjacent to the massive ores is 
characterized by extreme enrichment in K20, up to 12% 
in some rocks. Metamorphism has transformed this zone 
into a coarse-grained microcline gneiss. Skauli et al. 
(1992a) regard this as a metamorphosed alteration zone, 
formed by the feldspathization of a pelitic sediment 
during hydrothermal activity. Kyanite and staurolite
bearing gneisses are well developed at the margins of the 
deposit and probably represent metamorphosed felsic 
tuffs. Cherty exhalites and spessartine-garnet-bearing 
coticule horizons are present within the sequence. Strati
gra))hically higher up in the sequence there is a garnet
biotite schist, also associated with sulphides, in which 
garnet porphyroblasts up to several centimetres in diame
ter are present. 

The sulphide ores themselves are a series of branching 
and connecting lenses lying concordant with the sur
rounding country rocks. Vokes ( 1963), in a detailed 
study of the deposit, recognized two major ore types, a 
dominant pyritic type and a pyrrhotite-rich type found at 
deeper levels, doser to the footwall. Both types contain 
similar quantities of sphalerite, galena and chalcopyrite. 
The pyrrhotite-rich type probably represents a stockwork 
or stringer zone. The Bleikvassli deposit is a classic 
locality illustrating the behaviour of sulphides during 
metamorphism (Vokes 1963, 1966, 1968, 1973) and, in 
particular, the ductile behaviour of pyrrhotite during 
deformation compared to pyrite. Concentrations of 
galena and Pb-Bi sulphosalts formed by mobilization are 
widespread. Gangue minera1s in the ores are chiefly 
quartz and mica, with minor amounts of p1agioclase, 
gahnite, apatite and tourmaline. Metamorphic remobi
lization of sulphides, the formation of 'durchbewegt' ball 
textures, and extensive modification of the ore body 
during deformation were important processes in the de
velopment of the deposit. 
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This study is based on samples of pyrite-pyrrhotite
sphalerite-galena-chalcopyrite ores, chlorite-biotite-gar
net alteration lithologies, microdine gneiss, quartz
muscovite-ankerite alteration schists and biotite-garnet
staurolite schists collected underground on the -190, 
-280 and -31 O levels, and of microdine-muscovite 
gneiss collected from surface exposure in the quarry dose 
to the mine entrance. Listed in Table l are the mineral 
assemblages observed within the samples. Geochemical 
whole-rock analyses representative of the microdine 
gneiss and biotite-garnet-staurolite alteration zone are 
given in Table 2. Mineral analysis was carried out on a 
CAMECA SX-50 electron probe in Wiirzburg, with an 
accelerating voltage of 15 kV and a specimen current of 
lO JJ.A. On each mineral grain analysed, 5-10 analyses 
were made to check for zonation patterns. 

Table l. Mineral assemblages in investigated samples. 

Sam p le 
Bvl Bt-Chl-Stp·Ms-Pl-Qz·Py-Po-Sp-Gn-Ccp 
Bv2 Gn-Pl·Bt-St-Qz-(Ank)-(Gah)-Py-(Po)-Sp 
Bv3 Ms-Kfs-Bt·Qz·Sp 
Bv4 Po-Sp-Qz-Pl-Bt-Chl-Stp 
Bv5 Ms-Pl-Kfs-Qz 
Bv6 Chl-Qz-Ank·(Gah)-Py-Sp-Ms-Pl-Bt 
Bv9 Gn-St-Bt-Chl-Pl-Ank·Qz·(Py)·(Sp) 
Bv !O Gn·St-Bt-Pl'(Chl)·Ank-Qz·(Spn)·Sp-Py-Gn 

Bvl :  Massive pyritic Zn-Pb-Cu ore with interstitial silicates 310 leve! 
Bv2: Chlorite-biotite-gamet alteration schist 280 leve! 
Bv3: Microcline gneiss ( from surface exposure near mine entrance) 
Bv4: Breccia ore; pyrrhotite·rich with fragments of silicate material 190 leve! 
Bv5: Quartz-muscovite-microcline gneiss from footwall 280 leve! 
Bv6: Quartz-chlorite-ankerite alteration schist 280 leve! 
Bv9: Biotite schist with giant garnet porphyroblasts 190 leve! 
Bv!O: Garnet·biotite-chlorite-plagioclase schist with carbonate 190 leve! 

All abbreviations after Kretz ( 1983) with the exception of Gah: gahnite. 

Table 2. Representative whole-rock geochemical analyses of garnet-biotite alter· 
ation ( Bv2), microcline gneiss ( Bv3) and quartz-muscovite·microcline alteration 
(Bv5). 

Oxide (wt.%) Bv2 Bv3 Bv5 

Si02 37.31 65.54 79.82 
Ti02 0.48 0.31 0.15 
Al203 21.73 16.38 10.05 
Fe203( tot) 16.35 3.31 1.35 
MnO 0.11 0.02 0.02 
MgO 7.49 0.46 1.19 
Ca O 0.42 0.93 0.94 
Na2 0  1.44 3.40 1.80 
K20 6.79 8.58 2.79 
LO! 4.97 0.31 1.55 
Total 97.15 99.40 99.69 

Ore elements ( ppm, except where stated) 
C u >l % <100 <100 
Zn 0.53% 56 324 
Pb 0.35% 38 419 
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Mineral chemistry 

Porphyroblastic to megablastic (up to 8 cm in diameter) 
garnet is common throughout the altered rocks adjacent 
to the massive ores and is found in paragenetic associa
tion with biotite, staurolite, muscovite, chlorite, plagio
dase and sulphides. The garnet is weakly zoned and has 
the following chemical composition (end member %): 
pyrope 15-27%, grossular 3-9%, almandine 33-47%, 
spessartine 21-32% and andradite 2% (Table 3). The 
garnet rims are enriched in almandine, and to a lesser 
extent pyrope, and depleted in spessartine component, 
with chlorite often formed dose to, but only rarely 
directly adjacent to the garnet rim, sharing a common 
grain boundary. Indusions of zincian staurolite are com
mon within the large garnets. 

Muscovite is the most abundant mineral within the 
microdine gneiss (Fig. 3a) and is present in trace quanti
ties in the garnet-biotite rock. Compositions, except for 
the Mg/(Mg +Fe) ratio, appear to vary little between 
lithologies (Table 4). Muscovites in all rocks containing 
sulphides are Mg-rich, whereas in the microdine gneiss 
they are Fe-rich. Margarite and pargasite components 
are less than 0.5 and 6% respectively. 

Table 3. Representative electron probe microanalyses of garnet. 

Samplefgrain BvJO J core BviO J rim Bv2 LI 

Si02 37.26 37.98 38.06 
Ti02 O.o2 n.d. n.d. 
Al203 21.39 21.81 21.84 
Cr2 03 n.d. 0.05 O.o3 
Fe203 0.78 0.27 0.66 
MgG 5.43 5.85 7.04 
Ca O 2.60 1.99 3.48 
Mn O 12.75 14.57 l 1.48 
FeO 19.25 18.20 17.42 
Na2 0  n.d. n.d. n.d. 
K20 n.d. n.d. n.d. 

Total 99.47 100.73 100.01 

Form ula ( calculated to 24 oxygens) 
Si 5.921 5.946 5.930 
Al 0.079 0.054 0.070 

Z site total 6.000 6.000 6.000 

Ti 0.003 0.000 o 
Al 3.928 3.971 3.942 
Cr o 0.006 0.003 
Fe

3
+ 0.093 0.031 0.077 

Y site total 4.023 4.009 4.022 

Mg 1.286 1.365 1.636 
Ca 0.443 0.334 0.581 
Mn 1.716 1.932 1.515 
Fe

2
+ 2.558 2.383 2.270 

X site total 6.004 6.014 6.002 

Total 16.026 16.022 16.024 

Endmembers 
Andradite 2.38 0.79 1.93 
Grossular 5.00 4.75 7.74 
Almandine 42.61 39.56 37.78 
Spessartine 28.59 32.08 25.53 
Pyrope 21.42 22.66 27.23 

n.d. = not detected. 
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Fig. 3. (a) Typical tex ture of the microcline gneiss alteration surrounding the ores (sample Bv5); Ms: muscovite, Kfs: microcline, Qz: quartz. Width of tield: 4 mm. 
(b) lntergrown chlorite and stilpnomelane surrounding sulphides (sample Bvl ). Note tiny rosettes of stilpnomelane (arrowed). Py: pyrite, Sp: sphalerite. Width oftield: 
1.2 mm. (c) Photomicrographs of Zn-staurolite inclusions (St) within garnet (Gt) porphyroblasts (sample BV9). Bt: biotite, Sp: sphalerite. Width of tield: 3 mm. 
(c) Typical tex ture of coarse-grained garnet ( Gt)- biotite ( Bt) schist. Gahnite (Gah) overgrowing relict sphalerite is a trace component ( sample Bv2). Width of tield: 
4.5 mm. 

Within the sulphide ores, biotite is an abundant 
gangue mineral, typically with a Mg/(Mg +Fe) ratio of 
> 0.75, and with a relatively high Al<vi) and Na con tent; 
0.6-0.9 and 0.1-0.22 atoms per formula unit respectively 
(Table 4). The highest Mg/(Mg +Fe) ratios in biotite are 
from sulphide-rich samples. Ti contents are high; 1-2% 
in the ores and alteration lithologies, and up to 3.2% in 
the microcline gneiss. Oxides are virtually absent in all 
samples, except for very minor magnetite in pyrrhotite
rich samples and some rare ilmenite. Biotite is apparently 
the major Ti-bearing mineral. Co-existing chlorite is 
present in subordinate amounts. However, in ore samples 
there is evidence of secondary desulphidation reactions 
involving the formation of an extremely Fe-rich chlorite 
(Table 4), and more rarely, stilpnomelane, often inter
stratified with one another (Fig. 3b; Table 4). 

The unusually Zn-rich staurolite from Bleikvassli has 
already been described by Spry & Scott ( 1986a). How
ever, Zn concentrations of 7.5-9.0% (Table 5) are re
stricted to sulphide-rich samples and to staurolite 
inclusions within the giant garnets (Fig. 3c). In other 

samples, staurolite typically contains only 2-3% Zn 
(Table 5), reftecting bulk rock chemistry. Zinc is incorpo
rated within the staurolite structure at the expense of 
both Fe2 + and Mg in approximately equal proportions; 
i.e. Fe/Mg ratios are similar in zincian and in low-zinc 
staurolites (Fig. 4). Staurolite is the only silicate mineral 
that can accommodate significant Zn, and acts as a 
collector mineral during prograde metamorphism (Stod
dard 1979). Typically, gahnite rims are richer in Zn, as 
sphalerite progressively breaks down (Fig. 3d). Like Spry 
& Scott ( 1986a), I would suggest that the Zn-staurolite 
and coexisting, though rarer, gahnite (Vokes 1962) were 
formed by metamorphic desulphidation of pre-existing 
sphalerite, with garnet providing Al for the reaction. 
Spry & Scott ( 1986a, b) and Zaleski et al. (1991) have 
shown bow the crystallization of staurolite or gahnite is 
a function of oxygen fugacity during metamorphism. 
However, although the Zn-staurolite often coexists with 
sphalerite, petrographic evidence of the staurolite-form
ing reaction, in the form of relict sphalerite within the 
staurolite is not seen, and even in the case of gahnite it is 
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Table 4. Representative electron probe microanalyses of micas, chlorite and stilpnomelane. 

Sam p le/ 
gra in 

Si02 
Ti02 
Al203 
Cr203 
MgO 
Ca O 
Mn O 
*FeO 
Ba O 
Na2 0 
K20 

Total 

Bv8 Fl 

49.29 
0.46 

30.88 
n.d. 
2.48 
0.06 
n.d. 
2.09 
n.d. 
0.26 

10.67 

96.18 

Muscovite 

Bv3 H3 

49.14 
0.67 

28.31 
0.01 
1.32 
n.d. 
n.d. 
6.53 
0.12 
0.12 

10.13 

96.35 

formula (calculated to 22 oxygens): 

Si 
AJ( IV) 

tetr. 

AJ(VI) 

Cr 
Ti 
Fe

2
+ 

Mn 
Mg 
octa. 

Ba 
Ca 
Na 
K 
Total 

6.516 
1.484 
8.000 

3.823 
o 

0.045 
0.231 

o 
0.489 
4.092 

0.000 
0.009 
0.067 
1.799 
1.875 

6.620 
1.384 
8.000 

4.493 
0.001 
0.068 
0.736 

o 
0.265 
4.178 

0.006 
o 

0.031 
1.740 
1.777 

5.845 
2.155 
8.000 

0.762 
0.001 
0.064 
0.875 
0.021 
4.078 
5.802 

0.000 
0.003 
0.119 
1.535 
1.697 

Bv2 B3 

41.55 
0.61 

17.60 
0.01 

19.44 
0.02 
0.18 
7.44 
n.d. 
0.44 
8.55 

95.84 

Bi o tite 

Bv3 W3 

5.619 
2.381 
8.000 

0.422 
0.001 
0.362 
3.766 
0.016 
1.094 
5.661 

0.000 
0.001 
0.023 
1.884 
1.908 

35.34 
3.03 

14.96 
0.01 
4.62 
0.01 
0.12 

28.32 
n.d. 
0.08 
9.29 

95.77 

Bv2 Dl 

28.50 
O.D7 

22.53 
n.d. 

26.85 
0.01 
0.27 
9.14 
n.d. 
O.o2 
O.o2 

87.41 

Chlorite 

Formula (to 28 oxygens) 

Si 
AJ(VI) 

tetr. 

AJ(VI) 

Cr 
Ti 
Fe

2
+ 

Mn 
Mg 
Na 
K 
Total 

Total 

5.508 
2.492 

8 

2.640 
o 

0.010 
1.48 
0.04 
7.74 
0.007 
0.005 

11.920 

19.920 

Dvl J3 

28.77 
0.06 

12.87 
n.d 
1.64 
1.19 
1.19 

40.89 
n.d. 
0.25 
0.03 

86.89 

6.737 
1.263 

2.289 
o 

0.011 
8.01 
0.24 
0.57 
0.114 
0.009 

11.239 

19.239 

Stillpnomelane 
Bvl Cl 

45.02 
n.d. 
5.99 

n.d. 
0.82 
0.16 
0.68 

35.56 
n.d. 
0.21 
0.57 

89.01 

Total 13.967 13.955 15.458 15.570 

n.d. =not detected, *FeO = total Fe as FeO. 

rarely preserved; the example shown in Fig. 3d being one 
of only a limited number observed in the present study. 

Porphyroblastic plagioclase is widespread throughout 
the alteration assemblages and is typically of An10_22 
composition. In the microcline gneiss, in which plagio
clase and K-feldspar coexist, the composition is AJ1o_5• 

Sulphides are present in all samples, with pyrite, 
pyrrhotite, sphalerite, galena and chalcopyrite being the 

o 0.1 

• 
." 
., 
•• 

.. 
.... 4• 

.... .. 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

atom. proportion Zn 

Fig. 4. Diagram summarizing compositional variations in staurolite; Fe (left 
hand scale, filled circles) and Mg (right hand scale, triangles) are plotted against 
Zn content. Atomic proportions calculated using O = 23. 

Table 5. Representative electron probe microanalyses of staurolite. 

Sample/grain 

Si02 
Ti02 
Al203 
Cr203 
MgO 
Ca O 
Mn O 
*FeO 
ZnO 
Na20 
K20 

Total 

BviO Cl 

27.49 
0.52 

52.03 
n.d. 
2.91 
n.d. 
0.69 
6.08 
8.24 
n.d. 
n.d. 

97.96 

Cations (calculated to 23 oxygens): 
Si 3.859 
Ti 
Al 
Cr 
Mg 
Ca 
Mn 
Fe 
Zn 
Na 
K 

Total 

0.055 
8.609 
0.000 
0.609 
0.000 
0.082 
0.714 
0.854 
0.000 
0.000 

14.782 

N.d. =not detected, *FeO =total as FeO. 

Bv9 Sl 

27.59 
0.37 

54.62 
n.d. 
3.64 
n.d. 
0.41 
8.45 
2.65 
n.d. 
n.d. 

97.73 

3.798 
0.038 
8.861 
0.000 
0.747 
0.000 
0.048 
0.973 
0.269 
0.000 
0.000 

14.734 

Bv2 Ml 

27.13 
0.21 

54.07 
n.d. 
2.74 
n.d. 
0.60 
5.72 
8.14 
n.d. 
n.d . 

98.61 

3.769 
0.022 
8.853 

o 
0.567 

o 
0.071 
0.665 
0.835 

o 
o 

14.782 
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main sulphides in order of abundance. Full treatment of 
the sulphides, sulphosalts and related phases has been 
given by Vokes ( 1963). Carbonates of ankeritic composi
tion are important accessory phases in some samples 
from throughout the orebody and associated alteration. 

Geothermobarometry 

There exist a considerable number of geothermobarome
ters which are suitable for estimation of temperature and 
pressure within rocks which have undergone metamor
phism at amphibolite facies conditions (Essene 1989). 
However, man y of these are poorly calibrated, depend on 
various assumptions or have other serious drawbacks. 
An additional problem at Bleikvassli is that the composi
tions of several minerals Iie outside the normal ranges 
(for example the Mn content of gamet or Zn in stauro
lite) for which some of the geothermometers have been 
calibrated. For these reasons, some considerable caution 
is advised in interpretation of the results. Some otherwise 
reliable geothermobarometers cannot be applied, and in 
other cases the margins of error are probably larger than 
in other rock suites. This problem is further compounded 
by the composition of the metamorphic fluids which 
probably contained significant H2S and S02 (and possi
bly also other components) alongside H20 and C02• The 
role which the presence of sulphur compounds in the 
metamorphic fluids has on the accuracy of geothermo
barometric estimations is largely unknown. The present 
author is currently assessing the validity of various 
geothermobarometric calculations applied to rocks which 
are hydrothermally altered and sulphide-bearing. Many 
of the temperature calculations used below are pressure 
specific and a number of the pressure calculations also 
require assumptions of temperature. In such cases, suit
able estimates of temperature and pressure have been in
serted into the calculation to obtain the other parameter. 

Temperature estimates 

One of the most wide1y app1ied geothermometers is the 
gamet-biotite geothermometer, first proposed by Ferry & 
Spear ( 1978) and based upon the exchange of Fe2 + and 
Mg between gamet and coexisting biotite. The original 
calibration of Ferry & Spear (1978) cannot, however, be 
used because the Ca and Mn content of the gamet 
considerably exceeds the range for which their calibra
tion is valid; (Ca + Mn)/(Ca +Mn + Fe + Mg) up to 
0.2. Calculations, using the purely empirical gamet
biotite calibration of Perchuk & Lavrent'eva ( 1983) on 
43 coexisting gamet (rim composition)-biotite pairs from 
six samples gave a spread of temperatures, with most 
lying between 550 and 570°C (mean 562 ± 31°C) at an 
estimated pressure of 8 kbar. 

A second geothermometer based on Fe partitioning 
between coexisting gamet-staurolite pairs can be applied 
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(Hutcheon 1979; Hodges & Spear 1982). Both authors 
have stated that aluminosilicate should normally be 
present. No sillimanite is present in the samples, al
though kyanite is common within adjacent rocks. Using 
the calibration of Hutcheon ( 1979) on 23 gamet-stauro
lite pairs from three samples, mean temperatures of 
580 ± 5°C at 8 kbar are obtained, assuming f(H20) = l. 
This represents a maximum temperature; the temperature 
estimate dropping as f(H20) decreases. At f(H20) = 
O. l ,  the temperature is calculated as 558 ± 5° C ( again at 
8 kbar). Using the calibration of Hodges & Spear (1982), 
mean temperatures are about 5°C higher. If the gamet
biotite temperature of 562°C is inserted into the calcula
tion, it would imply that fH20 was in fact considerably 
lower than unity, around 0.15. One of the samples con
tained zincian staurolite, but the temperatures obtained 
were very similar to those from the other two samples. 
Although the extent of the effect which the presence of 
Zn in the staurolite has on the calibration is largely 
unknown, it may actuaUy not be critical because of the 
similar Fe/(Fe +Mg) ratios in zincian and low-zinc stau
rolites (Fig. 4). 

Only in one sample do gamet and chlorite clearly 
coexist. Geothermometry based on Fe2 + and Mg ex
change in these minerals (Dickenson & Hewitt 1986; 
Ghent et al. 1987) gives temperatures around 515-520°C. 
Such temperatures, lower than those obtained from gar
net-biotite methods, are most probably temperatures on 
the retrograde cooling path. This is consistent with the 
observation that chlorite is commonly secondary after 
biotite, presumably forming under post-peak conditions. 

Pressure estimates 

Pressure estimates can be made from three independent 
geothermometers. The widespread presence of coexisting 
spha1erite-pyrite-pyrrhotite assemblages at Bleikvassli al
lows the sphalerite geobarometer (Scott & Bames 1971; 
Hutchinson & Scott 1981; Sundblad et al. 1984; Toulmin 
et al. 1991; Cook et al. in press) to be successfully 
app1ied. Spha1erites used in the calibration do not con
tain more than 0.2 wt. % Cu or Mn. Relatively high Cd 
contents (typically 0.3-0.5 wt. %) were noted. The mean 
FeS content of 45 sphalerite grains ("PFeS) is 
12.52 ± 0.47 (SJ mol%. this gives a pressure in the 
range 7.5-8.5 kbar over the temperature range 525-
5700C. Craig et al. ( 1984) reported the average Fe con
tent of 37 spha1erite grains from a 1970 zinc concentrate, 
not subdivided by mineralogical association to be 
7.06 wt.% (Sx 0.56). This (i.e. •PFeS = 12.4) is very simi
lar to our data, and may indicate that a good measure of 
sphalerite composition homogenization took place dur
ing metamorphism. 

Since muscovite coexists with K-feldspar and quartz in 
the muscovite-microcline gneiss, it is possible to apply 
the p hengi te geo barometer of Massone ( 1991 ). The mean 
Si content of 46 muscovite grains in seven samples 
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(3.272 ± 0.030 atoms per formula unit) infers a pressure 
of 7.5 kbar at temperatures of 560°C. 

A third geobarometer permitted by the mineral associ
ation in the Bleikvassli alteration zone is the garnet
biotite-muscovite-plagioclase geobarometer of Ghent & 
Stout 1981 (Hodges & Spear 1982). Pressures of 7.6 
to 9.0 kbar are estimated using compositions of the 
above coexisting phases at temperatures of 570°C. Ghent 
& Sto ut ( 1981) state that similar restrictions probably 
apply to the garnet-muscovite-biotite-plagioclase geo
barometer as those applying to the garnet-biotite 
geothermometer of Ferry & Spear ( 1978); i.e. 
(Ca + Mn) /(Ca +Mn + Mg + Fe) should ideally be 
< 0.2. Garnet compositions from assemblages used for 
this geobarometer do, however, Iie considerably above 
0.2, in the range 0.29-0.35. Ghent & Stout (1981) have 
further stressed that the calculated pressure depends on 
the temperature estimate used. An uncertainty of ± 50°C 
in the temperature produces a pressure variation of 
± l  kbar. 

The above geothermobarometric estimates can be 
compared with those obtained by running the program 
THERMOCALC (v. 2.0) using the internally consistent 
data set of Holland & Powell ( 1990). Using ideal mixing 
models, the composition of minerals in the rare coexist
ing assemblage garnet-staurolite-plagioclase-biotite-chlo
rite-quartz-ankerite within sample Bv2 was run, using 
estimated values of XC02 • Pressures and temperatures 
were solved in each case. At XC02 values of 0.8 and 
0.85, pressures and temperatures were obtained which 
were similar to those obtained a bo ve ( 536 ± I l  oc, 
9.6 ± 0.7 kbar at xco2 = 0.8; 521 ± l3°C, 8.7 ± 0.8 kbar 
at xco2 = 0.85). Jf lower co2 activities are estimated, 
the pressures are unreasonably high, in excess of l O kbar. 
Although not conclusive, these results can be used to 
support the contention that the metamorphic fluids were 
characterized by relatively high C02 activities. Prelimi
nary examination of fluid inclusions from a late vein 
associated with remobilized sulphides and sulphosalts 
indicates high co2 contents to at !east some of the fluids. 
A high XC02 component to metamorphic fl.uids is not 
uncommon to many metamorphosed sulphide deposits 
(Cook et al. in press). However, it should be mentioned 
that although the Bleikvassli ore and alteration locally 
contain significant concentrations of carbonates, they are 
not widely distributed. 

Discussion and conclusions 

The pressure and temperature conditions of metamor
phism estimated in this paper are summarized in Fig. 5. 
Although all the methods used carry uncertainties and 
significant error margins, most of the various methods 
suggest that at one point in the metamorphic develop
ment of the deposit, conditions of 560-580°C and 7 -
9 kbar were attained. I believe this is important evidence 
that the metamorphic burial of the deposit was signifi-
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Fig. 5. Diagram summarizing the pressure and temperature extimates made for 
peak metamorphism in the Bleikvassli area from methods used in the present 
study. Key. Box A: estimations from garnet-biotite geothermometry coupled with 
sphalerite geobarometry; Box B; barometric estimations based on garnet-biotite
muscovite-plagioclase compositions at 550-600°C; C: garnet-staurolite geother
mometric estimates at jH20 values of O.l and l ;  D: THERMOCALC P-T 
estimations at XC02 values of 0.8 and 0.85; E: Phengite geobarometric curve for 
Si = 3.273 atom p.f.u. 

cantly greater than has been previously estimated by 
other workers (e.g. Spry & Scott 1986a). Sulphur iso
topi c data on various sulphide-sulphide pairs from the 
deposit (Sen & Mukherjee 1972; Skauli et al. 1992b) have 
given a range of temperatures, with an average generally 
lower than the estimates given here; probably at
tributab1e to continued isotopic exchange during retro
grade cooling. Other previous metamorphic estimates for 
the area have been given by Brattli ( 1984) and Smith
Mayer ( 1987). Brattli ( 1984) gives peak conditions sig
nificantly different from our own; 630 ± 20°C and 
6.5 ± l  kbar for an area in the mountains 10 km to the 
north of Bleikvattnet. The geothermoarometric calibra
tions applied were not specified. Smith-Mayer ( 1987) 
gave conditions for the Tustervatn area as 517 -6l7°C 
and 7.0-8.6 kbar, which are similar to those in this 
paper. The Tustervatn area is a wide imbricated and 
anastomosing tectonic zone containing more than one 
single thrust contact marking the boundary between the 
RNC and the overlying Helgeland Nappe (Gabrielsen & 
Ramberg 1979; Stephens et al. 1985). 

No evidence for an earlier p hase of metamorphism was 
noted in any of the samples investigated and the data 
presented here support a single metamorphic event for 
the Bleikvassli deposit and associated wall rock alter
ation. This does not contradict an approximately Cam
brian age for the deposit and adjacent lithologies. 
Because of the tectonostratigraphic complexity of the 
RNC, these conditions are not necessarily valid for rocks 
outside of the immediate mine area. 

The study has demonstrated that routine normal geo
thermobarometric calculations and calibration methods 
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such as those used here can be applied to rocks which 

have been intensely altered by hydrothermal activity 

prior to regional metamorphism, provided appropriate 

caution is taken. However, considerable work remains to 

be done refining some of the calibrations used, so as to 

reduce the relatively high levels of uncertainty associated 
with the various methods. 
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