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Systematic K-Ar dating has been carried out on micas and amphiboles
from upper amphibolite facies rocks in the Bamble sector of the Fermo
seandian Shield in South Norway. Interpretation of fifty-one new K-Ar
ages is made in terms of a cooling history. A spread of apparent ages
from II25 (± 30) m.y. to 975 (± 30) m.y. is related to differing argon
retentivities of the dated minerals. Apparent ages of amphiboles cover
the whole time span. Selection of amphiboles of appropriate composi
tion and micas of appropriate grain size has made possible the definition
of the thermal maximum of a regional metamorphic event at -I100 m.y.
Medium-grained biotites from metasediments and metavolcanics range
from- I040 m.y. to -970 m.y. Apparent ages of micas from concordant
plagioclase pegmatites suggest they are broadly synkinematic. Emplace
ment of late-kinematic gabbroic rocks and associated apatite deposits
(Ödegårdens Verk) at -1040 m.y. is suggested by apparent ages of
Mg-rich amphiboles and phlogopites. Coarse-grained micas from dis
cordant K-feldspar pegmatites at Ödegården are thought to yield ages
near the true age of the pegmatites i.e. -1000 m.y.
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INTRODUCTION
Sufficient radiometric age determimtions have now been carried out in the
Fennoscandian Shield (or Baltic Shield) to make a zonal subdivision possible.
Polkanov & Gerling

(1961)

and Kratz, Gerling & Lobach-Zhuchenko

have subdivided the Shield into three zones: a Saamo-Karelian zone

(1968)
(3600

m. y. to I 900 m. y.) corresponding to the Karelides in the eastern part of
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the Shield; a Sveco-Fennian zone (2300 m. y. to 1650 m. y.) corresponding
to the Svecofennides of the central and western part of the Shield; and a
Sveco-Norwegian zone (1200 m. y. to 900 m. y.) in the southern part of
the Shield consisting of Pregothian, Gothian, Dalslandian, and Telemark
complexes. The present paper is concerned with the interpretation of fifty
one new potassium-argon age determinations in the Sveco-Norwegian zone
from the Bamble sector of the Fennoscandian Shield in South Norway.
Various aspects of the geology of the region have been studied by a
number of workers. Bugge (1943) has published a regional description of
the whole Kongsberg-Bamble portion of the Shield in South Norway, which
has been enlarged upon and modified in subsequent publications by Barth &
Dons (1960), Barth & Reitan (1963) and Bugge (1965). More recently a
systematic survey of the Bamble-Risör region was initiated by one of us

(R.D.M.) at the University of Nottingham. Investigations by Morton, Batey
& O'Nions (1968) in Eastern Bamble, and unpublished work of Burreli (1964)
and Petterson (1964) in the Levang district, Ryan (1966) in the ödegårdens
verk district, and Starmer (1967) in the Risör district, have provided the
basis for the collection of specimens in the present geochronological studies.
The extent and distribution of some of the salient geological features of
the area under consideration are presented in Fig. l. To the east of the area
the Precambrian basement is overlain by sediments of Cambro-Silurian agc
and the northern boundary is demarcated by the Porsgrunn-Kristiansand
Fault, often loosely referred to as the 'Great Friction Breccia'. The region
is occupied by a series of high-grade metasediments and metavolcanics, whose
mineral assemblages are diagnostic of the sillimanite-almandine-orthoclase
subfacies of the almandine amphibolite facies. Emplaced within the metase
diments and metavolcanics are synkinematic and Iate-kinematic granites and
gabbroic rocks.

Granite

occurs principally

as

the

synkinematic

Levang

granite; the better known late-kinematic Grimstad and Herefoss granites
being southwest of the area. The gabbroic rocks include norite, olivine norite,
gabbro and olivine gabbro (collectively termed 'hyperites' by Scandinavian
geologists), many of which show corona development. Field studies indicate
that there are probably two phases of gabbro emplacement and that the
farnous chlorapatite deposits at ödegårdens verk are associated with the
late-kinematic phase. Pegmatites are ubiquitous throughout the area and
appear to belong to two groups. The older group is predominantly con
cordant plagioclase pegmatites whereas the younger group is predominantly
diseardant K-feldspar pegmatites. In the ödegårdens verk district Bugge

(1965) notes that the apatite deposits are younger than the coneardant
plagioclase pegmatites, but are cut by K-feldspar pegmatites. Locally within
the area, presurnably where reduced PH2o conditions existed, assemblages
diagnostic of the horobiende granulite facies occur, but no regional P-T
variation in the form of isograds has as yet been identifiable. Outside
the present area in the Arendal district, granulite facies rocks with char
nockitic and enderbitic affinities are developed (the so-called 'arcndalites')
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Fig. l. Geological sketch map of the Bamble-Risör area indicating

and appear to extend local1y to the Vegårshei-Gjerstad area (Touret 1962,
1967).
The apparent ages reported here are al1 mica and horobiende mineral ages
from rocks representative of the above phases.

•

ANALYTICAL METHODS AND ERRORS
Allsamples were eroshed to -60 + 120 mesh, and minerals were separated
by conventional magnetic and heavy liquid techniques. Estimates of biotite
and horobiende sample purity are given in the Appendix.
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Apparent K-Ar ages of metasediments and metavolcanics
%rad.

Number

Sample*

Ar4o

App.
age m.y.

Micas

SN-36
SN-21
SN-23
SN-20
SN-10
SN-73
SN-11
SN-79
SN-56
SN-74
SN-75
SN-78
SN-6
SN-68
SN-3
SN-16
SN-40
SN-54
SN-44
SN-76

Marb1e (P)
Biotite amphibolite (B)
Nodular sillirnanite gneiss (M)
Biotite schist (B)
Orthoamphibolite (B)
Amphibolite (B)
Granite gneiss (B)
Metaconglornerate (M)
Quartzite (B)
Augen gneiss (B)
Augen gneiss (B)
Quartzite (B)
Graphitic gneiss (B)
Garnet-biotite schist (B)
Biotite schist (B)
Graphitic schist (B)
Biotite gneiss (B)
Biotite gneiss (B)
Granite gneiss (B)
Augen gneiss (B)

9.50
6.83
11.05
8.96
8.52
7.64
9.28
10.53
8.85
7.46
8.42
9.21
8.79
9.29
8.01
8.51
7.84
7.36
7.95
6.86

0.09092
0.08020
0.08008
0.07982
0.07977
0.07816
0.07776
0.07761
0.07769
0.07712
0.07651
0.07646
0.07622
0.07581
0.07575
0.07520
0.07469
0.07385
0.06950
0.06355

99.6
99.2
98.9
99.6
99.4
99.9
99.8
98.8
99.9
99.6
99.1
99.7
99.6
99.6
99.5
99.9
99.3
99.7
98.7
98.9

1038± 16
1030± 16
1029±16
1027± 16
1026± 16
1010±16
1006± 15
1005± 15
1005± 16
1000±16
993± 15
993± 15
991± 15
986±15
986± 15
980±15
975± 15
966±15
921 ± 14
860± 14

0.59
0.60
1.64
0.56
0.65
1.35
0.61
1.02
1.35
1.88
0.96
0.76

0.08839
0.08788
0.08661
0.08492
0.08224
0.08218
0.08193
0.08177
0.07913
0.07728
0.07652
0.07419

98.8
99.7
99.8
97.9
90.7
99.7
92.4
98.9
95.5
98.9
99.2
90.5

1110±34
1105± 33
1093± 33
1077± 33
1050±32
1050± 32
1047± 32
1046± 32
1020±31
1001± 31
994±31
970±30

Amphiboles

SN-2
SN-9
SN-10
SN-22
SN-45
SN-16
SN-21
SN-73
SN-38
SN-74
SN-70
SN-71
•

Amphibolite
Garnet arnphibolite
Orthoamphibolite
Amphibolite
Amphibolite
Graphitic schist
Amphibolite
Amphibolite
Amphibolite
Augen gneiss
Arnphibolite
Metagabbro

B= Biolite; M= Muscovite; P= Phlogopite
Potassium determinations of both the micas and amphiboles were made

by precipitation of potassium tetraphenolboron.

This method has been

employed for potassium determinations of micas for a number of ye:us
at the University of Alberta, and duplicate determinations yield a standard
deviation of J % (see Lanphere & Dalyrmple 1967). In order to assess the
precision of the method for low-potassium minerals, nine replicate deter
minations were performed over a period of a few months on the hornblende

SN-88, which yielded a mean value of 0.52% K20 and a standard deviation
of 2.8 %. It may be expected that amphiboles with higher K20 contents
will be more precise.
Argon was extracted from samples using a flux-fusion technique similar
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Table 2. Apparent K-Ar ages of gabbros, granites and pegmatites

Number

Sample*

K40ppm.

4oAr/K4o

%rad.
Ar4o

App.
age m.y.

Levang synkinematic 'granite'

SN-57
SN-61
SN-59
SN-61

Foliated Granite (B)
Porphyritic granite (B)
Gneissic granite (B)
Porphyritic granite (H)

6.48
7.62
8.59
1.76

0.07729
0.07586
0.07528
0.08285

99.9
99.7
99.5
94.3

1001± 15
987± 15
981± 15
1056± 32

0.47
0.82
8.23
7.64

0.08887
0.08057
0.08043
0.07894

98.5
98.3
92.3
99.3

1114± 32
1034± 32
1033± 16
1020± 16

0.54
0.53
7.91

0.07830
0.08065
0.07582

97.6
96.1
99.2

1012± 31
1035± 32
987± 15

8.65
10.38
8.36
8.23
(B) 8.26
9.65
9.39
9.61

0.08871
0.08641
0.08452
0.08390
0.08374
0.08120
0.07893
0.07790

96.5
94.7
96.2
95.3
94.2
93.3
91.3
94.9

1112± 17
1091± 17
1073± 16
1067± 16
1065± 16
1040± 16
1017± 16
1008± 16

Ödegdrden apalite mines

SN-26
SN-89
SN-30
SN-27

Ödegårdite (H)
Hornblende (massive)
Phlogopite (apatite vein)
Wall rock (P)

Late-kinematic gabbro

SN-35
SN-88
SN-35

Pyroxenite (H)
Massive hornblende
Pyroxenite (P)

Pegmatites and coarse- grained metava/canies

SN-43
SN-84
SN-85
SN-42
SN-86
SN-12
SN-81
SN-87

Plagioclase pegmatite (B)
K-feldspar pegmatite (M)
Plagioclase pegmatite (B)
Plagioclase pegmatite (B)
Cordierite-anthophyllite rock
Plagioclase pegmatite (B)
K-feldspar pegmatite (B)
K-feldspar pegmatite (B)

* B=Biotite; H=Hornblende; M =Muscovite, P= Phlogopite

to that described by Goldich et al. (1961) and measured dynamically on a
modified A.E.I. MS-10 mass spectrometer. The precision of duplicate argon
determinations in this procedure is about l % (Baadsgaard 1965).
Ages were calculated using the following constants:
...1. e

0.585

Ä. B

=

K40fK

=

IO-loyr. -1
IO-toyr. -1
0.0119 atomic per cent.

4.72

Analytical errors were calculated using a standard deviation of l % for
Ar40 and K40 determinations of biotites and a standard deviation of l %
and 3 % for Ar40 and K 40 determinations respectively of amphiboles.
Calculated errors and apparent ages are presented in Tables l and 2. The
total uncertainty in the apparent ages, taking uncertainties in the values
of the decay eonstants into consideration, is approximately ± 60 m. y. and
-+- 80 m. y. for biotites and amphiboles respectively.
PREVIOUS AGE DETERMINATIONS

Previous radiometric age determinations from South Norway published by
Neumann (1960), Kulp & Neumann (1961), Polkanov & Gerling (op. cit.) and
Broch (1964) have been principally concemed with K-Ar ages of micas and
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have served to define a metamorphic event between 1100 m. y. and 900 m. y.
Within the area forming the subject of this paper, only one previous K-Ar
age and one U-Ph age have been reported. Kulp & Neumann ( 196 1) obtained
an apparent age of 1080 m. y. for phlogopite from a productive vein at
the ödegården apatite mines, in reasonable agrcement with 1033 m. y. ob
tained on a similar sample (SN-30) in this work. The major discrepancy
would appear to lie in the potassium determination (see Pinson 1961,
Lanphere & Dalyrmple 1967). Kulp & Ecklemann ( 1957) report a Pb206f
Pb207 age of 940 m. y. and a Th232fPb20S age of 980 m. y. for a euxinite
sample from the Kalstad pegmatite near Kragerö. Broch ( 1964) has suth
marized all age determinations carried out on Norwegian rocks up to 1964;
however, it should be noted that the K-Ar analyses carried out by Russian
workers are 5 % to 6 % higher than ages calculated using presently accepted
decay constants. Age determinations in the Risör-Arendal area range from
1345 m. y. to 828 m. y. with a pronounced histogramic maximum at 900
m. y. This maximum was termed the 'Sveconorwegian Regeneration Period'
by Magnusson ( 1960).

ARGON DIFFUSION IN MICAS AND AMPHIBOLES
It is becoming increasingly more apparent that K-Ar ages from regional
metamorphic terranes do not relate to any specific geological event, hut
are 'cooling' ages related to the time at which specific minerals became
closed systems to the diffusion of radiogenie argon during post-metamorphic
uplift and cooling (Armstrong 1966, Armstrong & Hills 1967, Harper 1967a,
1967b, 1968, and Moorbath 1967). Since the time of 'closure' of different
potassium-bearing minerals is related to the argon diffusion charaeteristics
of that mineral, some of the pertinent features of argon diffusion in micas
and bomblendes will be briefly reviewed.
The diffusion eoeffieient of radiogenie argon is empirically related to the
aetivation energy by the following relationships:
or:

Dt
Dtfa2

where Dt
Do
a

=

=

Do exp (-EfRT) . . . . . . . . . . . . . . . . . . . . (l)
Dofa2 exp (-EfRT) . . . . . . . . . . . . . . . . . . (2)
diffusion eoeffieient at some temperature T
eonstant
effective radius of sphere of argon diffusion.

E

- activation energy.

R
T

- gas eonstant
absolute temperature.

The effective radius of the sphere of argon diffusion may vary from
mineral to mineral and is not always a known quantity; thus the diffusion
parameter Dfa2 of (2) is the most useful (Hart 1960). Fechtig & Kalbitzer
(1966) and Moorbath ( 1967) have recently reviewed the more reliable deter
minations of D or Dja2 and E for a number of minerals.
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Experimentally determined activation energies for biotite range from
33 kcal.jmole to 86 kcal.jmole. Gerling et. al. (1963) report activation ener
_gies of 33, 48 and 69 kcal.jmole for a biotite, each related to energetically
different reservoirs of argon in the mineral. The low activation energies
probably result from non-volume, low temperature diffusion of loosely
·bound argon in structural defects. Reported activation energies for muscovite,
·On the other hand, are slightly higher, ranging from 56 kcal.jmole to 83
kcal.jmole. Denisenko (1965) found three distinct activation energies for
the liberation of argon from muscovite, 38, 72 and 83 kcal.fmole. It is
interesting to note that geological estimates of diffusion parameters and
activation energies are lower than experimental values. For example Hurley
..et. al. (1962) give a geologkal estimate of E
27 kcal.fmole for a biotite
and Wescott (1966) estimates E
40 kcal.fmole also for a biotite. Higher
..experimentally determined values of E may result from a violation of bound
.ary conditions regarding the amount of radiogenie argon present at the
time of the experiment (Fechtig & Kalbitzer 1966).
The actual temperatures at which minerals become closed systems to the
.diffusion of radiogenie argon is not certain, hut is probably around 200° to
300° C for muscovite and 150° to 200° C for biotite. There does appear
to be a qualitative agreement between experimental studies conceming the
probable relative 'closure' temperatures of micas and field studies. Harper
(1967a) found muscovite from the Scottish Caledonides to be consistently
10 m. y. older than coexisting biotites.
Comparatively few reliable determinations of E and Dfa2 have been
made for amphiboles. Gerling et al. (1965) report activation energies ranging
from 110 kcal.jmole to over 200 kcal.fmole for five amphiboles ranging in
composition from riebeckite to pargasite and note an inverse correlation
between increasing total iron content and decreasing experimental activation
·energy. Investigations by Hart (1961 and 1964) and Steiger (1964) indicate that
amphiboles may frequently yield older apparent ages than coexisting micas,
as may be expected from the determined activation energies.
From equation (2) it can be seen that the diffusion eonstant is dependent
upon the radius of the sphere of argon diffusion and potentially may exert
·{;Onsiderable control on the argon diffusion characteristics of a mineral.
For amphiboles, Hart (1960) has shown the effective radius of the diffusion
.sphere to be less than 30 microns in the case of homblende, less thau the
physical grain size of material normally considered. Studies of micas of
variable grain size by Hart (1964) and Rösler & Pilot (1967) indicate that,
up to a limit, the actual physical grain size influences the retentivity of the
mica, coarse-grained micas being more retentive than fine-grained micas.
Argon liberation from minerals may be controlied by different factors during
·-cooling from the temperature of crystallization and during reheating, as
noted by Harper (1967a). During cooling, argon diffusion will be controlied
by the diffusion rate (Dfa2) and since this parameter is very sensitive to
temperature change in the range of activation energies under consideration,
=

=

o-6
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there may be only 50° to 100° C between the temperature at which argon
is quantitatively retained in the lattice and the temperature at which argon
will diffuse through the lattice. Conversely during updating, the activation
energy for argon diffusion will be the controBing step as the temperature
increases. Thus, in an area undergoing epeirogenesis and slow cooling it may
be possible for same amphiboles (if Dja2 is high enough) to lose argon at
low temperatures and yield apparent ages similar to those for coexisting
micas. Data of O'Nions et al. (1968) suggest that this is the case for amphib
oles near the ferropargasite end-member. Upon reheating, such amphiboles
with higher activation energies than micas, would require higher temperatures
than micas for argon to surmount the potential barrier and diffuse out
of the lattice.

INTERPRETATION OF MICA APPARENT AGES

The foregoing discussion shows that the apparent ages of the micas are
related to the time at which they became closed systems to the diffusion
of radiogenie argon upon post-metamorphic uplift and cooling, or in the
terms of Armstrong (1966), passed through the 'metamorphic veil'.
The apparant ages of medium-grained micas from metasediments and
metavolcanics range from 966 m. y. to 1038 m. y. and are graphically re
presented in Fig. 2 in terms of a numerical fre�uency diagram. As only
two medium-grained museavite samples have been dated, it is not possible
to draw any conclusions conceming their argon retentivity relative to biotite.
The spread in biotite apparent ages is outside of experimental error and
must be related to geological parameters. Consideration of Fig. l does not
reveal any logical geographical variation of apparent ages and it is unlikely
that the spread can be related to thermal gradients at the time of cooling
(cf. Harper 1967b). Since all samples were crushed to -60 + 120 mesh, grain
size effects are difficult to evaluate, however since the grain size of the
original metasediments and metavolcanics are fairly uniform, it is doubtful
if the spread of apparent ages can be attributed entirely to grain size effects.
It may be expected that departures from an ideal trioctahedral composition
(see Foster 1960) tagether with polytypic variations could influence the
retentivity of the biotites. Gerling, Morozova & Kurbatov (1961) have de
monstrated the effect of structural changes on the argon retentivity of micas.
Coarse-grained pegmatitic museavites and biotites are as a group older
than their endasing metasediments and metavolcanics. They range in age
from 1112 m. y. to 1008 m. y. and their distribution is indicated in Fig. 2.
Grain size and compositional factors alone cannot explain the distribution
of apparent ages, for the most coarse-grained sample (SN-81) was in
excess of 10 cm in diameter and considerably younger (1008 m. y.) than
other more fine-grained samples. Field relations have indicated two phases
of pegmatite formation; an older group of mainly coneardant plagioclase
pegrnatites and a younger group of mainly K-feldspar pegmatites, which
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Fig. 2. Cumulative frequency distribution of mica apparent ages. Small circles:

medium-grained biotites (open circles) and muscovite (solid circle) from upper amphi
bolite facies metasedimentary and metavolcanic rocks. Dotted circles: coarse-grained
biotites from concordant plagioclase pegmatites. Crossed circles: micas from discordant
K-feldspar pegmatites (l and 2 seen to be younger than the apatite deposits of
ödegårdens Verk; see Fig. 3). Upper half-solid circles: biotite from cordierite
anthophyllite rock (included with the pegmatites in view of its coarse grain size).
Lower half-solid circles: phlogopite associated with chloroapatite at ödegården Apatite
Mines.

appear to be younger than the ödegårdens Verk apatite deposits. The two
young K-feldspar pegmatites, SN-81 and SN-87, 1017 m. y. and 1008 m. y.
respectively, must be expected to be near their true ages, in view of their
coarse grain size and the fact that medium-grained biotites in metasediments
and metavolcanics had already started to retain radiogenie argon. The
plagioclase pegmatites and the K-feldspar pegmatite SN-84 are thought
to belong to an older broadly synkinematic group.
The apparent age of SN-44 og 921 m. y. does not fit in the general scheme
of apparent ages. lt would appear to have been affected by a later thermal
event. Southwestwards in the Arendal-Kristiansand district post-kinematic
granites (eg. Herefoss granite) have yielded apparent ages around 860 m. y.
However, field studies around Kragerö have not as yet revealed a possible
cause for the updating of SN-44.
1t would appear that the thermal maximum of the metamorphism (650° to
700° C) was in excess of 1112 m. y., and that by 975 m. y., uplift had been
sufficient to cool the area to 150° to 200° C.
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INTERPRETATION OF AMPHIBOLE APPARENT AGES
Recent studies by Steiger (1964), Hart (1964) and Baadsgaard & Godfrey
(1967) indicate the greater argon retentivity of amphiboles relative to micas.
In the present study, amphiboles have been analysed from gneisses, amphi
boles, synkinematic granitic and gabbroic rocks, and late-kinematic gabbroic
rocks and associated veins. Amphibole apparent ages from metasediments,
metavolcanics

and synkinematic

granitic

and

gabbroic

rocks

cover

the

same time span as the micas (Fig. 3). It is Iikely that the activation energies
for diffusion of radiogenie argon in all the amphiboles are higher than for
micas (Gerling et. al. 1965). Thus in same of the amphiboles the diffusion
eonstants must have been sufficiently high to allow diffusion of argon down
to comparatively low temperatures. Electron microprobe analysis of the
above amphiboles by O'Nions et. al. (1968) has shown that the amphiboles
are variable in romposition from near the ferropargasite end-member to near
the pargasite end-member and that the amphibole apparent ages decreease
systematically from the Mg-rich compositions to Fe-rich compositions. There-
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fore in amphiboles of appropriate composition the activation energy may be
sufficiently low and the diffusion eonstant sufficiently high for argon to
diffuse out of the lattice to quite low temperatures. Conversely, under such
conditions of slow cooling, only those amphiboles of appropriate composition
may be expected to yield older apparent ages approximating to the time of the
thermal maximum of the metamorphic event.
Amphiboles associated with late-kinematic gabbroic intrusions, SN-88,
SN-89, SN-35 have apparent ages of 1034, 1035 and 1012 m. y., respectively
(Fig.

3). Analyses (O'Nions et. al. 1968) indicate that they are all Mg-rich

and probably very retentive. Coarse-grained phlogopite from a productive
apatite vein at ödegårdens verk (SN-30) and medium-grained phlogopite
from the wall rock (SN-27) have apparent ages of 1020 m. y., respec
tively. If any of these samples had crystallized much before

,_,

1035 m. y, they

would be expected to yield older apparent ages. The ödegården apatite
deposits appear to be related to a late-kinematic phase of gabbroic intru
sion around 1035 m. y. and to be intermediate in age between the synkinematic
pegmatites and K-feldsp:u pegmatites formed at approximately 1010 m. y.

SUMMARY AND CONCLUSIONS
Individual episodes of a metamorphic event are not usually distinguishable
by potassium-argon methods in Precambrian metamorphic belts. However, by
careful selection of appropriate material, information can be gained as to
the probable cooling duration of the metamorphic belt in addition to late
and post-kinematic igneous episodes.
Within the Bamble area, K-Ar apparent ages of coarse-grained pegmatites
and Mg-rich amphiboles suggest that the thermal maximum of the meta
morphic event was attained at about 111O m. y. At this time epeirogenic
cooling commenced and by 975 m. y. the region had cooled to around 150°
to 200° C; i. e. some 150 m. y. elapsed before uplift was essentially complete.
Cooling intervals of a similar magnitode have been reported for the Scottish
Caledonides by Harper (1967a) and Moorbath (1967). In the Western Alps
Steiger (1964) found horobiende apparent K-Ar ages in excess of 45 m. y ..
some 30 m. y. older than the 16-21 m. y. RbiSr apparent ages of micas
reported by Jager (1962). This suggests a cooling interval of 30 m. y. The
much faster rate of uplift in the Western Alps compared with South Norway
and the Scottish Caledonides, indicate a fundamental difference in the type of
metamorphic belt, a point which has been emphasized by Sutton (1965) and
Zwart (1967).
In summary, the main metamorphic episode in the Bamble region at
approximately 1100 m. y. invalved the emplacement of the Levang granite
and numerous gabbroic bodies and the form�tion of plagioclase pegmatites
by local anatexis. Subsequently, at approximately

l 040 m. y., a seeond

phase of gabbroic emplacement occurred with the emplacement of associated
chlorapatite veins. Finally, at approximately 1000 m. y., in the ödegårdens
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verk district the K-feldspar pegmatites, which are seen to cut the apatite
deposits, were intruded. By 975 m. y. the area had cooled and the meta
morphic event was essentially complete. Elsewhere in South Norway post
kinematic granites were emplaced at about 860m. y.
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APPENDIX: DESCRIPTION AND LOCATION OF ANALYSED
SPECIMENS
SN-36 Lat. 58•5l'53"N Long. 9°20'58"E
Medium-grained diopside-bearing marble. Diopside (approx. 8 %) occurs as l to 3
mm. grains with occasional serpentine alteration. Calcite (average l mm.) is the main
constituent comprising approximately 84 % of the mode. Idioblastic phlogopite crystals
(approx. 7%) are unaltered. Magnetite and apatite make up about l % of the rock.
The phlogopite concentrate was > 95% with a slight calcite impurity.
SN-21 Lat. 58°56'55"N Long. 9°38'9"E
A medium-grained, poorly foliated, garnet-biotite amphibolite occuring as discontin
uous bands within a sequence of quartzites. Lepidoblastic hornblende (approx. 39%)
is unaltered and varies in size between l and 3 mm. Anao plagioclase (approx. 25 %)
occurs as slightly sericitized, 2 to 3 mm. subidioblastic grains. Almandine garnet por
phyroblasts (approx. 9%) up to 5 mm contain numerous quarts inclusions (sieve struc
ture). Biotite (approx. 13 %) is unaltered and forms l to 3 mm. grains. Minor amounts
of xenoblastic quartz (5%), magnetite (7%) and apatite (2 %) are also present.
The biotite concentrate was > 99%. The hornblende concentrate contained < l %
quartz.
SN-23 Lat. 58°57'17"N Long. 9°37'34"E
A nodular sillimanite-biotite gneiss (nodular granite of Bugge, 1943). Quartz (approx.
63 %) is xenoblastic and varies between 2 and 3 mm. Sub-idioblastic microcline (ap
prox. 8%), 2 by 3 mm. is slightly sericitized. Plagioclase ( < l %) is subordinate and
strongly sericitized (approx. 11%), muscovite (approx. 12 %) laths 0.5 to l mm. occa
sionally exhibit some alteration to prehnite (?) aldng cleavages, whereas the biotite
(approx. 5%) is partially or completely altered to chlorite. Xenoblastic pumpellyite (?)
and magnetite make up about l % of the rock.
The muscovite concentrate was > 99%.
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SN-20 Lat. 58°57'52"N Long. 9°37'33"E
A medium-grained well-foliated biotite schist. The biotite (approx. 58%) is unaltered,
idioblastic and between l and 3 mm. in diameter. Xenoblastic quartz (approx. 20%)
and Anao plagioclase (approx. 12%) are finer grained and interstitial. Magnetite (ap
prox. 9%) and apatite (l %) togcther make up the remainder of the rock.
The biotite concentrate was 98 %, containing plagioclase and magnetite impurities.
SN-10 Lat. 58°57'54"N Long. 9°28'27"E
A medium-grained massive amphibolite occurring as boudins within granitic gneisses.
Primary, sub-idioblastic to xenoblastic hypersthene (approx. 14 %) is largely altered to
l to 2 mm hornblende (approx. 36%), but a relict igneous texture is preserved. Ana2
plagioclase (approx. 41 %) shows minor sericttization and has a cloudy appearance duc
to very fine magnetite inclusions. The remainder of the rock is composed of magnetite
(approx. 7%), and apatite, quartz, chlorite and unaltered biotite together making up
3 % of the rock. This rock was probably emplaced synkinematically as a norite and
incompletely amphibolitized.
The biotite concentrate was 99 %, containing quartz as impurity. The hornblende
concentrate was 98%, containing plagioclase and quartz.
.

SN-11 Lat. 58°57'4"N Long. 9°28'27"E
A garnetiferous granodiorite gneiss containing almandine porphyroblasts l cm. in
diameter sporadically distributed throughout the rock. Anao-32 plagioclase (approx.
41%) is sericitized and sub-idioblastic in form. Sericite is approximately 14 modal per
cent. Biotite grains (approx. 3%), with frayed margins, show partial and occasionally
complete alteration to prochlorite ( < l %). Xenoblastic quartz (approx. 41%) is 2 to
6 mm and minor amounts of unaltered muscovite ( < l %) are also present.
The biotite concentrate was > 98%, with chlorite impurity.
.

SN-73 Lat. 58°4l '24"N Long. 9°12'52"E
Medium-grained amphibolite occurring in a sequence of augen gneisses. The hor�
blende (approx. 51%) is lepidoblastic and 0.5 to l mm. in length. The Ana2 plagioclase
{approx. 35%) is slightly sericitized and biotite (approx. l O%) occurs as unaltered 0.5
to l mm. grains. Minor amounts of magnetite (approx. 2%) and quartz (approx. 2%)
are present.
The biotite concentrate was 99%, containing quartz impurity. The hornblende con
centrate was 98%, containing plagioclase and quartz.
SN-79 Lat. 58°33'44"N Long. 9°35'33"E
Stretched quartz pebble metaconglomerate. Pebbles are stretched in 'b', commonly
exceed 10 cms. in length, and are composed of xenoblastic, 3 to 5 mm. quartz
and 3 to 4 mm. muscovite. The matrix is finer grained, and composed of unaltered 2
to 3 mm. idioblastic muscovite, xenoblastic quartz and fibrous sillimanite. Small amounts
<>f biotite are present but are strongly chloritized.
The muscovite concentrate was 98%, with l % biotite and l % quartz impurities.
SN-56 Lat. 58°49'45"N Long. 9°l 6'43"E
A coarse-grained biotite quartzite within a sequence of granitic gneisses. Quartz
(approx. 92%) is xenoblastic and up to 8 mm. Biotite (approx. 6%) forms 2 or 3 mm .
serrated plates, occasionally marginally altered to chlorite. Small amounts of muscovite
(approx. l %) and plagioclase (l %) are present.
The biotite concentrate was 99%, with chlorite impurity.
SN-75 Lat. 58°40'0"N Long. 9°l l ' l 6"E
K-feldspar augen gneiss. K-feldspar rnicroperthite augen (approx. 15%) are up to 8
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mm. The An22-24 plagioclase (approx. 42%) in the finer groundmass shows some al
teration to sericite and occasionally micrographic intergrowth with quartz. Quartz.
(approx. 19%) is xenoblastic and interstitial. Hornblende (approx. 9%) and biotite.
(approx. 13 %) are unaltered and between l and 2 mm. Apatite, magnetite and sphene
make up approximately 2% of the rock.
The biotite concentrate was 99 % and contained hornblende impurity.
SN-74 Lat. 58°41'24"N Long. 9°12'52"E
K-feldspar augen gneiss, same locality as SN-73. K-feldspar microperthite augen ar�
approximately 5 mm. by l cm. Microcline in the finer grained groundmass is l to 2 mm.
and the An3o-32 plagioclase (approx. 27 %) shows some alteration to sericite. K-feld
spar is 23 modal % in toto. Quartz (approx. 32%) is xenoblastic and up to 8 mm
Biotite (approx. 7 %) and hornblende (approx. 9%) are unaltered and l to 2 mm. in
diameter. Accessory apatite, magnetite and sphene make up the remaining 2 % of
the rock.
The biotite concentrate was 99 % and contains quartz impurity. The hornblende.
concentrate is > 98 % and contained magnetite and < l % biotite impurites.
.

SN-78 Lat. 58°53'40"N Long. 9°45'33"E
Sillimanite-biotitie quartzite with well-preserved cross-bedding structures. Quart.�
(approx. 71 %) is xenoblastic and l to 1.5 mm. Biotite (approx. 19%) varies from 0.5
to l mm. and shows minor alteration to prehnite and chlorite along cleavages. Plagio
clase (approx. 4 %) is almost completely sericitized. Muscovite (approx. 3 %) is unal-·
tered and 0.5 to l mm in diameter, and sillimanite (approx. 2 %) occurs sporadically as.
radiating fibrous masses. Rutile ( < l %) is concentrated along cross-bedding structures.
The biotite. concentrate was > 99%.
.

SN-6 Lat. 58°56'42"N Long. 9°40'8"E
A medium-grained biotite granite gneiss. The rock is well-foliated consisting of
ldioblastic, l mm. K-feldspar microperthite (approx. 19 %) xenoblastic 0.5 to l
quartz (approx. 66%) and unaltered l to 1.5 mm. biotite plates (approx. 13 %).
gioclase (An3o) is present in minor amounts (approx. l %). Hornblende, epidote
magnetite together make up about l % of the rock.
The biotite concentrate was > 99 % and contained quartz impurity.

sub
mm.
Pla
and

SN-68 Lat. 58°57'56"N Long. 9°18'36"E
A well-foliated garnet-mica schist. Garnet porphyroblasts (approx. 3 %) are 3 mm.
in diameter and contain numerous quartz and biotite inclusions. There is development
of chlorite along eraeks in the garnet. Sub-idioblastic microcline (approx. 15 %) and
An3o·32 plagioclase (approx. 29 %) vary between l and 1.5 mm., the plagioclase show
ing minor sericite alteration. Biotite (approx. 10 %) is unaltered and forms l to 15
mm. plates. Quartz (approx. 42 %) is l mm., xenoblastic and exhibits undulose extinc
tion resulting from cataclasis. Sillimanite and rutile together make up approximately
l % of the rock.
The biotite concentrate was > 97 % with quartz and garnet impurities.
SN-3 Lat. 58°58'2"N Long. 9°33'28"E
A garnet-biotite schist. The rock is well-foliated containing almandine porphyroblasts.
(approx. 2 %) up to 3 mm. with numerous quartz and magnetite inclusions. An30
plagioclase (approx. 34 %) is sub-idioblastic, l to 1.5 mm., with some alteration to
sericite (approx. 2%) along the cleavages. Quartz (approx. 36 %) is xenoblastic and
varies between 0.5 to l mm. Biotite (approx. 8%) is idioblastic and is altered to pen
ninite along the cleavages in some instances. Occasionally biotite is completely replaced
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by penninite (approx. 13%) and magnetite (< l % total). Carbonate is present in small
veinlets (approx. 5%).
The biotite concentrate was > 97% with chlorite impurity.

SN-16 Lat. 58°56'25"N Long. 9°33'28"E
A medium-grained hornblende-biotite schist. A well-foliated rock containing l to 2
mm. lepidoblastic hornblende (approx. 37%) and unaltered l to 2 mm. biotite plates
(approx. 20%). Quartz (approx. 19%) is xenoblastic and the plagioclase (approx. 22%)
is partially sericitized and in the range An 30 to 32. Magnetite and graphite together
make up approximately 2% of the rock.
The biotite concentrate was 99% containing plagioclase impurity. The hornblende
concentrate was > 98 % containing quartz and biotite impurities.

SN-40 Lat. 58°51'59"N Long. 9°11'44"E
A coarse-grained granite gneiss showing good foliation in hand-specimen. Quartz is
xenoblastic, between 6 mm. and l cm. and commonly shows strained extinction. Mi
crocline microperthite is the dominant feldspar, xenoblastic to subidioblastic and be
tween 3 and 6 mm.; minor amounts of plagioclase are strongly sericitized. Biotite
occurs as corroded subidioblastic grains, varying between Yl and l mm., with some
alteration to chlorite and prehnite.
The biotite concentrate was 99% with quartz impurity.

SN-54 Lat. 58°53'43"N Long. 9°15'46'"E
Coarse-grained biotite granodiorite gneiss. The An21 plagioclase (approx. 59 %) is
xenoblastic and up to 8 mm. Quartz in xenoblastic (approx. 37%) and forms irregular
.
masses up to l cm. Biotite plates (approx. 4%) have serrated margins and show some
minor chlorite alteration.
The biotite concentrate was 98% containing quartz impurity.

SN-44 Lat. 58°54'35"N Long. 9°23'39"E
A medium-grained moderately well-foliated granite gneiss. Xenoblastic to subdio
blastic. An 15 plagioclase (approx 34%) forms grains 3 mm. in diameter and is par
tially sericitized (sericite approx. 3%). Microcline (approx. 5%) is xenoblastic, unaltered
and forms 1-2 mm. diameter grains. Quartz (approx. 49%) is xenoblastic and varies
between l and 3 mm. Quartz commonly shows strained extinction. Biotite (approx.
7 %) varies from 0.5 to l mm., has serrated margins and shows minor chlorite (<l%)
alteration. Allanite and apatite make up approximately 2 % of the rock.
The biotite concentrate was > 97% pure with 2% chlorite and traces of K-feldspar
impurites.

SN-76 Lat. 58°46'20"N Long. 8°51'55"E
A coarse-grained K-feldspar augen gneiss. K-feldspar microperthite augen are up
to 2 cm. in diameter. Microcline in the groundmass is subidioblastic, 0.5 to l mm.,
with sericite alteration. Quartz is 0.5 to l mm. and frequently exhibits undulose ex
tinction. The small amount of plagioclase is almost completely altered to sericite.
Biotite occurs in clusters and is between 0.5 to l mm. Marginal alteration of the
biotite to chlorite is common. Accessory amounts of apatite, garnet and magnetite
are present.
The biotite concentrate was 97% with 2% chlorite and l % quartz impurities.

SN-2 Lat. 58°58'2"N Long. 9°33'28"E
A medium-grained amphibolite. Subidioblastic to xenoblastic An2s plagioclase (ap
prox. 23%) is subidioblastic to xenoblastic with slight sericite alteration. Hornblende
(approx. 63%) occurs as subidioblastic to idioblastic, inclusion-free grains between l
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and 2 mm. diameter. Biotite (approx. l %)
Quartz (approx. 8 %) is xenobiastic and 0.5
4 %) and apatite (approx. l %) and epidote ( <
The horobiende concentrate was 98 % with

forms approxunately 0.5 mm. crystals.
to l mm . diameter. Magnetite (approx.
l %) are present.
plagioclase and epidote impurities.

SN-9 Lat. 58°56'19"N Long. 9°29'28"E
A medium-grained amphibolite occurring as discontinuous bands in a series of grani
tic gneisses. Horobiende (approx. 62 %) occurs as 2 to 3 mm. unaltered lepidobiastic
grains. An 30-35 piagiociase (approx. 28 %) is subidioblastic and in part altered to
sericite. Minor quartz (approx. 5 %), magnetite (approx. 4 %), and apatite (approx. l%)
are present.
The horobiende concentrate was > 98 % with magnetite and quartz impurities.
SN-22 Lat. 58°56'43"N Long. 9°37'42"E
A medium-grained amphibolite. Lepidobiastic horobiende (approx. 68 %) is up to
5 mm. Plagioclase (approx. 26 %) is sub-idioblastic to xenobiastic and strongly serici
tized. Minor amounts of 0.5 to l mm. biotite (approx. l %), apatite (l %), quartz (ap
prox. 2 %) and magnetite (approx. 3 %) are present.
The horobiende concentrate was 97 % with magnetite and piagioclase impurities.
SN-45 Lat. 58°54'35"N Long. 9°23'38"E
A medium-grained amphibolite. This rock possesses a poor foliation and contains
unaltered lepidoblastic horobiende (approx. 70 %}, sub-idioblastic Anao plagioclase
(approx. 27 %), and 2 mm. biotite plates (approx. 2 %) with serrated margins. Quartz,
magnetite and apatite together make up about 2 % of the rock.
The horobiende concentrate was > 99 % containing biotite impurity.
SN-38 Lat. 58°52'12"N Long. 9°2l'37"E
A medium-grained, poorly foliated amphibolite. The rock consists of l to 2 mm.
lepidobiastic horobiende (approx. 55 %) and l to 2 mm. subidioblastic An33 plagio
clase (approx. 40 %) together with minor amounts of xenoblastic quartz (approx. 2 %)
and biotite (approx. l %). Sphene, apatite, ilmenite and epidote make up approxima
teiy 2 % of the rock.
The horobiende concentrate was 98 % with epidote and piagioclase impurities.
SN-70 Lat. 58°4l'l8"N Long. 9°9'18"E
A medium-grained hornblende-piagiociase gneiss. Lepidoblastic horobiende (approx.
39 %) is unaitered and up to 3 mm. An30, sub-idioblastic plagioclase (approx. 44 %),
between l and 2 mm., is partially aitered to sericite. Xenoblastic quartz (approx. 8 %)
varies between 0.5 and 1.5 mm. Relicts of augite (approx. l %) are enclosed by horo
blende. Minor amounts of biotite (approx. 2 %) and apatite (approx. l %) and mag
netite (approx. 3 %) and sphene ( < l %) and epidote (<l %) are present.
The horobiende concentrate was 98 % with epidote impurity.
SN-71 Lat. 58°4l'l8"N Long. 9°9'18"E
A medium-grained metagabbro occurring as conformable bands in a predominantly
metasedimentary sequence. Relict augite (approx. 33 %) shows incipient alteration to
chlorite along the cleavages and is partly converted to sub-idioblastic horobiende
(approx. 22 %). A palimpsest igneous texture persists. Ana2 plagioclase is anhedral
(approx. 35 %) and interstitial. Minor amounts of quartz (approx. 4 %), magnetite
(approx. 5 %), and apatite are present. The rock is an incompietely amphibolitized
pre- or synkinematic gabbro.
The horobiende concentrate was > 98 % containing l % epidote and a trace of bio
tite as impurities.
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SN-57 Lat. 58°49'55"N Long. 9°22'42"E

A poorly, foliated, igneous textured, gneissic granite. Subhedrat K-feldspar micro
perthite (approx. 40%) up to 4 mm. in diameter coexists with 3 to 4 mm. sericitized
albite (approx. 17

%). Biotite plates (approx. 5%) have serrated margins and abundant

zircon inclusions. Quartz (approx. 36 %) is anhedral and up to 4
phibole (approx. 19

mm .

Anhedral am

%) is compositionally near ferrohastingsite. Monazite and apatite

together make up l % of the rock.
The biotite concentrate contained l

% of chlorite, l % of apatite, and l % of pla

gioclase.
SN-61 Lat. 58°48'13"N Long. 9°23'42"E

Porphyroblastic granite gneiss. A poorly foliated rock consisting of Ans-to plagio
clase (approx. 48%) as 5 mm. porphyroblasts in altered to sericite, together with
sub-idioblastic to xenoblastic l to 3 mm. microcline (approx. 7%). Quartz (approx.
29%) is xenoblastic. Hornblende (approx. 5%) and biotite (approx. 10

%) are unal

tered and between l and 3 mm. in size. The hornblende contains some magnetite
inclusions. Accessory apatite, monazite, orthite and zircon comprise about l % of the
rock.
The biotite concentrate was 99% with feldspar impurity. The hornblende concen
trate was 99

% with feldspar and monazite (?) impurities.

SN-59 Lat. 58°47'33"N Long. 9°22'58"E

A poorly foliated granite gneiss. K-feldspar microperthite (approx. 23%) varies from
2 to 3

mm .

Oligoclase (approx. 31%) varies from l to 2 mm. and occasionally forms

a micrographic intergrowth with quartz. Quartz (approx. 36%) is xenoblastic and 3
to 4 mm. in diameter. Biotite (approx. 8%) forms l to 2 mm. plates frequently with
frayed margins. Sphene, magnetite and apatite together comprise 2% of the rock.
The biotite concentrate was 99% with traces of quartz and feldspar.
SN-26 Lat. 58°57'40"N Long. 9°33'43"E

Medium-grained ödegaardite (Brögger 1934, 1935).

A

medium-grairred

metagab

bro containing hornblende (approx. 42%) approaching pargasite in composition and
between l and 4 mm. Original plagioclase has been completely altered to scapolite
(approx. 54%). Occasional patchy pyroxene relicts (approx. 2%) are seen in some of
the hornblendes. Sphene

(approx.

l %) is idioblastic. Rutile and apatite comprise

approximately 2% of the rock. The conversion of plagioclase to scapolite appears to
be later than that of augite to hornblende.
The hornblende concentrate was 98%, containing scapolite and pyroxene impurities.
SN-89 Lat. 58°57'40"N Long. 9°33'43"E

Massive hornblende occurring as veins cutting ödegårdite in the 'Road Meta! Quarry'
adjacent to the ödegården Apatit Gruber. Probably related to the formation of the
apatite deposits.
The hornblende concentrate was > 99%.
SN-30 Lat. 58°57'40"N Long. 9°33'43"E

Phlogopite occuring as an outer zone to the chlorapatite in a productive vein at
ödegården Apatit Gruber.
The phlogopite concentrate was > 99%.
SN-27 Lat. 58°57'40"N Long. 9°33'43"E

Wall-rock to the productive vein at ödegården Apatit Gruber (sandrock of tho!
miners). The rock is friable and is composed of patches of talc (approx. 18%) pseu
domorphous after enstatite. A few relict patches of enstatite (approx. 5

%) remain en•
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closed by talc. An 20-26 plagioclase (approx. 56%) is commonly sericitized and may
be converted to sapolite (approx. 8 %). Phlogopite (approx. 5%) occurs as unaltered
plates l to 3 mm. in length. Euhedral apatite is abundant (approx. 6 %), and some
ilmenite is present (approx. 2 %).
The phlogopite concentrate was 95% containing scapolite impurity.
SN-35 Lat. 58°56'26"N Long. 9°25'40"E
Coarse-grained metapyroxenite. Initial euhedral cumulate hypersthene (avarage 3 cms.}
in part replaced by hornblende. Hornblende (approx. 43 %) is l to 2 mm. and forms
a patchy intergrowth with hypersthene (approx. 34 %) Phlogopite (approx. 23 %) is.
also secondary and forms unaltered l to 3 mm. laths. Minor magnetite (l %) is present.
A cumulate texture is preserved. Field relations suggest that this rock is part of a late
kinematic differentiated gabbro body.
The phlogopite concentrate was 99 %, with hornblende impurity. The hornblende
concentrate was 95% ith hypersthene impurity.
.

SN-43 Lat, 59°54'35"N Long. 9°23'39"E
A concordant pegmatite body in granitic gneissess. Contains plagioclase and K-feld
spar perthite up to 10 cms. in diameter, and quartz. Biotite varies from l to 2 cms.
in diameter.
The biotite concentrate was taken from 2 cm . books and was 99 % pure.
SN-84 Lat. 59°l'22"N Long. 9°32'55"E
Discordant K-feldspar pegmatite body. The muscovite concentrate was taken from
lO cms. books and was > 99% pure.
SN-85 Lat. 58°56'38"N Long. 9°25'16"E
Concordant pegmatite body (Bjordammen) containing quartz, oligoclase (var. aven
turine) and biotite.
The biotite concentrate was taken from l cm. books and was > 99 % pure.
SN-42 Lat. 58°54'0"N Long. 9°23'6"E
A concordant pegmatite body occuring within a sequence of amphibolites and gra
nitic gneisses. Contains quartz, andesine and biotite {l cm.).
The biotite concentrate was > 99 % pure.
SN-86 Lat. 58°56'10"N Long. 9°28'20"E
A coarse-grained cordierite-anthophyllite rock occuring in association with amphibo
lites. Consists of cordierite, anthophyllite (gedrite), quartz biotite and rutile. The biotite
varies from l to 1.5 cms. in diameter.
The biotite concentrate was > 99 % pure.
SN-12 Lat. 58°57'4"N Long. 9°28'27"E
Small concordant pegmatite occurring within a sequence of amphibolites and granitic
gneisses (see SN-10 above). Consists of quartz, andesine and biotite (up to 2 cms.).
The biotite concentrate from 2 cm. books was > 99% pure.
SN-81 Lat. 58°59'6"N Long. 9°21'55"E
Discordant pegmatite containing K- feldspar, quartz biotite (books in excess of 2()
cms.). Metamict minerals such as orthite and fergusonite are present.
The biotite concentrate was > 99 % pure.
SN-87 Lat. 58°58'26"N Long. 9°32'58"E
A discordant pegmatite containing quartz, K-feldspar and biotite (2 cm. books).
The biotite concentrate was > 99 % pure.
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