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FOREWORD 

FRODESEN, Svein.: Petrographical and chemical investigations of a 

Precambrian gabbro intrusion, Hiåsen, Bamble area, South Norway. 

Norsk Geologisk Tidsskrift, Vol. 48, pp. 281-306. Oslo 1968. 
A small gabbro intrusion has been studied petrographically and chem

ically. The gabbro has been altered by a chlorine pneumatolysis (sca

politization) and by regional metamorphism. The chemical transforma

tions due to these processes have been mapped, and the primary (mag

matic) chemical variations of the intrusion found. 
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This paper is basically the thesis submitted for my cand. real. examination 
December 1966, University of Oslo. However, parts of the thesis have been 
rewritten and condensed, some have even been completely omitted. 

The work was completed under the supervision of Professor T. F. W. 
Barth and Professor H. Neumånn, to whom I am indebted. I also wish to 
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thank Dr. O. H. J. Christie for valuable discussions and advice, and the rest 
of the staff, scientific and technical, of Mineralogisk-Geologisk Museum, 
University of Oslo, for all their help. 

INTRODUCTION 

Gabbro intrusions form a characteristic group of rocks in the Kongsberg
Bamble area, and they have been thoroughly studied by many workers. Scan
dinavian authors have called these rocks 'hyperites'. 

According to J. A. W. Bugge (1943), the 'hyperites' are intruded in the 
later stage of the orogene period, to some extent during a time of tension. 
The whole complex has been deformed after the intrusion, and the 'hyperites' 
have been more or less altered by metamorphism. The first alteration to occur 
is the formation of coronas around certain minerals; further alterations are 
recrystallization and amphibolitization. lt is possible to follow step by step 
the transformation from the corona stage through hornblende 'hyperite' to 
more or less schistous amphibolite. Because of the later deformations, con
formity to the country rock is generally found, but transgressive structures 
are not uncommon. 

The main purpose of this work has been to study the chemical variations 
within one of these gabbro intrusions. The selected intrusion is located in 
S0ndeled, in an area earlier mapperl by Bugge, and it can be seen in the 
far north end of his map of the Söndeled District (1943, p. 13). 

The intrusion forms a dome shaped hill called Hiåsen. 1t is hardly l km 
across, so no maps of a suitable scale were available, and the mapping is 
based on one aerial photograph, Wideröe 965 D 25, originally in the scale 
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Fig. l. The outline of the Hiåsen gabbro 

body with the grid and the 35 samples that 

are mentioned in the text. The samples that 

are taken off the grid are narned in the 

Figure. 
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100m 

ITJ Gabbro 

!\-���� Metagabbro 

� Amphibolitic gneiss 
�(with an thophyllite) 

[:::.-·.:.] Quar tzite 
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Fig. 2. GeologicaJ map of Hiåsen and its surroundings. (Pegmatites are excluded and shown 

separately in Fig. 7.) 



284 SVEIN FRODESEN 

1:15 000, enlarged to approximately 1:7 500. On this photograph was laid 

a quadratic grid giving 35 samples within the gabbro body (approximately 

80 m between the samples). The outline of the body and the grid with the 

samples are shown in Fig. l. Because of the small scale of the maps, the 

pegmatites are not shown on the geological map, Fig. 2, but on a separate 

map, Fig. 7. 

FIELD OBSERV A TIONS AND PETROGRAPHY 

The country rocks 

The gabbro is intruded in amphibolites and dark gneisses, and except for 

a fault in the west, it is completely enveloped by these. West of the fault 

there is another gabbro, strongly amphibolitized, but as this is not believed 

to have any direct relation to the Hiåsen gabbro, it has not been further 

studied. 

To the north the immediate country rocks are fine-grained amphibolites, 

to the east and south they are somewhat coarser, amphibolitic gneisses with 

narrow bands of Iighter, occasionally almost quartzitic, gneiss. 

The femic mineral is usually common homblende and/ or biotite, bu t ma y 

be diopside or tremolite depending on the chemical composition. Plagioclase 

is usually the only salic mineral; quartz is not common. In places, the 

country rocks are scapolitized. As accessory minerals are found apatite. 

sphene, rutile, tourmaline, and iron ores. 

In one case orthopyroxene is found, indicating granulite facies of the 

area. However, as this sample is taken very close to the border of the gabbro, 

it is probably rather representing contact metamorphism. If an extrapolation 

is made on Bugge's map of metamorphic facies of the Bamble area (1943. 
p. 134), Hiåsen falls weil inside the area of amphibolite facies. 

Anthophyllite-bearing rocks are common in the Bamble area. They are 

formed by a Mg-metasomatism, where the Mg is supposed to come from 

the basic rocks (Bugge 1943). 
As can be seen from the map, the narrow layers of anthophyllite rocks 

are always at a distance from the border of the gabbro. Therefore it i.s 

difficult to accept the idea of a direct relation between the two rocks, as, 

for instance, leaching of magnesium from the gabbro to the country rock, 

and easier to imagine a more general Mg-metasomatism in the area. 

In some places the rock consists almost exclusively of a lustrous, pale 

greyish brown anthophyllite, whilst in other places it contains blue cordierite 

andfor green tremolite in considerable amounts. 

The gabbro 

In the field it can be seen that the gabbro is highly altered by secondary 

processes. 

During the later regional metamorphism the gabbro has recrystallized to 
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a !arge extent. It is foliated all through, and the typical ophitic texture is 
only locally preserved. The foliation is almost vertical, and only its strike, 

varying from N 8� to N130g is recorded on the map. It follows the general 
trend of the area and is discordant in E and W. 

Another alteration that can easily be seen in the field is the scapoliti
zation which is a very common feature in this district (W. C. Brögger 1934, 
Bugge 1943). The unaltered gabbros usually have a characteristic brownish 
burgundy colour due to the dark plagioclase. The secondary scapolite is 

usually milky white and gives the rock a patchy look. This can often be seen 
along fissures in unaltered gabbro. In the field the Hiåsen gabbro seems 
strongly scapo1itized as the brownish colour is an exception. 

It proved to be very difficult to map these alterations in the field. 
Firstly it is impossible to determine from hand specimens whether a some
what amphibolitized rock has much, little, or any at all, pyroxene left. 
Secondly, altered plagioclase can also be white even when there is little or 
no scapolite present. Mapping of these alterations is therefore based on 
petrographic studies, p. 292. It was, however, obvious from the very first 
field observations that the Hiåsen gabbro massif had no 'fresh' core pre
served from alterations. 

In spite of the strong alterations there are features in almost every thin 
section showing the magmatic origin of the rock, for instance large, highly 
altered plagioclase laths of the original ophitic texture. But only a few of 
the samples can be sa id to be altered little, p. 29 I. 

The unaltered rock 

Sample F2 is by far the one !east altered by regional metamorphism, so 
it tells much about the original rock, and will be referred to frequently. 
Its plagioclase and clinopyroxene are only slightly altered; the original olivine, 
however, is completely replaced by orthopyroxene, see below Colivine has 
been found nowhere in the Hiåsen gabbro). 

The rock has a subophitic texture. In hand specimen it would be charac
terized as medium-grained, but in thin section it can be seen that the 
interstitial pyroxenes are several cm across. 

Notbing can be said about the chemica1 composition of the original 
olivine, but according to Brögger (1934) the olivine in corresponding 'hyper
ites' usually has the composition Fo60• 

The plagioclase is highly zoned, often showing several oscillations. The 
zoning may, however, to some extent be due to Na-metasomatism during 
the regional metamorphism, p. 301. Most zoned are the feJdspars of G6 
(An62-An36) and D4 (An57-An32). 

The clinopyroxene is an augite, A = 0.025, 2Vz ::::::: 50°, Z A C= 43° 

It shows very narrow exsolution lamellae with low birefringence . 
The iron ore may be magnetite or ilmenite. 
Primary orthopyroxene is absent. 
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The orthopyroxene of the olivine pseudomorphs is bound within the 
borders of the original olivine grains, and the amphibole and garnet of the 
earonas replace plagioclase, see below. The augite is only slightly uralitized, 
scapolite is formed from plagioclase. lt has therefore been possible to obtain 
an accurate modal analysis of the unaltered rock for two of the samples 
counting the following way: 
Olivine: Orthopyroxene in the olivine pseudomorphs. 
Augite: Augite + uralite. 
Plagioclase: Plagioclase + amphibole and garnet of the earonas + scapolite. 

The results are shown in Table l. 

Table l. Modal analyses of the unaltered rock 

Sample No. F2 s 56-1 

Olivine 8 16 

Augite 24 14 

Plagioclase 67 67 

Accessories 2 3 

Sum 101 100 

The samples H3 and E7 are too altered for accurate modal analyses to be 
done. However, H3 has had many, but very small olivine gråins, while it 
looks as if E7 had no olivine at all. A considerable variation in the olivine 
content of the intrusion seerus therefore substantiated. 

There are strong indications of plagioclase being the first mineral to cry
stallize from the magma. Frequently olivine has partly surrounded plagio
clase Iaths, and the olivine pseudomorphs are generally found tagether with 
the later augite between the laths (see Fig. 4). Apatite is found as small, 
anhedral grains, in early as weil as late plagioclase and augite, and has 
probably crystallized until late in the crystallization history. The course of 
crystallization is displayed in Fig. 3. 

This is different from the general course of crystallization suggested by 
Brögger (1934, p. 20) where olivine is the first mineral to crystallize. 

Reynolds & Frederickson (1962) prove a differentiation of the parent 
gabbro 'by a separation of olivine from a mixture of diaHage and labradorite'. 

From laboratory experiments it seerus as if plagioclase could be the first 
mineral to crystallize from a basaltic melt by low water pressures alone 
(Y oder & Tilley, 1962). (This will of course also be dependent on the chemi
cal composition of the melt.) 

Fig. 3. Course of crystallization 

of the Hiåsen gabbro magma. 

Plagioclase 

Olivine 

Augite 

Iron ore 

Apatite 

• 
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As the gabbro intruded in the later stage of the orogene period, it was 
subject to a retrograde metamorphism soon after the consolidation. As 
pointed out by Reynolds & Frederickson (1962) the water content of the 
rock plays an important role in the metamorphic alterations; with insuffi
cient water present the reactions cannot proceed, Ieaving the rock with a 

granulite facies mineral assemblage, while more water may give a rock 
of lower facies. As water has access along minute fractures in the gabbro, 
transitions between rocks of different facies commonly occur in a matter 
of centimetres. The varying degree of alteration of the Hiåsen gabbro is 
show below, p. 292. 

Corona formations. The first mineral reactions to take place in the gabbro 
yield coronas around certain minerals as olivine and iron ores. Coronas 
have been studied by many workers who have reported a great variety and 
suggested different explanations to their formation. Because of the great 
variety it is unlikely that coronas as such are formed by one process only; 
undoubtedly they may be of dtmteric or (regional and contact) metamor
phic origin. Magmatic reaction rims should not be resignated coronas. 
(Sederholm 1916, Vogt 1921, Brögger 1934, Shand 1945, Gjelsvik 1952, 

Murthy 1958, Reynolds & Frederickson 1962, Frodesen 1968 a.) 

Fig. 4. Olivine pseudomorph. A core of ortho

pyroxene with iron ore is surrounded by a rim of 

orthopyroxene and a double amphibole corona 

(the outer part containing vermicular spinel). Note 

the augite. The coronas are formed only where 

olivine was adjacent to plagioclase. The pyroxene 

rim and the inner amphibole rim follow the outline 

of the original olivine grain. Drawing and repro

ductian of photomicrograph from F2. x14 
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As mentioned above there is no olivine left in the Hiåsen gabbro. The 

general features of the olivine pseudomorphs are as follows: around a core 

of granular orthophyroxene with large amounts of iron ore (magnetite) is a rim 

of orthopyroxene (without ore) and a double rim of arnphibole, the outer 

containing vermicular spinel. It is believed that the rims of pure orthopy

roxene and pure amphibole were formed simultaneously during an auto

metamorphism, and that the cores of orthopyroxene plus ore and the sym

plectite are similar 'coronas' formed at the first stage of the regional 

metarnorphism (Frodesen 1968a). 

Gamet develops in the coronas at a later stage of the regional metamor

phism, usually as small grains forming a more discontinuous rim between 

amphibole and plagioclase, replacing both. 

The minerals of the coronas are difficult to identify, the mineral grains 

are small and in a preferred orientation, and neither orthopyroxene nor 

amphibole show normal cleavage. The pyroxene of the cores is a bronzite, 

En82 (large 2V, optically negative, 6. = 0.010). The pyroxene of the coro

nas has approximately the same birefringence, and is probably (nearly) 

the same. Brögger calls the amphibole actinolite. 

Clouding of plagioclase. The plagioclase of coronites is frequently highly 

clouded. Strong clouding of plagioclase is believed to be eaused by finely 

distributed iron oxide introduced after the crystallization (Poldervaart & 

Gilkey 1954), and seems to depend on the composition of the plagiclase and 

cooling history of the gabbro (Carstens 1957). The clouding may also be 

due to spinel, gamet, biotite, rutile, or homblende. 

In Hiåsen the clouding is due to spinel. The clouded plagioclase laths 

always have a narrow recrystallized border zone with small blebs of am

phibole (?). When the clouded plagioclase is scapolitized, the clouding is 

transformed into vermicules or blebs of green spinel in the scapolite. 

The clouding of plagioclase is a sign of slight metamorphic alteration. 

in cases it is prior to the corona formation (Murthy 1958). Two thin sections 

from F2 show different degrees of alteration; on has the double amphibole 

coronas described above, and the clouding is very faint, while in the other 

the coronas are almost obliterated, i. e. this is more altered and the clouding 

is intense. Sample S56-1, which, because of the gamet in the coronas, is 

believed to be still a little more altered, has only slightly clouded plagio

clase. This may of course be due to primary differences between the two 

rocks, but it is certain that the clouding rapidly disappears during further 

metamorphism. lt does hardly persist beyond the corona stage. 

Scapolitization. The Hiåsen gabbro is extensively scapolitized; most of the 
samples contain more or less scapolite. The scapolitization has in places 
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Fig. 5. The scapolitization of the plagioclase is accompanied by replacement of heavily clouded 
augite by granular orthopyroxene identical to the one in the olivine pseudomorphs. Drawing 
and reproductian of photomicrograph from F2. x9 

been very intense, as some of the samples in fact have no plagioclase left. 
The scapolitization is a high temperature process, in F2 it can be seen 

that it is accompanied by an alteration of augite into orthopyroxene, Fig. 5, 

which cannot be seen to be any different from the orthopyroxene in the 

olivine pseudomorphs. But, as already mentioned, the scapolitization is 

later than the clouding of the plagioclase and can at most be simultaneous 

with the later stage of the corona formation. 

When scapolite is formed by a moderate chlorine pneumatolysis, it is 

usually slightly more calcic than the plagioclase from which it is formed 

(Shaw 1960, Marakushev 1964). However, in studying scapolitization in 

the Urals, Marakushev (1964) found that in highly scapolitized rocks the 

composition of the scapolite was Me20 independent of the composition 

of the original rock. 

In accordance with this, the composition of the scapolite varies consider

ably throughout the Hiåsen gabbro. When present in small amounts, the 

scapolite is a mizzonite (.6. = 0.023). It is then lying along the borders 
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of the plagioclase laths. But when the rock is more scapolitized, the scapolite 

is a dipyre (6. = 0.014). The plagioclase is then strongly recrystallized or 

has completely disappeared, and the augite is usually copletely replaced 

by homblende. There seems to be transitions between the two types of 

scapolite. 

Five of the samples from Hiåsen have no plagioclase left. These rocks 

are very similar, with a characteristic granoblastic texture, consisting almost 

entirely of scapolite and homblende, with occasional iron one, sphene, 

rutile, or biotite. They seem to be the end product of the scapolitization 

process where the conditions were such that a scapolite approximately Me35 

was formed. 

Further regional metamorphism. By further metamorphism the corona 

structures rapidly disappear, and the olivine pseudomorphs are replaced 

by aggregates of granular greenish-brownish common homblende. This 

horobiende is identical to the one replacing augite, so every trace of olivine 

soon vanishes. 

The augite may still be little altered, still heavily clouded, and with only 

a narrow rim of horobiende along the border to plagioclase. In some cases 

the minerals are crushed, hut generally the pyroxene is just more and more 

replaced by homblende. 

The plagioclase will also recrystallize during the regional metamorphism. 

hut usually there are some original plagioclase laths left after all the augite 

is gone. A distinct alkali metasornatism is indicated by strong sericitation and 

albitization of the plagioclase. 

A few samples are completely recrystallized so there are no traces of 
the magmatic origin of the rock. 

Modal analyses 

From modal analyses (Table 2), figures can be given to designate the 

varying degree of alteration of the gabbro. 

The degree of scapolitization can be illustrated by directly plotting on a 

map the amount of scapolite in the mode. lt is, however, more complicated 

to illustrate the regional metamorphism. Horobiende is formed in large 

amounts by this process and might have been used hut for the fact that horn

blende is formed by the scapolitization as weil. Besides, as the amphiboliti

zation has generally gone so far, the variations eaused by incomplete replace

ment of pyroxene by horobiende are small compared to the variations in 

colour index and might be masked by these. lt was therefore decided to 

illustrate to which extent the rock is unaltered by plotting the amount of 

pyroxene left in the sample. Fig. 6 shows isopleth maps of modal scapolite 

and pyroxene. 

1t is generally believed that gabbro intrusions are amphibolitized mainly 

along the borders and have an unaltered core. As already mentioned, in 
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Table 2. Modal analyses of the altered Hiåsen gabbro 

Sample Pyroxene Hornblende Plagioclase Scapolite Accessories 

C4 51 47 l 

C lO 51 26 20 3 

D4 45 51 3 

D5 t r 53 47 t r t r 

D9 54 46 l 

Dl O 73 25 t r t r 

E2 56 44 t r 

E3 50 48 3 

E4 3 58 37 t r 3 

E4-1 59 41 

E5 14 45 40 t r 

E6 26 50 18 5 

E7 20 32 45 4 t r 

E8 2 64 32 2 

E9 14 68 13 3 2 

F2 28 16 53 3 

F4 5 58 23 13 

F5 13 48 23 15 

F6 65 34 t r t r 

F7 58 38 4 l 

F8 42 55 t r 3 

G2-l 53 46 

G3 65 34 l t r 

G4 67 33 t r 

G5 59 41 t r t r 

G6 t r 66 25 9 t r 

G7 t r 58 42 l 

H3 11 49 31 8 l 

H4a 57 40 2 

H4b t r 57 41 

H7 57 41 t r 

H8 11 50 38 l 

14 55 45 t r 

15 60 31 8 l 

18-1 69 25 5 

the field this did not seem to be the case in Hiåsen, and Fig. 6 shows 
that petrographic studies also do not reveal a core less altered than the rest, 
as four of the least altered samples are taken near the horder. This intru
sion is so small that stresses could be unloaded along zones straight through 
the body. The 'fresh-core model' seems in fact to be too simple for other 
gabbros as weil. 

Fig. 6 also shows that the scapolitization in Hiåsen has been strongest 
along the bord ers, especially in the north and west, bu t also in the east (C l 0). 
One central sample is completely scapolitized. 
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Fig. 6. Isopleth maps of modal scapolite (a) showing the varying degree of scapolitization 

throughout the gabbro, and pyroxene (b) showing to which extent the rock has withstood the 

secondary processes. The series selected to be treated separately in the chemical part of the 

paper are marked on the ma ps. +: completely scapolitized, x: little altered. 

On the basis of these modal analyses two series that have been specially 

treated in the chemical part of this paper were selected. One series is little 

altered, the other is completely scapolitized. The series are marked on 

the isopleth maps. 

Pegmatites and veins 

Several big pegmatites and quartz-feldspar veins cut through the gabbro, 

Fig. 7. Partly, the pegmatites have the form of more or less irregular 

!enses, partly they are rather regular dykes striking NJNE-SjSW and dipping 

40-70g to SE. Mostly they contain quartz (in the central parts) and 

albite or oligoclase. 

In the field there is no evidence that the pegmatites have altered the 

gabbro much, since there is only a narrow biotite-rich transition zone at the 

horder. As will be shown later, the pegmatites have had little influence on 

the chemistry of the gabbro on a large scale (see also Reitan 1958). Only 

on the isopleth maps of the mobile components Cl, H20, and K20 (p. 

298) are there trends following the pegmatites. Hence the pegmatites are 

not formed by leaching of matter from the gabbro itself. 

The pegmatites run normal to the foliation of the gabbro, and a simple 

explanation of their formation would be that they are tension fractures, 

slowly expanding, filled with material from extemal sources. 
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Fig. 7. The outline of the gabbro with peg
matites and veins. 

DISCUSSION O F  CHEMICAL DATA 

Analytical methods 

The following analytkal methods have been used: 

l. X-ray fluorescence spectrograph (Philips, all vacuum) for Si, Ti, Al, 

Fe, Ca, P, and Cl. 

2. Flame photometer (EEL) forNa and K. 

3. Absorption spectrophotometer (Hilger) for Mg. 

4. Conventional methods for Fe++, H20, and Cl (standards). 

Chemical variations 

The chemical analyses are given in Table 3. The mean value of the sums 

is 99.5 %. with a standard deviation 0.7 %. 

The chemical variations are considerable even in a small intrusion as 

the Hiåsen gabbro, Table 4. Although these variations are not all primary 

(see below), it is clearly demonstrated that conclusions should never be 

based on comparisons of single analyses from different intrusions, as is 

done so frequently. 

In Fig. 8 the chemical variations are given as isopleth maps. The look 

of these maps will in some cases very much depend on the contour equidis

tance and also on the reference level chosen. The equidistance should be 

so small that all 'real' variations show, hut not so small that small casual 
variations complicate the picture. An unfortunate choice of reference levet 

can likewise camouflage real variations and display casualties. 
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Table 3. Chemical analyses of 35 samples from the Hiåsen gabbro 

Si02 
Ti02 
Al203 
Fe203 
FeO 
M gO 
Ca O 
Na20 
K20 
P20s 
H20 
C! 

C4 C10 D4 D5 D9 DlO E2 E3 E4 E4-1 E5 E6 

45.8 49.1 
1.8 1.9 

15.0 15.7 
3.1 3.8 
6.5 6.1 
9.2 6.9 

11.0 9.6 
4.0 4.9 
0.9 0.7 
0.1 0.2 
1.3 1.1 
1.2 0.6 

47.4 48.7 48.1 
1.5 1.6 1.7 

17.3 15.8 14.4 
3.3 2.5 4. 5 
8.9 8.8 8.4 
4.1 7.3 6.9 

10.2 9.3 10.1 
3.7 4.2 3.1 
0.8 0.7 1.1 
0.2 0.2 0.2 
0.9 1.3 1.3 
0.9 0.7 0.4 

44.7 46.6 48.4 47.7 46.5 47.0 48.1 
1.0 1.6 1.7 2.3 1.7 2.4 1.7 

15.8 15.9 17.0 14.1 15.8 13.9 13.0 
4.1 3.9 3.5 3.7 2.5 3.6 3.3 
9.8 5.0 6.2 9.1 9.1 9.9 9.9 
8.8 8.5 6.6 7.0 8.3 5.8 7.3 

10.0 9.3 9.2 10.0 10.1 9.5 10.8 
3.2 5.9 4.3 3.6 4.1 4.0 3.2 
0.8 0.5 1.1 0.6 0.9 0.6 0.6 
0.1 0.2 0.2 0.1 0.3 0.2 0.2 
1.5 1.2 1.6 1.2 1.0 0.9 0.9 
1.0 1.4 0.3 0.5 0.8 o. 7 1.1 

Sum 99.7 100.5 99.0 101.0 100.1 100.6 99.7 100.0 99.8 100.9 98.4 100.3 

Table 3 contd. 

E7 E8 E9 F2 F4 F5 F6 F7 F8 G2-1 G3 G4 

Si02 
Ti02 
Al203 
Fe203 
FeO 
M gO 
Ca O 
Na20 
K20 
P20s 
H20 
C! 

48.4 46.8 47.2 46.6 46.5 45.3 44.0 46.0 49.2 
1.2 2.3 2.4 1.3 1.5 1.8 2.2 1.6 1.8 

16.4 13.4 13.0 17.1 15.2 14.3 14.9 15.2 15.0 
2.5 4.1 2.8 3.3 2.6 3.6 4.3 4.0 3.6 
7.4 11.0 9.7 7.7 9.3 11.1 11.0 8.3 7.2 
6.1 6.3 6.7 7.4 8.6 7.4 6.7 7.3 5.7 

11.1 9. 1 11.7 9.8 9.9 9.1 9.4 9.8 9.6 
3.4 3.6 3.0 3.7 3.3 3.4 3.6 3.7 3.9 
0.6 0.8 0.5 0.6 0.7 0.8 0.8 1.0 1.1 
0.1 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 
0.8 1.2 1.0 0.8 1.0 1.0 1.2 1.4 1.9 
0.8 0.8 0.7 0.9 1.0 1.1 0.8 0.8 0.3 

4.4 45.6 44.3 
1.2 1.2 1.2 

17.2 17.5 17.0 
3.5 3.4 3.4 
6.7 6.7 6.7 
8.5 8.9 8.7 
9.8 9.4 9.8 
4.9 3.0 5.1 
0.7 1.7 0.6 
0.1 0.1 0.2 
1.0 1.9 1.1 
1.3 0.2 1.3 

Sum 98.6 99.4 98.8 99.1 99.6 98.9 98.9 99. 1 99.4 99.0 99.6 99.1 

Table 3 contd. 

G5 G6 G7 H3 H4a H4b H7 H8 14 15 18-1 

Si02 47.5 43.4 46.4 45.3 46.5 45.7 46.9 45.2 46.0 45.1 46. 2 
Ti02 1.3 0.6 1.6 1.2 1.5 1.4 1.4 1.2 1.5 1.6 1. 4 
A1203 18.0 15.8 16.3 17 .o 16.5 17.0 18.6 17.3 16.8 16.1 16.7 
Fe203 3.0 3.8 2.7 2.5 3.6 2.7 2.9 2.5 3.2 3.5 2.6 
FeO 4.8 10.5 9.4 8.4 6.4 8.2 6.8 8.9 5.3 7.5 7.8 
MgO 8.2 8.8 7.7 8.7 8.1 8.2 8.3 10.3 8.5 8.0 8.3 
CaO 9.5 10.2 9.7 10.0 9.0 10.0 9.7 10.2 9.8 9.8 10.5 
Na20 3.6 3.2 3.1 3.3 3.6 3.2 4.1 2.5 5.6 4.3 3.7 
K20 1.4 0.8 0.7 0.5 1.6 0.6 0.5 0.4 0.3 0.6 0.7 
P206 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.2 0.2 0.2 0.2 
H20 1.8 1.1 1.0 1.0 1.5 1.3 1.1 0.9 1.2 1.1 1.3 
C! 0.2 1.5 0.5 0.9 0.3 0.5 0.5 0.7 1.3 0.8 0.2 

Sum 99.4 99.5 99.2 98.8 98.6 98.9 100.8 100.2 99.4 98.4 99.6 



PRECAMBRIAN GABBRO INTRUSJON, HIÅSEN, BAMBLE AREA 295 

Table 4. Maximum and minimum values of the oxides 

Si02 Ti02 Al203 Fe203 FeO M gO Ca O Na20 K20 P20s H20 C! 

Maximum 

value 49.2 2.4 18.6 4.3 11.1 10.3 11.7 5.9 1.7 0.3 2.0 1.5 
Minimum 

value 43.4 0.6 13.0 2.5 4.8 4.1 9.0 2.5 0.3 0.1 0.8 0.2 

Difference 5.8 1.8 5.6 1.8 6.3 6.2 2.7 3.4 1.4 0.2 1.2 1.3 

The maps show the primary (magmatic) chemical variations on which 
the variations due to the secondary processes (scapolitization and regional 
metamorphism) are superimposed. In the following an attempt has been 
made to determine the results of these later processes to see the primary 
variations. 

Chemical transformations of the scapolitization 

In 1884 Brögger introduced the name ödegårdite on 'hyperite' transformed 
to a scapolite rich rock by pneumatolysis. He gives (1934) several chemical 
analyses of ödegårdites from the type locality (ödegården mines, Bamble) 
and 'fresh' olivine 'hyperites' from the same place (p. 116 and pp. 4-5). 
These analyses are drawn in Fig. 9 and illustrate the chemical transforma
tions Brögger finds of the scapolitization there. An increase of Cl, Si, Na, 
and probably Mg, and a decrease of Fe++, Fe+++, and perhaps K seem 
characteristic. 

A scapolitized series of 5 samples from Hiåsen has been selected on 
the basis of the modal analyse, p. 291. All the samples are completely 
scapolitized, so they do not contain plagioclase. To illustrate the chemical 
transformations of the scapolitization of Hiåsen the chemical analyses are 
displayed in histograms and the values of the ödegårdites ruled to stand 
out in the 'normal distribution', Fig. 10. 

As in ödegården the ödegårdites of Hiåsen are higher in Cl, Na20, and 
MgO and lower in FeO than the rocks from which they were derived. But 
there has neither been an increase in Si02 nor a decrease in Fe203 during 
the scapolitization of Hiåsen. An increase of MgO seems more distinct than 
in ödegården. It should, however, be noted that the analytical methods used 

are very different. 
Chlorine is considered supplied to the rock by a pneumatolysis. The 

isopleth map of modal scapolite, Fig. 6, showed complete scapolitization 
along a narrow border zone in north and west and in one central sample. 

The isopleth map of chlorine shows a great addition of Cl along a some
what wider border zone and in a bigger central area. 
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Fig. 8. Isopleth maps showing the variations of the major elements of the Hiåsen gabbro. 

Except for ferric iron and the mobile components N a, K, C!, and water, the maps show primary 

magmatic variations See the text. 

The same features are only partly found in the map of the Na20-distri

bution, as only the completely scapolitized rocks are higher in sodium 

than the rest. There are no indications of sodium being mobilized from 

the surroundings, so it has probably been supplied together with the chlorine, 

hut has not as easily been taken up by the gabbro. 

The low values of FeO of the ödegårdites is not seen in the isopleth map, 

mainly because of the relatively great equidistance in this map. 
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Sample ClO is not completely scapolitized (it contains 20% scapolite and 
26% plagioclase in the mode) but it is all recrystallized and has partly the 
typical texture of the ödegårdites. It partly follows the chemical patteros 
described above. The samples F4 and F5, on the other hand, which have only 
a little less scapolite (13% and 15% respectively), are chemically speaking 
'little scapolitized', as they are rich in iron and poor in sodium. In fact they 

cannot be said to be different from a normal gabbro. These samples are 
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not very recrystallized, and the scapolite is of a calcic type lying along 
the border of the plagioclase laths (see above). So it can safely be stated 
that only a thorough scapolitization and recrystallization eauses the chemical 
transformations described above. 

The chemical variations of the scapolitizations can therefore be eliminated 
from the isopleth maps by excluding from the series the 5 ödegårdhes (and 
CIO). When this is done, it is only in the map of the Na20-distribution 
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Fig. 9. Chemical transformations of the scapolitization in Ödegården, Bamble. Analyses 
of olivine 'hyperites' and ödegårdites from the same locality are compared. Data from 
Brögger (1934). An increase in C!, Na, Si, and Mg, and a decrease in both ferrous and 
ferric iron and K during the pneumatolysis seem characteristic. 

that the changes are essential; the other isopleth maps of Fig. 8 show 

the primary chemical variations only modified by the regional metamorphism. 

lt has generally been accepted that a chlorine pneumatolysis mainly 

eauses an alteration of plagioclase to scapolite. However, in Hiåsen the 

scapolite content of the rock is not proportional to the chlorine content, 

Fig. 11. This is due to the fact that chlorine to a great extent may enter 

the hornblende. 

The chlorine content has been determined in the following separated 

minerals: the scapolite and hornblende of the ödegårdites, and the horn

blende of 3 rocks selected because they contain much chlorine and little 

scapolite (Table 5). lt is interesting to notice that the variation within 

the ödegårdite group is not very great, and that the hornblende of the 

scapolite free rocks contain far more chlorine than the hornblende of the 

ödegårdites. 

lt is not widely known that chlorine can enter bomblendes to this large 

extent. V. M. Goldschmidt writes in his Geochemistry (1954, p. 586): 'We 
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Fig. JO. Chemical transformations of the scapolitization in Hiåsen. The 35 chemical analyses 
are displayed in histograms where a series of 5 completely scapolitized rocks is ruled. An 

increase in Cl, Na, and Mg, and a decrease in ferrous iron and K during the pneumatolysis 

seem characteristic. 

never observe the presence of chlorine in such hydroxysilicates as the micas, 
amphiboles, or humites, into which fluorine enters very freely.' Brögger 
(1934) assumes scapolite and apatite to be the only Cl-bearing minerals, 

Table 5. Weight per cent Cl of scapolites and hornblendes, Hiåsen Gabbro 

Rock type 

Sample 

Scapolite 

Hornblende 

C4 
2.3 
0.81 

E2 
2.8 
0.74 

Ödegårdites 

G2-1 
2.5 
0.86 

G4 
2.8 
0.73 

14 
2.8 
0.52 

Rocks with little scapolite 

E8 F6 G6 

1.26 1.20 1.61 
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Fig. 11. The content of sca

polite is not proportional to 

1.2 1.4 the content of chlorine in the 
Weight 'J, et Hiåsen gabbro. 

therefore he often gets an excess of Cl in his chemical calculations. How

ever, as an explanation to this, he suggests that perhaps chlorine enters 

the horobiende as weil. 

On the other hand, Geijer (1960), studying the halogen content of skarn 

amphiboles, reports a horobiende containing 1.4 % CI. And in a Russian 

skarn the extreme horobiende variety, dashkessanite, containing 7.2% Cl 

has been found (Krutov 1936). lt should therefore not be surprising that 

a pneumatolysis eausing strong scapolitization of the plagioclase also gives 

the horobiende a high chlorine content 

The factor controlling whether chlorine shall enter scapolite or horn

blende is not known, and without further studies a solution of the problem 

can only be suggested. 

In Hiåsen there are samples which are without scapolite although they 

have much chlorine (i. e. all the chlorine is in the hornblende) and also 

samples with little chlorine but rather a Iot of scapolite (all the chlorine 
in the scapolite). Therefore it cannot be assumed that the Cl-pressure must 

exceed a 'threshold value' for chlorine to enter one of the minerals. And as 

the pneumatolysis is prior to the amphibolitization of the regional meta

morphism, the horobiende also is formed during the pneumatolysis. As 

mentioned above (p. 289), the scapolite first formed is generally rather calcic, 

i. e. also C03-rich. The C02-pressure will therefore be of importance, 

as a low C02-pressure may prevent the formation of scapolite and 

make the chlorine enter the hornblende. In the extreme samples with little 

scapolite and much chlorine the scapolite has low interference colours 

and is low in C03. The Cl-pressure must have been considerable to give 

1.3 % and 1.6 % Cl in the hornblendes, so great that it eventually formed 

a scapolite which, however, had to be of the C03-poor type. 

The isopleth map of chlorine reveals a relation between the pegmatites and 

the chlorine content The rocks near the pegmatites give very low Cl-values 

because chlorine has been Ieached during the regional metamorphism. 
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Fig. 12. Chemical transformations of the regional metamorphism of the Hiåsen gabbro. A 

series of the 8 least altered samples (ruled) is compared to the rest in histograms. Alkalies and 

water have clearly been added, while the expected oxydation of iron is slight. 

Chemical transformations of the regional metamorphism 

As previously mentioned (p. 290) the degree of alteration by the regional 
metamorphism cannot be measured directly, and a series of highly alterecl 
rocks could not be selected. Therefore a series of 8 samples with much 
pyroxene was selected; it was considered to be little altered, generally speak
ing. This series is marked on the map of modal pyroxene, p. 292, and has 
been compared with the rest of the samples (not scapolitized) in histograms. 
This is shown in Fig. 12 for some elements. 

An increase of ferric iron due to oxydation is to be expected, but is so 
small that it hardly shows in the histogram. A Na-metasornatism is indicated 
by the diagram, and can also easily be seen in the microscope. Potassium 
and water have clearly been added during the metamorphism. Other chemi
cal transformations cannot be seen in the histograms. 

These transformations cannot be 'eliminated' from the isopleth maps as 
the scapolitization was; however, the variations in ferrous iron are so great 
that the oxydation is of minor importance, and the isopleth map of FeO 
shows primary variations. 

The isopleth maps also show a relation between K20, H20, and the peg
matites. The highest values of K20 and H20 are found near the pegmatites 
along which the solutions had easy access. This supports the assumption 
of the pegmatites being formed during the regional metamorphism. 
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Primary chemical variations 

As a conclusion it can be stated that the isopleth maps of Si02, Ti02, 

Al203, FeO, MgO, CaO, and P205 of Fig. 8 show primary variations. 

Ferrous iron is domiDating over ferric, so the map of FeO also illustrates 

the distribution of total iron. 

The primary variations show trends going N-S (diagonal on the maps) 

while the secondary variations (Fe203 and Na20, K20, and H20 when the 

complicating. scapolitization and pegmatites are overlooked) show trends 

going E-W, paraHel to the foliation, just as the map of modal pyroxene. 

lt is difficult to see relations between the different elements by directly 

comparing the chemical analyses, but, although there are so many variables, 

relations may be revealed when the analyses are drawn in isopleth maps. 

In this case variations in ferrous iron are the most conspicuous, as the 

result of a magmatic differentiation (see below), so it is natural to compare 

the other elements with iron. 

As a direct consequence of the fact that Al and Fe are the main consti

tuents of different main minerals, there will be a negative correlation between 

Fig. 13. The series of the 8 !east altered samples plotted in a Larsen diagram. The tie Iines 

nearly perpendicular to each other prove an early differentiation of the magma when only 

plagioclase bad started crystallizing. See the text. 



304 SVEIN FRODESEN 

the Al- and Fe-content of the rock. This does not show very weil from the 
maps, but it is obvious that Ti and probably P accompany Fe. Ti is bound 
in augite and ilmenite, P in apatite. 

Magmatic differentiation 

lt has been demonstrated that the secondary chemical transformations of 
the gabbro are not very great except where the scapolitization has been 
complete. 

In Fig. 13 the series of little altered rocks is presented in a double trian
gutar diagram (Larsen 1938). The diagram is based on norms, and each 
sample (analysis) is represented in it by two points which are connected by 
a Iine. A normal differentiation series will give rise to a set of semiparaHel 
tielirres because usually the later fractions are enriched in feldspar, and the 
plagioclase is enriched in sodium; these components are represented by the 
same comer of the diagram. 

From Fig. 13 it seeros that the selected series does not show a 'normal' 
differentiation as the plots fall in two definite groups which have tielirres 
nearly perpendicular to each other. l) Tielines dipping gently from left to 
right: E7, F2, H3, and H8.- 2) Tielines rising steeply from left to right: E5, 
E6 and E9. F5 is in an intermediate position. (If plotted in the diagram, the 
rest of the samples (except the ödegårdites) mostly fall in Group l or inter
mediate between this and sample F5. One sample, E8, belongs to Group 2). 

From the diagram it follows that the two groups differ in the way that 
Group l has much plagioclase which is of a rather calcic type, while Group 2 
has more femic minerals and a samewhat sodic plagioclase. This would be 
the consequence of a fractionation at an early stage when only plagioclase 
had started crystallizing. As already pointed out, p. 286, the sample F2 
clearly indicates that plagioclase really was the first mineral in this cas�. so 
this seems to explain the rather unusual look of the Larsen diagram. 

The great differences in the diagram are due to relatively small differences 
in the norms. If the mean values of the two groups are considered, it can 

be seen that in Group 2 the enrichment in femic minerals is only approxi
mately 5 %. and the plagioclase is enriched lO% in the albite component. 
Above is reported a zoning of the plagioclase of more than 25 %. (Unfor
tunately it is impossible to measure the An-content of the original plagio
clase laths in any of the samples from Group 2.) 

SUMMAR Y 

A small gabbro intrusion has been systematically studied as 35 specimens 
have been sampied according to a quadratic grid. Each sample has been 
studied microscopically and chemically; all the samples have been analysed 
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on all major elements with modem equipment as X-ray fluorescence spectro

graph, absorption spectrophotometer, and flame photometer. 
In places the gabbro is highly altered, partly by regional metamorphism, 

partly by scapolitization. 
The first sign of alteration is the formation of coronas around olivine 

which is here completely replaced by pyroxene. The corona formation has 
taken place in two steps, by autometamorphism, and by beginning regional 

metamorphism. However, there is not a great difference in temperature 
(time?) of the two. By further regional metamorphism the pyroxene (pri

mary and secondary) also disappears, and the gabbro is completely amphi
bolitized. 

A chlorine pneumatolysis contemporaneous with the later stage of the 
corona formation has in places eaused a thorough scapolitization. The end 

product of this process is a rock consisting almost entirely of scapolite and 
homblende. The scapolite is then a dipyre; by less severe scapolitization a 

mizzonite is formed. Chlorine also enters horobiende to a large extent; 

C02-pressure is assumed to be a controlling factor here. 

The chemical transformations eaused by these secondary processes ha ve 

been determined. During the scapolitization chlorine, sodium, and magnesium 
have been added while ferrous iron has been removed. The regional meta

morphism has also eaused chemical transformations; a certain oxydation of 
iron has taken place, and sodium and potassium have been introduced to
gether with water. 

These secondary chemical transformations have partly been mapped and 

'eliminated', so that the primary chemical variations of the gabbro are given 

for the elements Si02, Ti02, Al203, FeO, Fetotat• MgO, CaO, and P205• 
The distribution of these variations is displayed in isopleth maps. The primary 

chemical variations are due to a magmatic differentiation at an early stage 

when only plagioclase had started crystallizing. 

Several big pegmatites cut through the gabbro. They are supposed to have 
been formed during the regional metamorphism, by matter from externa] 
sources filling tension fractures without influencing the gabbro much. 

The gabbro has concordantly intruded amphibolites and dark gneisses. The 
country rocks are briefly described. 
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