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AlKaract. The concentration profiles of the trace ele
menis. S, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Sr, and 
Yiave been determined across a metasomatic vein 
in pfridotite. The introduced elements Ti, V, Sr, and 
Y show specific enrichment in particular silicate 
phases in accordance with the availability of suitable 
lattice sites. In contrast, the other introduced trace 
cleni-ents (Cu and S) behave more like the redistrib
uted elements, Cr, Ni, Mn, and Co which do not 
sho-a-concentration'fronts' that can be simply related 
totaie silicate minerals. Concentration of pentlandite, 
chafcopyrite, and Cr-magnetite near the boundary be
lween the enstatite and anthophyllite zones gives rise 
to maxima in the Ni, Cu, S, and Cr distributipns, 
wHe in the chlorite zone significant concentrations 
of Cr and Ni occur in the chlorite itself Control 
oflhe distribution of Ni, Cu, and Cr is ascribed to 
Ihe oxidation/reduction reactions involved in the for
mation of pentlandite, chalcopyrite and Cr-magnetite, 
together with the critical role of Al in limiting chlorite 
formation during metasomatism. 

Introduction 

'oc mineralogy and major-element geochemistry of 
^ complex assemblage of silicates in a vein cross-
•̂ "Uing a peridotite body at Kalskaret, Norway, have 
Previously been reported in some detail (Carswell 
'tal., 1974). The symmetrically zoned sequence of 
'̂ '11 minerals on either side of a fracture in the perido-
'"e was concluded to have developed by the reaction 
°f the peridotite with supercritical hydrous fluids that 
J^ginated from the acid gneiss country rocks. Each 
*'f of the sequence is around 10 cm thick with a 
"Dtmon central zone of chlorite occupying the posi-
Jooof the fracture and zones of tremolite, anthophyl-
"6 and enstatite between this and the peridotite on 
'"her side (Fig. 1). 

The sequence is believed to have formed at tem
peratures ofabout 700°C and at a /',o,„| of greater than 
6 kb.'A later reaction episode was thought to account 
for the presence on a small scale of lower temperature 
phases (talc and serpentine) which occur to a limited 
extent throughout the ultrabasic bodies and in the 
metasomatic vein assemblage. Ultramafic fracture as
semblages from Almklovdalen, further west in the 
Norwegian Basal Gneiss Complex, have been tenta
tively dated as having formed in the late Caledonian 
(c. 400 m.y.) by Brueckner (1975), although it was 
recognised that the metamorphic histories of the ul
tramafic bodies may extend as far back as the Sveco-
fennian (1600-1800 m,y.). 

It was suggested (Carswell et al., 1974) that each 
mineral zone represented a local attainment of equili
brium, although overall the reaction was incomplete. 
The outer boundary (towards the peridotite) of each 
zone was thought to represent the limit of penetration 
ofthe particular chemical species from the fluid con
trolling the growth ofthe mineral phase forming that 
zone. In this way, the zone 'front' for chlorite was 
determined by AP"^, tremolite by Ca'*, anthophyllite 
by H2O and enstatite possibly by Si(0H)*'4. With 
progressive influx of fiuids all zones simultaneously 
expanded towards the peridotite. 

The study is here extended to the trace elements 
of the same sequence, with a view to establishing 
the ways in which the distribution of these elements 
may be controlled in metasomatic systems of this 
type. Detailed elemental distributions for other exam
ples of similar complexity to the Kalskaret vein se
quence do not appear to have been recorded although 
work illustrating the mobility of Ni in altered ultra
mafic rocks has been reported (e.g., Rucklidge (1972), 
Eckstrand (1975), and Groves etal. (1974)). Curtis 
and Brown (1971) discussed trace-element behaviour 
in the zoned metasomatic bodies of Unst, Shetland 
but, in case, the complete zonal sequence is rarely 
seen. 
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Fig. I a,and b. Chcinical and mineralogical varialions across the Kalskaret metasomatic vein, (a) shows (top) the variation in major 
silicate mineral contents and the position of the sulphide concentration which accounts for up to 0,5% by volume of the rock. PlotteO 
below are the distributions of the various trace elements, (b) shows the corresponding critical varialions in major element geochemisir)' 
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The same bulk samples from the Kalskaret vein 
that were previously analysed for major elements were 
used for the determination of trace elernents by X-ray 
Fluorescence Spectrometry using pressed-powder spe-. 
cimens. The elements determined were Zr, Y, Sr, Rb, 
Zn, Cu, Mn, V, Ni, Cr, Co, Ba, and Pb, but of 
these Zr, Rb, Ba, and Pb were close to the limit 
of detection (about 2.ppm) and showed little varia
tion. The remaining trace-element contents are plot
ted in Figure 1 a together wilh values for Ti and S 
determined by XRFS using a fusion saniple prepara
tion technique. A schematic representation of the 
mineralogy ofthe sequence as determined by a combi

nation of X-ray diffraction modal analysis and nor
mative calculations is given in Figure 1 a. 

Sources of the Trace-Elements 

The following assumptions have been made in attempting to csinb-
Iish Ihe sources oflhe various elements: 

(a) The trace elements contained in the zonal sequence wcft 
derived either from the original peridotite or were introduced willi 
the incoming fluids. 

(b) The original trace elemenis wilhin the peridotite were uw 
formly distributed on the scale of a hand specimen, 

(c) Any volume changes as a result of the metasomatism »'f 
relatively small and/or uniformly distributed over the region « 
the peridotite affected. 

T *̂%r '^M^' 
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f»Kk I. Electron microprobe partial analyses of Kalskaret silicate 
jnioviJe phases 

ZnK Mineral wt % wt % wi % wt % 
Cr° Ni" FeO' AI2O3" 

Ensatiie 

-

AEihophyllite 

Tcmolite 

Oxide 
Enstatite 
Anthophyllite 
Chlorite A 
Chlorite B 
Chlorite C 

Oxide 
Anthophyllite 
Chlorite 
Tremolite 
Talc 

Oxide 
Anthophyllite 
Chlorite A 

Chlorite B 
• Tremolite 

33.29 
0,02 
0,04 
2.16 
1.96 
1.64 

34.38 
0.03 
1.55 
0.03 
0.03 

29.15 
0,03 
0,60 

0,72 
O.OI 

0.13 
O.ll 
0,12 
n,d. 
n.d. 
0.23 

O.ll 
0,11 
0.20 
0,10 
0.18 

0.32 
0.11 
0,22 

0.18 
0.13 

45.84 
n.d. 
n.d. 
n.d. 
n.d. 
3.25 

36.85 
n.d. 
3.37 

n.d. 
n.d. 

45.40 
n.d. 
3.25 

n.d. 
n,d. 

3.91 
n.d. 
n.d. 
n.d. 
n.d. 
15.35 

7.21 
n.d. 
15.40 
n.d. 
n,d. 

7.18 
n.d. 
17.29 
n.d. 
n,d. 

Qloriie Chlorite 0,17 0,25 3.37 16.76 

njl = not determined 

' ZAF correction factors derived from mineral compositions 
oinilated from bulk analyses e.xcepl for oxide for which a spinel 
CKnposilion of similar Fe, Cr, and Al content was used 

If these conditions are accepted it seems clear that elements 
"tturring in much greater quantities overall in the zonal sequence 
• ^ in the relatively unaltered peridotite must have been in-
ifoduced by the metasomatizing fluids. Components of this type 
•'^Ti, V, Sr, Y, Cu, and S, all of which occur in virtually negligible 
'J^niilies in the peridotite and yet show a significant build-up 
o various parts of the vein sequence (see Fig, 1). By contrast, 
to. .Mn, Cr, and Ni all occur in adequate quantities in the perido-
^ to account for the amounts of these elements present in the 
s>ocs. 

A sample of peridotite, TI56 (90% olivine, 7% chlorite and 
"'• opaque minerals), from an adjacent body unaffected by vein 
•^lasomatism has whole-rock contents of 0.30 wt % Ni and 0,25 
*• % Cr (Carswell, 1968) which are close to the values found 
"* the least-altered zone of the present example (T4I2A) which 
*« 0.25 wt % Ni and 0,26 wt % Cr. 

face-Element Contents of the Minerals 

"evident from Figure 1 that there is only a limited correlation 
^*een the distribution of the various trace elemenis and the 
^^^te phases forming the bulk of the metasomatic sequence. For 
^•nple, peaks in the Cr, Ni, and Cu distributions are located 
"^f the junction between the enstatite and anthophyllite zones. 
^ ' ^ particular trace elements do, however, show a strong correla-

" wilh the sulphur content, indicating that they may be in part 
?*^iaied with phases other than the silicates. The mineralogical 
™nbuiion of these trace elements has been ascertained by electron 
^ 'oprobe analyses of both silicate and opaque phaiies. Sulphides 

Table 2. Electron microprobe analyses of Kalskaret sulphide min
erals 

(a) Penlhmdile 

Sample/ 
Analysis 
No. 

wt % 
S 
Cu 
Ni 
Fe 
Co 

s-

33.1 
0,0 

32.6 
33.6 
n.d. 

m 
5-
f-

33.3 
0.0 

34.5 
32,7 
n.d. 

2D 

32.7 
0.14 

32.7 
34.8 
n.d. 

CO 

04-

-32.7 
0.0 

33,1 
33,0 
0.57 

u 

f-

35.0 
0.0 

28.6 
34.3 

0.55 

4. 

32.81 

35.12 
29,48 

2.20 

Total 99,30 100,50 100.34 99,37 98,45 99,61 

" Average of twenty pentlandite analyses from pentlandile-pyrr-
hotite assemblages after Harris and Nickel (1972) 

(bj Chalcopyrite 

Sample/ 
Analysis 
No. 

wt % 
S 
Cu 
Ni 
Fe 
Co 

(-

34.4 
34.5 
0.13 

29.8 
0.04 

r t 
• H 

34.8 
34,6 

0.22 
29.8 
0.05 

0 

34.95 
34,20 

30.65 

Total 98,87 99.47 99.80 

"" Average of three chalcopyrite analyses from Dana's System 
of Mineralogy, Vol. 1, (Palance, Berman and Frondel, 1958) p, 
221, analyses I, 2, and 6 

and oxides are common constituents of the samples and both are 
relatively concentrated in the region of the boundary between the 
enstatite and anthophyllite zones. The sulphide phase is mainly 
pentlandite with minor chalcopyrite intergrowths. The microprobe 
analyses of these sulphides are similar to previously reported com
positions (see Table 2). The oxide phases are identified as Cr-rich 
magnetite (see Table I), wiih lesser amounts of Cr-free magnetite. 
The Cr-rich magnetite may be classified as a 'ferritchromit' (Span-
genberg, 1943) the occurrence of which may be of some genetic 
significance (see later). Original (i.e., peridotite derived) chromite 
is not found in the Kalskaret vein sequence, but evidence from 
nearby peridotite bodies suggests that chromite was almost cer
tainly the source of Cr. Sample T156 (unaltered peridotite from 
an adjacent body) contains chromite with approximately 40 wt 
% Cr and olivine with 0.3 wt % Ni. 

It is evident from Table 1 that, with the exception of chlorite, 
the contents of the quantitatively important trace elemenis, Cr 
and Ni, in the silicate phases show remarkably little variation 
both between different grains ofthe same phase and between differ
ent phases. Average values for these silicates are: 

enstatite 
anthophyllite 
tremolite 

0.02 wt % Cr 
0.03 wt % Cr 
0,02 wt % Cr 

0,11 wt % Ni 
0.11 wt % Ni 
0.12 wt % Ni 
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Fig. 2. Varialions in modal % chlorite (top), Cr content of chlorite 
(determined by EMP analysis) (centre) and Cr: Al ratio (botiom) 
across the vein 

In contrast lo the Ni content of the chlorite which shows a compar
atively small variation (0,18-0.25 wt % Ni) the Cr conlenl exhibits 
a wide range (0.17-2,16 wl % Cr) and varies systematically across 
Ihe zonal sequence. The lowest values for Cr content occur in 
the chlorite zone itself (see Fig. 2), the Cr content decreasing with 
increasing chlorite concentration in the zonal sequence. 

Zonal Trace-Element Distributions 

As previously noted, only limited correlation exists 
between the distribution ofthe various trace elements 
and the silicate phases and this is due to the incorpo
ration of significant quantities of some elements inlo 
the opaque phases. 

The exact coincidence of the distributions of Cu 
and S throughout the sequence and the identification 
of chalcopyrite as one of the opaque phases indicates 
that Cu occurs almost entirely in the chalcopyrite 
and, like the S, has clearly been introduced during 
the metasomatism. 

The distribution pattern of Ni is irregular, rising 
to a peak between the enstatite and anthophyllite zones 
and then decreasing into the tremolite zone before 
increasing again irMhe chlorite zone. In the part of 
the sequence (around sample T410A) where the sul
phides are concentrated (about 0.5% by volume) Ni 
in the pentlandite (about 33 wt % Ni) accounts for 
a large proportion of the Ni in the bulk sample. To
wards the fiuid channel it is obvious that chlorite 

able agreement with the microprobe value of Qjr 
wt % Ni for chlorite in the chlorite zone. Apart from 
the obvious peak corresponding to the concentratio 
of pentlandite, the Ni distribution pattern closely fo] 
lows that of Mg (Fig. 1 a and b). 

This is not unexpected as Mg and Ni vary sympa-
thetically in almost all rocks. It is clear that there 
has been an overall loss of Mg, Ni and Fe from ? 
the metasomatic sequence rather than any infiux. I 

The Co and Mn contents also show a gradual ] 
decrease towards the fiuid channel with only minor 
irregularities. 

The distribution pattern of Cr, like Ni, is ver\' 
irregular. Cr rises to a peak in sample T410A in 
which it is located in chrome-magnetite (about 33 
wt % Cr), chlorite (about 2 wt % Cr) and anthophyl-
lite (about 0.04 wt % Cr). The Cr content then drops 
steadily outwards from the enstatite/anthophyllite 
boundary to the trei-nolite zone, but then increases 
again in samples T413A and T413B. This increase 
is due to the progressively larger amounts of Cr-bear-
ing chlorite in this part of the vein (see Fig. 2) even 
though the chlorite itself has a considerably lower 
Cr content (about 0.17 wt % Cr) in comparison with 
the chlorite in sample T410A. 

Brady (1977), from a theoretical standpoint, 
offered a completely novel geological explanation for 
the Kalskaret vein sequence, namely, that it was ini
tially a granitic dyke. The justification for this was 
that it is difficult to envisage movement of an "immo
bile' species such as Al (the critical element in chlorite 
formation). Because of this, Brady suggested that the 
initial wall-rock/'fiuid' channel boundary in metaso
matically zoned systems of the Kalskaret type tnay 
be identified by discontinuities in the weight ratios 
of two components such as Al and Cr. In the present 
example the Al: Cr ratio decreases steadily frora the 
peridotite to the centre ofthe chlorite zone (see Fig. 2) 
without any such discontinuity. There is therefore 
no evidence, using Brady's own criterion, to supporl 
his implication that the chlorite zone does not repre
sent part of the altered peridotite. His alternative mo
del, that the fracture may have been origiaally 
occupied by granitic material, is consequently unten
able and in any case does not fit the observed field 
relationships. 

Of the undoubtedly introduced elements. V and 
Ti have distributions that show a direct correlation 
with chlorite content. Both elements apparently sub
stitute for Al̂ "^ in the chlorite. In contrast, the strik
ing restrictions of Sr and Y to the tremolite zone 
indicate that these elements have predictably subsii-
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luted for Ca^"^ and are preferentially incorporated 
into the tremolite lattice. 

The various introduced trace elements therefore 
tend to show quite specific concentration in particular 
mineral species in accordance with the availability 
of suitable lattice sites for their incorporation. This 
behaviour contrasts markedly with that of the re
distributed trace elements, notably Ni and Cr, which 
do not show such simple concentration 'fronts' prob
ably because these elements were originally present 
throughout the region of the peridotite that has un
dergone reaction. 

Origins of the Trace-Element Distributions 

The distributions of Ti, V, Sr, and Y are compatible 
with the previously proposed mechanism for the 
origin of the zoning (Carswell etal., 1974), each of 
these incoming elements being preferentially incorpo
rated where lattice sites are favourable. The behaviour 
of the Cr and Ni derived from the peridotite and 
the Cu introduced via the incoming fiuids is less easily 
understood. Several possibilities exist, based on the 
following observations: 

(a) The Cr, Ni, and Cu distributions show coinci
dent maxima at the junctionof the enstatite and an
thophyllite zones. This position also marks the transi
tion from anhydrous to OH-bearing phases in the 
zonal sequence. 
- (b) A concentration of talc and magnetite occurs 
ai the same position. 

(c) At the position of maximum concentrations 
of Ni and Cu, i.e., in the 'sulphide zone', these ele
ments occur mainly in pentlandite and chalcopyrite 
respectively. 
. (d) In the chlorite zone most of the Ni occurs 
'n the chlorite itself, pentlandite being absent. 

(e) The Cr is mainly located in chlorite in which 
'he concentration of Cr varies systematically across 
'he sequence, and in chromiferous magnetite which 
"thibits a maximum concentration in the 'sulphide 
Zone'. 

(0 The Cr and Ni contents of the zonal sequence 
*ere derived from the original peridotite where the 

•A-r was located in the chromite,and the Ni in the 
;,?'ivine. Cu and S were introduced via the incoming 
^uids. 
^ It was previously suggested (Carswell et al., 1974) 
i'hat the talc and serpentine were low temperature, 
•.reaction products formed after the main zonal 
^.^quence was established. In view of the correlation 

"^iween the 'sulphide zone' and the talc-oxide con-
^ntration it is appropriate to consider here whether 
,'"C location of the Cr, Ni and Cu was related to 

either the high or low temperature reaction episodes 
or to both. 

The occurrence in the zonal sequence of a chromif
erous magnetite may reveal something about the way 
the original chromite has been broken down and the 
chromium relocated in other phases. Bliss and 
McLean (1975), cite numerous reported instances 
where the breakdown" of ̂ .chromite to form ferrit-

j.chromit + chlorite has occurred in serpentinites, al
though this reaction has been variously ascribed to 
the serpentinisation process itself, to the subsequent 
metamorphism of the serpentinite or to alteration 
prior to serpentinisation. Although ferritchromit 
(Spangenberg, 1943) does not represent a specific 
composition of chromiferous magnetite, the charac
teristic features of the reaction seem to have some 
uniformity, with the ferritchromit being relatively 
depleted in Mg and Al (and sometimes in Cr) and 
enriched in Fe relative to the parent chromite. Beeson 
and Jackson (1969), for example, describe the chem
istry of altered primary chromites from the-Stillwater 
complex where one chromite (47.1 wt % CrjOs, 18.6 
wt % AI2O3, 2.1 wt % Fe^Oj, 19.7 wt % FeO, 10.0 
wt % MgO) shows alteration to ferritchromit (42.0 
wt % CrzOj, 3.1 wt % AI2O3, 22.4 wt % FejOj, 
30.1 wt % FeO, 2.1 wt % MgO) and chlorite (1.5 
wt % CrzOj, 21.0 wt % AI2O3, 6.6 wt % FeO, 29.4 
wt % MgO). This is obviously similar to the situation 
in the Kalskaret vein, where, although the original 
chromite is not seen, the Cr-Fe oxide (approx. 47 
wt % CrjOs, 6 wt % AI2O3, 43 wt % total iron 
oxide as FeO) seems to be of the ferritchromit type 
and occurs in a part of the sequence where the small 
amounts of the chlorite present contain up to 2 wt 
% Cr^Oj . 

It is clear that the decomposition of primary 
chromite in the Kalskaret vein sequence must have 

- taken place during the high-temperature reaction epi
sode since Cr derived from the chromite (the major 
source of Cr) has been partially incorporated in sili
cates (notably chlorite) formed as a direct result of 
this reaction episode. This implies that the re-distribu
tion of Cr may have been a stepwise process partially 
dependent upon redox potential (chromite '—. ferrit
chromit) and partially on the availability of Al to form 
chlorite. There is a strong tendency for Cr to be incor
porated in chlorite. Where the availability of Al limits 
the quantity of chlorite formed, this results in chlorite 
with a high (c. 2 wt %) Cr content (see Fig. 2). 

It is suggested that in the Kalskaret vein the distri
bution of Cr was controlled by two sequential reac
tions. Firstly, the original primary chromite was 
completely broken down to form ferritchromit plus 
small amounts of Cr-rich chlorite, this part of the 
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process being seen in the inner part of the zonal se
quence (in the 'sulphide zone') where little or no 
introduced Al was present. Secondly, as the develop
ment of the zone sequence progressed, more Al be
came available via diffusion from the fiuid channel, 
thus enabling the formation of more chlorite which 
incorporated the Cr released by the further break
down of the ferritchromit, as seen in the outer parts 
of the sequence where no oxide phase remains and 
virtually all the Cr is located in chlorite. 

It is interesting to note that Trommsdorff and 
Evans (1974) have observed the exact reverse of these 
reactions in metamorphosed serpentinised peridotite 
and associated the progressive reaction chlorite-* 
ferritchromit^chromite with increasing grade of 
metamorphism. 

The occurrence of pentlandite (often with chal
copyrite) as ores associated with serpentinites is well 
known (Ramdohr, 1967) alihough the pentlandite 
may be primary (i.e., magmatic) (Groves et al., 1974) 
or derived from Ni originally contained in silicates 
(Eckstrand, 1975). In the Kalskaret sequence the Ni 
in the pentlandite is clearly derived from the original 
olivine of the peridotite. 

Eckstrand (op. cit.) described a model for the de
velopment of the nickel-bearing opaque mineral 
assemblages of the Dumont serpentinite controlled by 
redox mechanisms that may be relevant here. He 
indicated that serpentinisation reactions involving the 
production of magnetite resulted in strongly reducing 
environments that ultimately control the formation of 
nickel sulphides. It therefore seems probable that the 
pentlandite in the Kalskaret vein resulted from such 
a reducing reaction with the S being introduced by 
the fiuids as SOi". Complimentary oxidations may 
be involved in the formation of either the ferrit
chromit or the magnetite. 

The overall reaction may be expressed as: 

SO|-- | -8FeO±^2--f4Fe203 

However, although the formation ofthe ferritchromit 
may be convincingly assigned to the high-temperature 
reaction episode, the formation ofthe magnetite could 
have resulted from the low-temperature reactions in 
which talc and antigorite were formed. The essential 
part of the equation for this reaction would be: 

3 F e O ' + HjO^ 
(In olivine 
or enstatite) 

; F e 3 0 4 + H 2 
(Magne.lile) 

Oxidation reactions compensating for the reduction 
by which pentlandite formed may therefore be, 
ascribed to either the high or low-temperature reac
tion episodes. Because the original Ni site (in the 

'doiitj 

olivine) must have been destroyed as a result of 1^.'' 
high-temperature reaction episode and because the ^ 
Ni contents of the high-temperature reaction silicates"* 
are inadequate to account for the released Ni, it seenu 
most likely that during the high-temperature reaction 
episode a significant proportion of the Ni was relo
cated in pentlandite where the conditions were favour] 
able, i.e., in the 'sulphide zone'. 

Experimental data from non-silicate systems sufr 
gest an upper stability limit for pentlandite of about* 
600° C (Kullerud, 1963) but evidence from Mg-rich^ 
silicate systems (e.g., Rajamani, 1976) indicates that'' 
it is possible for pentlandite to exist at much higher 
temperatures (c. 900° C). Thus experimental data do 
not preclude the possibility of pentlandite formation 
in the Kalskaret vein during the high-temperature 
reaction episode. However, this requires that with 
the continued expansion of the zonal sequence, pent
landite breaks down to provide Ni for incorporation 
in the chlorite which is the sole Ni-bearing mineral 
in the outer part of the sequence. Alternatively, Nj 
could have been temporarily located in another host 
(now destroyed) during the high-temperature reaction 
episode and relocated in pentlandite as a result of 
the low-temperature reactions. 

On the balance of the evidence available, we fa
vour the development of the pentlandite during the 
high-temperature reaction episode, but in either event, 
it seems clear that the distribution of Cr and Ni has 
been controlled by a complex interplay of oxidation-
reduction mechanisms coupled with the availability 
of Al as the critical factor in chlorite formation. 
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HIGH GRADE REGIONAL METAMORPHISM 
OF SOME CARBONATE BODIES: SIGNIEICANCE 

FOR THE ORTHOPYROXENE ISOGRAD* 

WILLIAM E. GLASSLEY** 

Mineralogisk-Geologisk Museum, Sars Gate 1, Oslo 5, Norway 

ABSTRACT. Amphibolite facies to granulite facies metamorphism of caiboiiaic 
bodies ill the Lofotcn-Vcstci'Slcn region of northern .N'orway has resulted in the dcvclop-
mcnl of a variety of mineral .-ts,scniblagcs iviihin each carbonale body and a mantle 
zone of mclasomaiically derived pyroxenite sunounding cich botly. The mineral assem
blages in the core of the carbonate bo<lics and the .sciiiieiice of as.wiiiblagcs encountered 

j outward from the carbonale cores suggest thai three dilfcreiil mineralogical .se(|uenccs 
can be recognized. All bodies in the eastern and northca.sterii pari of the sludy area 
(eastern province) have amphibole -f diopside -f dolomite ± calcite as an a.s,seniblage 
in llic core of the carbonate bodies and forsterite -f calciie in tho outer pari of the 
bodies. Just to the ivcst (central province) ilie core a.s.scinblagc becomes diop.side -f-
spincl -t- calcite -f dolomite; the assemblage in the ouier parts ot ihc body includes 
forsterite -f- calcite. In the uc-sicrn part of the .^ludy area (Hesteiii province) diopside 
and dolomite do not coexist and are supei.sedcil by the tomposilioiuilly c(]iiiv;deiU 
mineral pair forsterite -r calcite in the carbonate cnies. Miiicial composilions and the 
pha.sc ecpiilibria suggest that mineralogical zoning of the caibonale bfjdies ic.sult.s from 
variation in the vapor composiiion in which /iCO... and the ralio H...O/IIK decri;ase oul
ward from the carlwiiale core. \''ai-ialioii in ihc sodiuiij and pota-Ssiiim content of the 
vapor phase is al.so possible but is nol retpiiicd by the phase ei|uilibria. The phase 
cqiiilibiia and vapor composiiion variation are inlcrpieled as iiidicaliiig ihat the gradi
ent in vapor coinpo.siiion i,', inherited, althougli llie ab,soliile vapor composition nnisi 
rcdetl modification of the iiiheritcil vapor composition througli buffering rcaciions. 
Varialioii in mineral conipo.<itioii, ivliich could be attributed lo ch:iiigcs in ineiainorphic 
grade, were not observed. The province boundaries strongly diverge from the (irllio-
pyroxciic i.sogiad and .suggest that the iheriiNil sinicliirc of the deep crust uas complex. 

IN-ntOUUCTIO.V 

The purpose of the rcsc.Trch rcportetl in this jxipcr is to examine and 
model the pha.sc relationships in silicate-bearing calcitc-dolomitc marbles 
in a high grade nictamorjjliic terrain. Of specific interest ate the follow
ing (picsiions: 

1. What phase relationships develop in siliceous marbles metamor
phosed iiiulei- gramilitc facies toiulitions? 

2. Are there variations in mineral composition that can be related 
to metamorphic grade? 

3. Can the phase relationships in the carbonates be u.sed to define 
tlie thermal stnictiirc of the lower crust and to evalii;itc tlie role of mixed 

i volatiles ill the development of high grade metamorphic rocks? 
Recent atlvaiices in studies of phase ecjiiilibria in mixed volatile 

syslems relevant to paragcneses in marbles (Kor-/.liinskii, 1057; Green
wood, IOC)?; Vidale, I'Ki'.l; Ryzhenko and Volkov, 1971; Skippen, l'J71, 
197-1; Vidale and Hewitt, I97.S) allow critical evaluation of the role of 
pressure, temperature, ami vapor composition in the metamorphic proc
ess. Jt was aiilicipatctl that the role of nii.xcd volatiles in the development 
of the solid pha.se assemblages in the marbles could be determined by 
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•* I'leseni address; Depaiimenl ot Oceanography, Univeisiiy of Washington, 

Seattle, W:i.sliingion 08195 

1133 

OF UTAH? 
ISTSTUTE 

NCE U B , 

1 I: 

r^-w^^yry".* y ^ ^ - } 
'.'J^v.r*,ii!c->tJf-.i.'.,n.;fXfv_.f,r\i .̂ •j,«'i"/4^L>-'i_»-,i,>iiV':v,;.,. w.-.M-'c'r.^T'Bir-TrTra';:'-



.>«^"' 

/!! 

a/r--'̂ -'̂ ''*̂ "̂''̂ -"-''---'̂ '---̂ '-''-̂ ^̂  

1134 W. E. Glasslcy—High grade regional metamorphism oj .tome 

examining the mineral compositions aiid phase equilibria in the marblcN 
The results demonstrate that the vapor composition during mctainoi-. 
phism was a complex mixture of the components CO^, H.O, Na„0, K„0 
and F, and that variations in tlie ratios of three of the components ;iii-
adequate to describe most ot the changes in phase equilibria exhibitcti .-n 
any given site. 

Concerning the third question, it w.is anticipated that once the pliav 
relationships in the marbles were modelled, it would be j)ossible to ev;ilii. 
ate the influence of vapor comjDosiiion on the develojiment of gianiiliic 
facies gneisses. Of specific interest was the relative magnitude of tin: 
fugacity of HjO (firgo) during metamorphism of qiiartzo-feldspailnV 
gnei.s.scs in the region. Progressive changes in phase equilibria and plmsc 
cJiemisiiy argue cITcctivcly that the development of granulite facies roiks 
is initiated through dehydration reactions involving biotite and horn
blende (Hinns, 1964, 1965; Huddington, 1939, 19G3; Engel and Eiigcl. 
]9G0, 19G2a, b; de Waard, 1965, 1967). .Such reactions are a function of 
pressuic, temperature, and l|,.,o; independent variation in these thrco 
parameters is sufficient to reconcile the range of estimated conditions fur 
the orthojjyroxene isograd (sec Buddington, 1963; Buddington ami 
Lindslcy, I96'I; Tourct, 1971a, b; 'riinicr, 1968). However, in only tun 
pid)lished rcjjorts (J3iiddington, 1963; Tourct, 1971b) have investigaior.s 
documented tlie ellect of variable l'i,„(( on mineral paragcneses at the 
amphibolite facies to granulite facies transition. The results of the re
search re|Jorted in this p;i|)cr arc consistent witli scvcr;il different interpre
tations. However, on the basis of supporting geological evidence, the 
most reasonable intcrjjietation appears to be that, unlike the .'\diroiui;ick 
terrain and the Precambrian region of southern Norway, variation in the 
fugacity of water was not of sufficient m.ignitude to cause the trend of the 
orthopyroxene isograd to deviate significantly from the trend of iso
thermal surfaces during metamorphism, even though the thermal stnic-
ture, based on the regional trend of several isograds, appears to have been 
complex. 

GENKRAL CKOLOCV 

The Lofotcn-Vestci-;°iIcn province is composed of intrusive rocks .nnd 
amphibolite facies :ind giaiitilite facies gneisses of Precambrian age \vliicli 
have experienced a complex, polyinctaniorphic history (Devaraju, iirs: 
Heier, 1960; Grilfin and Heier, I9(i9; Green and Jordc, 1971; Heier ami 
Tliorcscn, 1971; Griffin, personal commun., 1973; P. Taylor, personal 
conuntin., 1973). I'lie oldest petrographically recognizable event is a inajor 
synkincmatic amphibolite facies to granulite facies mctamorphi.sin of 
1850 m.y. (Rb-Sr whole rock age; P. Taylor, personal coiinnuii., 1973). 
This event appears to have iilfected the entire jjiovincc, and evidence of 
it is Avcll Iireserved. The amphibolite facies rocks consist mainly of well 
foliated, coinijositionally banded giici.sscs and migmatites, with altcruatin,^^ 
laycis of mafic ;ind felsic matcri;il. The felsic bands ;irc composeil ul 
plagioclase, iiiicioclinc, and (iiKiitz in a granoblastic fabric; biotite ami 
liornblcnile iu a lepidoblastic fabric arc the dominant minerals in ifî -' 
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I aL-ific bands. The amphibolite facies rocks grade into the granulite facies 
* ,i,cks along strike. 

The tiansition from the amphibolite facies rocks into the granulite 
facies rocks in the northern half of the island of Langoy (fig. 1) is char-
jcieiized by several mineralogical changes. The most prominent change 

: js the development of orthopyroxene at the expense of hornblende, bio-
•iic, and quartz (Heier, 1960). Other mineralogical changes described by 
Meier (1960) are (1) a continuous increase in the anorthite content of the 
[il.igioclase, (2) an increase in tlie optic axial angle of the hornblende and 
achange in color fioni green to brown (both variations correlating with 

• apparent increases in tetrahcdrally coordinated aluminum and octa-
liedrally coordinated titanium), and (3) a change in the potassium feld
spar symmetry expressed by the progression from microcline in the am-

toii. 1939 I9fi?- r i ' " " ' '""'"• J pliibolitc facies rocks through orthoclase ^vith undulosc extinction in the 
') RiirU ron^.- ' "S^ ^"'^' Eiiijel. J diai-nockite border series (see below) to ordioclase in the banded series 
A oucn reactions are a fimction „f ' - . - / . - . . - . - . v .r 
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rocks (.sec below). For optical and X-ray data |)eriaining to the change in 
jwtassium feldspar symmetry consult Heier (1960). 

The granulite facies rocks in the northern jiart of the island of 
h.ingoy aic subdivided into the "charnockite bo,-dcr series" a,id the 
"banded series" (Heier, I960). The charnockite bonier scries is a distinctly 
bandeil unit in which mafic and felsic layers can be readily distinguished. 
Toward the w-cst the bands become less distinct as the (juarlz and jihigio
clase in the felsic bauds l)ecomc darker. The change in color marks the 
transition to the b;indcd series rocks. JJccatisc this transition is gr;idiial, 
the boundary between these two units is only aj>proxiinate (fig. 1). The 
granulite facies gnei.sscs on Gimstiy and Austvagiiy are similar to the 
banded series rocks on Langtiy. 

In the southern jiait of the island of Langoy, the transition from 
amphibolite facies to granulite facies is less w-ell defined. Fieltl ;ind jjctro-
graphic data apjjcar lo indicate that the metamorjihic transition is de
fined by the mineralogical changes dcscribeti above. However, the iiieta-
morjjhic transition also coincides w-ith the transition from dioritic border 
series gneiss to red augen gneiss rich in jiotassium fcldsjjar and is thus 
complicated by avhole rock compositional contrasts. Details of the nieta-
morjjhic transition in this region have yet to be understood. 

A second metamorjihic event (1100 m.y.; Rb-Sr whole rock age; P. 
Taylor, jjeisonal comnuin., 1973) resulted in local isoclinal folding and 
retrogiession of granulite facies rocks to amphibolite facies i>ai-agenescs. 
The retrogression is accomjsanied by color changes that allow rocks af
fected by this late event to be distinguished in the field from rocks affected 
.solely by the older metamorphic episode. 

A complex secjuence of intnisive events involving granitic and man-
geritic magmas occurred belAvecn 1450 and 1850 m.y. (P. Taylor, jjcrsonal 
commun., 1973). These intrusive ej)isodes ajjjjcar not to be genetically 
related to the metamorjihic events whose ages bracket them. 

T'he carbonate bodies studietl in this iiu'estig.ition occur tlnoiiglioiit 
the Lofoten-Vesteralen jHOvince (fig. I) as jjods and lenses, with diinen-
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I-'ig. 1. General geolngy anil llic locaiions of the carbniKiic. bodies in the slinU' 
area. The heavy .solid line is the oriliopyroNciie i,sogi;id: gi:iiiiiliie' facies rock.s orciii- i;' 
the tvc-i of llii.s line, and ainphiboliie lacies rocks :iie leslritled to the :iiea.s cast of ihi-
line. The diL l̂ied line is the uestern limit of the easlern province, mid ihe il:i,sli»loi 
line is llic ea,sierii limit of the wesu-rn province. The ceiiu:il province is rcsiriclal i" 
the area beiuecn the Iwd broken lines. The iiends of ihe province boundaries on ihi-
islaiul of Miiinoy are based on ilala supplied by E. Tvetcu (pcr.soiKil coininiiu.. I'.l'-I)-
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sions of a few tens of meters. These bodies are impure calcite-dolomite 
marbles in wJiich apjsroximately 30 to 90 jjercent of the rock volume is 
made up of carbonate material. The remainder of the body is made up 
of silicates and spinel which occur as discrete giains disseminated through
out the body or in bands and knots a few centimeters wide. 

Development of the metamorphic minerals in the carbonates was 
synchronous with the 1850 m.y. metamorphic event. This conclusion re
sults from the following characteristics of the carbonate bodies: (1) bands 
of non-carbonate minerals, although somewhat folded and disrupted as a 
result of solid state "flow" of the carbonate during kinematic metamor-

] phosis, tend to jiarallel banding and foliation in the country rock gneiss 
I (fig. 2), and (2) minerals that occur in elongate (ampliibole) or tabular 

(phlogojjiie) form cxiiibit a strong jjieference to have tiie longest crystal 
dimension jwiallel to the banding in the carbonates. 

Immediately adjacent to all the carbonate bodies are mantles of 
clino|)yroxenite. These monomineralic mantles are massive, dark green 
zones which vary in ihickness from 50 to 200 cm. Away from the contact 
with the carbonate bodies the mantles grade into strongly foliated am-
phibole-jjhlogojjite-clinopyroxene rocks which, in turn, grade into 
quartzo-lcldsjiaihic country rock gneisses (fig. 2). The foliation exhibited 
by the am|)hil)ole-phIogoj)ite-clinopyroxene rock is parallel lo that ex
hibited by the enclosing country rocks, strongly suggesting that the mantle 
zones and the gneissic country rocks clevclojjcd during tlie same kinematic 
metamor|jliosis. 

PE1-ROI.OCV OF THK MA.N'rLK ZONKS 

The zones mantling the carbonate bodies exhibit the following gen
eralized scfjucnce, fiom the maigin of the carbonate bodies outward: (1) 
a massive, gianular inner regime of green clinopyroxene; (2) a banded 
regime of j>hlogopite -I- clinopyroxene ± amphibole in which le|)ido-

.xf^^'-i£,^^!S.v^$';^.v^i.^vii^ WiT -̂'Ĵ H^̂ ^F**"-

METERS 
I 

l-'ig, 2. Generali'/.cd diagram of ihc field aspect of ihe carbonate bodies. The bodies 
arc cncioscil in gneiss (banded -/.one ai-ouiul the body) an<l ave mantled by a metasomati
cally alt(;i-ed zone of pyioxciiiie (heavy stipple) Hhicli grades inlo ihe enclosing gnei.s.s. 
Layering in llie carbonale bodies (lightly stippled bands) is coiuorteil and disrupted. 
\Vhen po.ssible, .sanijiles were collected along traverses parallel and perpendicular lo 
Ihc layering in the carboii:iie bodies. 
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TABLE 1 

Chemical analyses of mantle zone minerals in carbonate free assemblages 

SiO, 
T i O , 
Al.Oa 
FeO* 
MnO 
NfgO 
CaO 
Na.O 
K,0 
F 

Total*** 

D-6 
39.4 
0,63 

17.8 
3.76 
0,08 

24,5 
n.d. 
0.27 
9 J 0 
1.45 

96.78 

D-7 
40.6 

1.26 
17.6 
6.18 
n.d. 

21.9 
n.d. 
O.IO 
9.89 
1.09 

98,16 

Phlogopitcs 

F-2 
40,6 
0.87 

17.9 
2.72 
n.d. 

24.9 
n.d. 
0.26 
9,67 
1.31 

97.68 

H-9 
41.3 

0.91 
18.4 
5.32 
n.d. 

23.8 
n.d. 
0.32 
8,69 
1.02 

99,33 

J-IO 
40.9 

0.43 
16.9 
1.00 
0.03 

26.9 
n.d. 
0.54 
9,26 
2.06 

97.15 

D-4 
40.0 

1.55 
16.7 
12.8 
O.ll 

12.1 
12,8 
2.09 
l . l l 
n.d. 

Amphi 

D-6 
41,9 
0.60 

15.1 
7.04 
0.12 

10.4 
13.1 

1,91 
1.32 
n.d. 

boles 

H-9 
43,9 
n.d. 

16.7 
6.16 
n.d. 
16.2 
12,9 
2.56 
0.40 
n.d. 

J-10 
42 2 

1.10 
15.4 
4.89 
0.05 

18.5 
13.5 
2.93 
0,39 
n,d. 

Clinoproxenes 

D-4 
47,2 
0.93 

11.5 
7.65 
0,10 

10,8 
22,3 
** 

n.d. 
n.d. 

D-6 
52.3 

0.20 
5.23 
3.71 
0,12 

15.4 
23.9 

» • 

n.d. 
n.d. 

D-7 . 
53.5 

0.27 
4.69 
4.19 
0.19 

14,8 
22,0 

* • 

n.d. 
n.d. 

99.20 97.49 98.82 98.96 100.48 100,86 99.64 

F-2 
49.2 
0.38 
5.76 
3.10 
0.19 

15.2 
25.6 

»* 
n.d. 
n.d. 

99.43 

* FeO = lotal iron. •* Na^O is less than 0.03. *** Totals corrected for fluorine, if F is in ihc analysis. 
n.d. = nol determined. Sample letter designation refers to location in figure 1; sample number refers to a specific sample from a given 

sile. .'\nalyses were conducted on an ARL-EMX SM 3 channel electron microprobe uliicli was operated at 15 Kv and a sample cunen t of 
0.05 ^amps. Anaiyscs arc corrected for insuumeiU deadiime and drift and for backgiound, absorption, linorescnce, and mean atomic num
ber effects. 
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blastic textures dominate (the banding in this regime is 1-10 mm wide); 
(J) a regime transitional to the country rock gneiss, widi variable propor-
(ions of clinojjyroxene, piilogopitc, plagioclase, orthoclase, quartz, biotite, 
liornblende, and sjihene. Away from the mantle zone the grain size in 
the gneisses increases, and opacjue minerals apjiear at the expense of 
sphene. The width of each of the above regimes varies from site to site. 

The field relationshijos and the setjuence of mineral assemblages 
strongly suggest that the mantles dcvelojK-d as a result of metasomatic 
interchange across the carbonate-gneiss contact. If the massive pyroxenite 
and the banded jiyroxenite corresjjond, res|icctively, lo metasomaiically 
altered carbonate and gneiss, the field relationships imply that large 
volumes of both rock types have been altered. Based on the mineral com
positions (tabic 1) and the average comjwsition of the banded granulites 
(Heier̂  19G0), it is evident that gross changes in initial bulk composition 
have occurred (fig. 3). 

The sequence of a.ssemblages in tlie mantle zones is similar to the 
exiierimentally produced "calc-silicate" bands of Vidale (I9(i9). However, 
differences in bulk comjiosition ;ind prcssure-temjjcrature history between 
the exj)erimcntal system and the natural system have resulted in some 
differences in the assemblages that have dcvelojjcd. Direct ajjjilicalion of 
the exjierimcntal results to this natural system is thus not justified. Even 
io, the scipicnce of assemblages suggests that beluivior ot cations in the 
ex]x;rimcntal sysicm aj^proxiinatcs the behavior of cations in the m.inile 
zones. By analogy to the cxjicrimcnt.il system, the nietasomatisin involved 
migiaiioii of .Si'-i-, Af-!-, K-f- (?), and Fc-*-+ (?) toward the carbonate and 
Ca++ and Mg+''" away from the carbonate. The element migTation can 
reasonably be ailribuieil to chemical polciiiial gradients dial developed 
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1140 W. E. Glasslcy—High grade regional metamorphism of .wine 

as a result of compositional contrasts between the carbonate bodies and 
the quartzo-feldspathic gneisses. 

PETROGRAPHY OF THE CARBONATE ROCKS 

Each carbonate body exhibits a variety of mineral assembla"es -.„. 
ranged in a regular manner from the interior of the carbonate otitwanl 
The assemblages are limited to various four-, five-, and six-mineral oim, 
binations of the phases calcite, dolomite, diopside, forsterite, par"asiii, 
hornblende, phlogopite, and spinel. 

Primary textures and mineralogies are well jireserved; reiro^radr 
reactions have affected less than 10 jiercent of the samples exaniincil. 
Primary assemblages are characterized by granoblastic or lepidobl.isiii 
textures and a complete absence of reaction textures. The ubiquitnih 
development of ecjuilibrium textures, even in assemblages that comain 
all minerals of a reaction assemblage (reactions discussed below), jiroh. 
ably results from rajiid approach of the carbonate assemlilages to chemi
cal and textural etjuilibrium, rchtiive to the rate of change of the jjaraiii-
eters controlling the melamorjihism. 

All the carbonale bodies, with the exception of sile B, are mineralogi
cally zoned. Al any given site, the sequence of assemblages encountcrcil 
outward from the core of the carbonale botly is restricted to one of three 
tyjjcs. Each setjuence type is characteri/ed by the mineral assemblage ili.ii 
occurs in the core of the carbonate. On the basis of the geographical tli<-
tribution of the three sequence lyj)es, three |5rovinces can be delineatcil 
in the sludy area. .All botlies in the eastern [province contain the con: 
assemblage |j:irgasitic hornblende -f calcite -f dolomite, all bodies in ilu: 
central province contain the assemblage diojiside + sj^inel -I- dolomite in 
the carbonate core, and all botlies in tiie western jjrovincc contain ihc 
core assemblage forstcriie -t- calcite ± spinel. The systematic changes in 
core mineralogy corresjjond to reaction relationshijis involving conijjo.si-
tionally similar assemblages (mineral comiiosiiions used in the reactions 
are listed in table '1; justification for the mineral comjjositions used is 
presented in the section dealing with mineral chemistry): 

pargasitc -)- calcite -f dolomite = diopside -F spinel -f- vapor (M) 

diopside -i- dolomite = forsterite -f- calcite -t- CO^. (16) 

The boundaries in figure 1 that define the limits of each jirovince reinc-
sciit the apiKiicni trace of the P-T-X surf.tces to which reactions (It).ami 
(16) would corrcsjjond. These reactions, and die provinces associated with 
them, arc discussed in the following sections. All rcaciion numbers refer 
to the reactions tabulated in table 4. 

Dioj}sidc-sf)'incl reaction (reaction If).—At locations D, E, H, and J 
mineral a.ssemblages in the core of the carbonate bodies contain pargasiiic 
hornblende -f calcite -f dolomite, but tlic same assemblage is totally lack
ing at siles A, B, C, F, G, and 1 (fig. 1). 71ie com|30silionally equivalent 
mineral jiair diojjsidc 4- spinel occurs at.all of the latter sites but is never 
found at sites D, E, H, and J. 
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I Complete absence of amphibole is not required beyond the eastern 
/one boundary, if either calcite or dolomite is alxsent. But the ubiquitous 
jiicscnce of calcite and the common jMCsence of dolomite, as well as the 
,inali modal proportion of amphibole (always less than 2 percent), have 
il,c practical consequence of forcing comjjlete reaction of the amjjhibole. 
I'liis reaction evolves a vapor plurse liiat contains more than 80 mole 
,x:i-cent of the comjionents CO^ and H.O. The tem|jerature at which this 
reaction will take jdace is dependent on the vapor composition that co
exists with the amphibole 4- calcite 4- dolomite assemblage prior to re-
,-iction. 

Mineral assemblages xvithin the easlern province.—All the carbonate 
bodies in die eastern province (D, E, H, and J) have core assemblages 
containing amphibole 4- diojKide 4- dolomite ± calcite ± phlogojiite. 
Outward from the core of the bociies a systematic sequence of assemblages 
occurs (table 2). At sites H and J (fig. 1) balanced chemical reactions can 
be written that relate some of the assemblages immediately adjacent to 
each other: 

Sites H and J diojjside 4- dolomite 4- amjihibole 4- vapor, = (12) 
j)hlogoj>iie -\- calcite 4- vajjor. 

Site J jjldogopiic 4-calcite 4-dolomite 4-vai:ior, = (9) 
forsterite 4- amjihibolc 4- vajjor, 

phlogoiiitc 4- dolomite -f vajior, = (10) 
forsterite 4- amjjhibole 4- sjjincl 4- vapor^ 

phlogojiite 4- dolomite = forsterite -t- calcite 4- (7) 
spinel + vajjor. 

For site J the reactions arc listed in order of increasing distance from the 
carbonate interior. 74ie j^reci.sc vapor component ratios are given in 
table 4. 

Assemblages that can be related by the reactions in table 4 can be 
treated as comijosiiionally etjuivalcnt, if it is assumed that a vajjor j>liase 
coexisted with the as.scmblages, and that the vajjor contained the com
ponents indicated in the re.ictions. In subsecjuent discussions of comjiosi-
tionally equivalent as.semblages, the assiimjition is made that a comj^osi-
tionally aijjjroiiriate vajJor jiliase coexisted with the assemblages. It need 
not be a,ssumcd, however, iluit bulk rock comjiosilions are the same for 
rocks that contain a.ssemblages related by a reaction; variation in bulk 
rock comjjositioii will be expressed by the persistence of some (but not 
all) minerals of the reactant assemblage in the product a.ssemblage. The 
conijjositional ct|uiv-alctice discussed here only requires that all minerals 
of the react;int assemblage and all minerals of the jiroduct assemblage be 
IJiesent in adjacent a.ssemblages. 

Assemblages that cannot be relaled to adjacent assemblages by re
action rcj>rcseiu niinerai combinations that arc comjjositioiially distinct 
horn (he adjacent assemblages. Such assemblages are forsterite 4- si^incl 
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TABLE 2 

Mineral assemblages within carbonate bodies of the eastern province 

Location Core of carbonate 

Am-Di-Cc-Do — D 

E 

H 

J 

.•\m-Di-l-a-Plil-Cc-Do 
(Invariant point 1) 

Margin of carbonate 

— Fo-Phl-Cc-Do 

Am-Di-Phl-Cc-Do -
(Reaction 12) 

Di-Fo-Phl-Cc-Do 
(lieaction IC) 

Am-Di-Phl-Do <-
(12) 

-» Am-Di-Phl-Cc 

Am-Di-Cc-Do <-
(12) 

-> Di-Phl-Cc-Do 

Am-Fo-Phl-Sp-Cc-Do 
(Invariant point 2) 

Fo-Sp-Cc-Do -

— Am-Di-Fo-Phl-Cc-Do 
(Iiivariaiu point 1) 

Fo-Phl-Sp-Cc-Do -
(Reaction 7) 

Di-Fo-Phl-Cc 

Am-Fo-Phl-Cc-Do 
(Rcaciion 9) 

Ant-Fo-Phl-Sp-Do 
(Reaction 10) 

Crq 

Houblc ended arrows indicate asscmbiages related by the noted reaction. .A.ssemblages that are univariaiit or invariant in ihe model sys
lem (see lexi) arc indicated by the icaciion or invariant point number to vihieli ihev correspond (table 4). T h e abbreviations are defined in 
lable 4. 

file://�/m-Di-l-a-Plil-Cc-Do
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SiO„ 

CaO 
* '2°3 

1 

Fig, 4. Solid phase coinposition relations in the CaO-MgO-.Si0.j-AI.;0., tetrahedron. 
Phlogopite (Pill.), foislcrite (KO). and spinel (.SP) plot on the .SiO:.,-Mgb-Al,0.-, fjcf of 
the leiiahedioii; diopside (01). aiiipliibok- (AM), and dolomite (DO) fall wilhin ihc 
ictiahedron (open circles), iCIalciie lies at the CaO apex. The solid dots are the phase 
locations when pi-ojecled from calciie oiiio llie .SiO^-.MgO-Al.O;, face. Ihe chemograph-
ic diagrams ii.sed in this paper iitilii-e lliai portion of the piojeciion bounded by 
dolomite-spinel-ainphibolc-diopside. The cheinogiajiliic relationships depicted in sub
sequent diagrams pertain only to calciie-bearing assemblages which coexi,st with a 
COj-IInO-Na.O-K.O-l-" vapor. 

+ calcite -1- dolomite and diojiside 4- forsterite 4- jihlo.gojiitc 4- calcite at 
site H. Comjiositioiial differences such as tlicse are probably the result of 
original comjjositional coiUi-;ists within the carbonate bodies. 

At all sites within the province, the core a.s,scniblage contains the 
mineral jjair diojjside -h dolomite; away from the carbonale core forsterite 
-f calcitc-bcaring a.ssemblages occur. These mineral pairs are comjjosi
tional equivalents, and they demonsirale that the core of the carbonate 
hodies jirobably coexisted with a more CO-^-rich vajJor phase than the 
outer jjoriion of the carboii.itc bodies (Skipjjen, 1971, 1974), a.ssumiiig 
that the temiicraiure was uniform ihroughout each body during mcia-
niorjihism. The chcinograjjhic relaiionshijis' that rejiresent ihe assem
blage changes in the carbonate Ijodies are shown in figures 7 through II . 

' Chcmogr.iphic lelaiionships presented later arc based on the projection in figure 
4 Calcite and a CO;-ir.O-K...O-.N'a„0-F vapor .ue present in all llie .i.s.seinblages de
picted in the chemographic diagrams. The chemograpliic diagrams are developed from 
tile phase eipiilibria; electron niicvoprobc .inalyses ami visual eslimales of modes pro
vided evidence for the compositional etinivalente of coiiii-.-isiing niincial a.ssenibUigcs. 
There arc insiiHicieiit data available to demonsti-aic any coiiipfisitioiial variation in the 
Solid phases as a funciion of I ' -T-X. 'Iherefine, only single tie lines are u.sed in the 
chciiiogiaphic iclaiionship.s. 
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Mineral assemblages luilhin the central province.—At site Ci ii„. 
stable coexistence ot diojiside 4- spinel -t- dolomite and the alxseiirc ,,i 
amphibole 4- calcite 4- dolomite (table 3) indicate that the core asvcm 
blage corresponds to the product assemblage of reaction (14). Thcrelni-
the boundary bciwcen the easlern and central j^rovinces must lie to ijij. 
east of this site. The assemblage that occurs in the outer portion of i|„. 
body cannot be related to the core a,s.semblage by any reaction, l-lciui-
the two assemblages are comjxjsitionally distinct. However, as in ii,,' 
easlern jjrovince, the core assemblage contains the mineral jDair diojisid,-
4- dolomite, w4iercas the outer assemblage contains the mineral ij.ni 
forstcriie 4- calcite. Thus, during metamorphism the core of the carbonair 
body coexisted wilh a more CO...-rich vajior jihasc than did die outer um. 
tion of the body. Variation in v;ij)or comjiosition al this site was, then-
fore, similar to dial at sites in the eastern province. 

Mineral a.tsanihlagcs in the mastern province.—At sites A, B, C. I-', 
and 1 dioj»ide 4- dolumiie never occur as a mineral pair, alihough e:uli 
mineral jicrsists in a.ssemblages in which the other mineral is absent. In. 
stead, forsterite 4- calcite becomes the mineral jiair in the core asstm. 
blagcs for comjiositidiis ccjuivalenl to diojisidc -f dolomite. Hence, unlike 
the eastern and central jjrovint:es, forstcriie 4- calcite is nol rcsiricletl in 
the outer jjortion of the carbonate botlies in this jirovince. 

Alihough reactions that rel.-iic miiicial a.ssemblages at sites C and I-
(lable 3) can be wriitcii, ihc majority of assembla.ges at the siles \\'iihiii 
this jirovince are comjJositioii;illy distinct from iiiiiiiccli:itcly adjacent ;is-
sembl.'iges. As in the eastern and cciitr.il laroviiices, these composition.il 
contrasts are believed to rejircsent initial variations in the cheniiiiii 
clKiracierisiics of the carbonates, 'i'he reactions that rcl.iic comj)Osition;ill\ 
e(|uivalent but mincr.ilogically distinct a.sscmbhiges involve a mixcil 
volatile pli.ise, thus suggesting tli.il, as in the eastern ;ind central prov
inces, llic jihasc ecjiiilibria dcvclu|iccl in resjjoii.se lo vajior compositions 
that were v.iriablc \villiiii a given c,irbon;iie body. 

Stininiiu-y.—Within each carbonate body sjiccific mineral sequeiues 
occur oulw"ird from the carbonate core. Although coiiijiositionally dis
tinct assemblages can be recognized in the carbonale botlies, re:ictions can 
be written betweeii a number of contrasting assemblages, thus dcnioii-
strating comjjosition.il ctjuivalciicc. These reaclions involve mixed vol;i-
tilc jiliases and imjily that the vajior com|Jositioii systematically varied 
within each carbonate boily. The distribution ot the mineral pairs 
dioj)side -f dolomite and forsterite 4- calcite within the carbonate bodies 
demonstrates that the variation in vajior comjiosition w.is, at least in pari, 
a decrease in CO._, partial jjiessure outward from the carbonate core. 

MINERAL CI1E.MIS'I"RV 

Electron microprobe analyses ot minerals in selected sanijiles (tables 
5-8) demonstrate lluit only high magnesiuin, low iron comjaositions occur. 
The analyses also demonstrate that there is no recognizable systemaiic 
variation in mineral comjiosition regionally; comjwsitional contrasts at a 
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(riven site (compare amphibole analyses from site J, for examj^le) exceed 
("hose exhibited between sites. It is thus not possible to recognize changes 
ill mineral composition that could be attributed to variations in meta
morphic grade. 

f Systematic variations in vapor composition arc suggested by varia
lions in die fluorine and hydroxyl content of hydrous phases. The OH/l*' 
ratio for jihlogopites at sites A and J is lower for phlogopites near the 
carbonate-gneiss contact (samples A-3, J-14, and J-17) than for samples in 
the core of the carbonate bodies (samples A-l, J-6, and J-9). A similar 
variation is suggested in the F content of the amphiboles. This chemical 
variation suggests that the ralio of H , 0 to F in the vapor phase systemati
cally decreased away from the core of the carbonate bodies. 

Parlilioning of magnesium between coexisting diojMide-phlogoj^ile 
and forsierite-phlogojjiie (fig. 5) dcmonsiraics that the distribution o£ 
iVfg belween the.se jihases is regular, thus suggesting that these jihascs are 
in chemical equilibrium. Parlilioning of Mg belween johlogojDite and 
amjjhibole exhibits greater variation than that for the above two mineral 
pairs. Figure 6, however, demonstrates that the distribution of Mg be
tween jjlilogojiitc and amjihibole is a function of the atomic ratio of Ca 
to Mg -f Fe in the amjihibole. The regul.tr change in the distribution 
coefTicient strongly suggests that these two phases are in chemical equi
librium; the regular distribution of F between jihlogopite and amjihibole 
supports this suggestion. 
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The chemical formulas of minerals used in the model system (MI-
table 4) are based on the compositional data in tables 5 through .S. I',,-, 
cause the mole fraction of the Mg-end member in the jjyroxenes, olivim-s, 
and spinels exceeds O.S.'J and exhibits little variation from site to site, iiu: 
pure Mg-cnd member formulas (that is, CaMgSi.jO,,, .Mg-SiO,,, MgAfjO,) 
were used in the reactions. The anqjliiboles analyzed exhibit sigiiificuii, 
com|JOsiiional variability, but they consistently conlain a high projwrtion 
of Na, Mg, Al, and F. Comjiosiiionally, fluorine-bearing |)arg,-|.̂ i|̂ ; 
(NaCa:..\lg,Al(Si,iAf.)0._,.^(0f4F)) jjiovides a rea.sonably close apjjroxinia-
tion to the amjihibole in the natural .system. The jjlilogojiite analy.̂ i-s 
demonsirale that, alihough the micas apjjroach pure Mg comjjosiiioi^, 
they deviate significantly from jjurc hydroxyl jjldogojjiie composition^ 
because they contain a relatively large amount of fluorine. The mica in 
the model system is therefore allocated one hydroxyl and one fluoriiii-
(KMg:.Si,A10|„(0HF):.), in order to ajijiroximatc the natural phlogojjiics, 

ANAl.VSIS OÎ  Tur, PIIAS1-: I-XIUII.IRRIA 

The changes in assemblages in each carbonate body that are atlribiii-
able to reaction rclatioiishii)s must reflect variations in vaj)or com|josilioii 
or tolal vajior jircssui-e; it is unreasonable to cxjjcct tcm|)eraiiire or solid 
jiressure giadiciits in bodies with dlmciisioiis of a tew tens of meters in 
high grade, regionally mctaiiiorjihoscd terrains. The distribution of the 
niinerai jiaiis diojisidc -f dolomite and forsterite + calcite in bodies in 
the easierii and ceiitral jiroviuccs suggests thai f,-,,,, was higher in the coic-
of the bodies than iu the rims. A similar variation in f,;,,,, for bodies in 
the western jiroviiicc can be a,ssiimccl. Variations in the ratio fu„o/fiii- ''i 
the vajJor jiliase ;iic suggested by coiiijKjsitioiis of jihlogojiitcs from bodie.'. 
in the eastern and central iiroviiices. 'I'he changes in jjhlogojiite composi-

TABLI: 5 

Electron microprobe anaiyscs of phlogojiitcs from carbonate assemblages* 

SiO, 
TiO„ 
A1.,0, 
FeO 
MnO 
MgO 
Na.O 
KjO 
F 

Total 

^ M e 
log (fn 

A-1 

40,a 
1,02 

]8.'2 
1,70 
i i , d . 

24 ,G 
0.40 
9.03 
1.04 

9G.51 

0.8.-!G 
.ofUn-)** 

4.8 

A-3 

43.4 
0.70 

15.4 
1.84 
n.d. 

26.7 
0.28 
9.37 
1.99 

98.84 

0.883 

4 5 

n-1 
42,3 

0.17 
14.7 
2.32 
0,01 

26,7 
047 
9,42 
1.74 

97.11 

0.918 

4.6 

E-1 

41.0 
043 

16,G 
1.51 
0,00 

26.3 
044 
9.63 
1.49 

96.77 

0.903 

4.7 

J-G 
41.4 

0.48 
15.4 

1,14 
0.02 

26.5 
0.37 
9,68 
2.19 

96.26 

0.937 

4.4 

J-'J 
41.1 

0.38 
16.6 

1.44 
O.OI 

26.(5 
0.50 
9,45 
2.17 

97.34 

0.922 

4.4 

J-IO 

40.9 
0.43 

16.9 
1,00 
0.03 

2G,9 
0.54 
9.26 
2.06 

97.15 

0.925 

4.5 

J-l'l 
40.9 

0.57 
15.6 
1.30 
0.03 

26.4 
051 
9.51 
2.17 

96.08 

0.935 

4.2 

J-17 
40.9 

0.41 
16.9 
1.91 
ii.d. 

26.1 
0.19 
9.59 
2.41 

97.72 

0.870 

4.3 

'• » .Sec explanalion for lalile 1. 
**The fugacity ratio values are calciilaled a.ssuniiiig T = fiOCC, and unit activilic.> 

for the Mgplilogopite coinponent (Miino/. ami Ludingion, 1974). 

carbonate bodii 

Electron microprobe'; 

1 
SiO, 
TiO.. 
Al.,03 
FeO 
MnO 
MgO 
CaO 
Na,.0 
K.O 
F 

Tolal 

X.M. . 

n-1 
44,5 

0,40 
13.3 
4.90 
n.d. 

185 
13,2 
2.78 
0.43 
1.39 

98,81 ' 

0,78 

• See explanation for I 

Electron 

SiO,, 
r i o . j 

AI..O:, 
l-i.-O* 
iMiiO 
MgO 
CaO 
Na.O 

Total 

^ i i K 

A-3 

55.0 
0.05 ' 
0.30 • 
0.97 
0.13 1 

17.6 
25.3 

** 
99.95 

0.954 1 

*, **See explanation f< 

Electron microj^robi 

A-l 

SiO, 
TiO. 
A1,0., 
1-cO* 
MnO 
MgO 
CaO 
Xa.O 

41.9 
h.d. 
b.tl. 
4.16 
0.25 

54.2 
h.cl. 
b.il. 

F-2t 

41.8 
b,.l. 
b.d. 
7.07 
0.52 

515 
n.il. 
b.<l. 

Tolal 

^ 1 1 B 

10051 

0.956 

101-49 

0.91^ 

b.d. = below detccuoi^ 
* 

I 
**Scc cxplaiiatiou foi 
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URIA 

c body thai are attribiu-
lis ill vajior comjjosition 
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it few tens of meters in 
The distribution of die 
4- calcite in bodies in 
was higiicr in the cores 
1) in foô  for bodies in 
11 the ratio f,i.,o/fiii.- in 
hlogojiites from bodies 
in ]jhlogoj>itc composi-

irbonate asscmbiages* 

J-IO 

40.9 
043 

16,9 
1.00 
0.03 

26.9 
054 
9.26 
2.0G 

J-14 

40.9 
057 

15.6 
1.30 
0.03 

26.4 
051 
951 
2.17 

J-17 
40.9 
0.4-1 

16.9 
1.91 
n.d, 

26.1 
049 

2.41 

97.15 

0.925 

45 

96,08 97.72 

0.935 0.870 

•4.2 4.3 

I0°C, and unit activities 

•n*taii>.Xh;ii^.tea^..^-3t.^-aJ:cg,-vi^^>feJ0i<i.iB^ 
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TABLE C 

Electron microprobe analy.scs of amphiboles from carbonate a.ssemblages* 

SiO, 
T iO, 
A1..0, 
FcO 
MnO 
MgO 
CaO 
Na.O 
K,0 
F 

Total 

XMB 

D-1 

445 
0.40 

13.3 
4.90 
n.d. 

185 
13.2 
2.78 
0.43 
1.39 

98.81 

0.78 

E l 

445 
0.69 

145 
2.90 
0.00 

19,4 
13.7 
253 
0.72 
1.04 

99.00 

0.80 

J-6 
445 

0.80 
134 
4.05 
n.d. 

185 
13.0 
2.40 
0.71 
153 

98.24 

0,78 

J-3 
465 

0.70 
105 
3.69 
0.04 

20.7 
13.7 
'̂ ,89 
0..37 
151 

99.83 

0.80 

J-7 
475 

059 
10,0 
3.85 
0,05 

20.4 
135 
2.33 
0.38 
n.d. 

98.00 

0.83 

J-10 

42.2 
1.10 

15.4 
4.89 
0.05 

185 
135 
2.93 
0,39 
n.d. 

98.96 

0.77 

J-14 

43.6 
0.60 

14.0 
5.16 
n.d. 
18,6 
13.7 
2.75 
0.49 
1.52 

99.78 

0.77 

•See explanation for table I. 

TAIU,K 7 

Electron microjjrobe analyses of clinojjyroxcnes 
from c.'irbonate a.ssemblages 

SiO, 
TiO., 
AV.O, 
FeO* 
MnO 
MgO 
CaO 
Na,,0 

'I'otal 

X.M. 

A-3 

55.6 
0,05 
0,.H() 
0.97 
0,13 

17.6 
25.3 

** 
99.95 

0.954 

D-1 

56.2 
0.03 
0.13 
0.!I8 
0.05 

18.4 
24.3 
** 

100,09 

0,908 

E-1 

54.8 
0.14 
2.09 
1.11 
0.03 

17.7 
2.3.9 

*« 
99.77 

0,905 

C-2 

54.4 
0.06 
1.73 
0,61 
0,06 

18.0 
'25,3 

• •* 

100.70 

0.913 

H-2 

555 
0,08 
0.91 
0.95 
0.00 

175 
'25.3 
*» 

100.33 

0,9-29 

J-0 
50.2 
0.05 
0.21 
050 
0,00 

18.6 
25.3 
** 

100.80 

0.979 

*, ** .See explanation for lable 1. 

TAIILF. a 

Electron microjirobc analyses of olivines and sjiinels from carbonate 
and m.intle zone assemblages 

SiO, 
Tid 
Al.o; 
FcO* 
MnO 
^(gO 
CaO 
N'3,0 

Total 

A I 
41.9 

b.d. 
b.d. 
4.IG 
0.25 

54.2 
b.d. 
b.d. 

F-2t 

41.8 
b.d. 
b.il. 
7.67 
052 

515 
n.d. 
b.d. 

Olivines 

42.2 
b.il. 
b.d. 
3.01 
0.13 

545 
n.d. 
b.d. 

J-12 

42,0 
b.d. 
b.d. 
0.89 
0.03 

57.0 
0.11 
n.d. 

J-17 
41.2 

b.d. 
b.d. 
3.97 
0.07 

54.0 
0.16 
n d . 

A-1 
0.01 
0,02 

69,2 
6,62 
0.25 

23.0 
0.04 
0.05 

Spinels 

F-2t 

0,01 
0.03 

675 
11.2 
0.37 

21.0 
0.02 

b.d. 

C-2 

0.04 
0.07 

71.2 
4.46 
0.09 

24.6 
0.12 
0.01 

10051 

0.956 

101.49 

0.918 

100.47 

0,963 

100,03 

0.991 

99.40 

0.960 

99.19 

0.856 

100.73 10059 

0.769 0.900 

b.d. = below detection liniil. f from niaiulc zone assemblages. 
*, *»Scc explanation for lable 1. 
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1.20 

.40 .45 .50 
Co / Mq + Fe Amph. 

Fig. 6. nistribiiiion coedicicnis (K„) versus ihe aiomic ralio of Ca to Mg 4- Fc in 
the ainphiboles of coexisting phlogopitc-ainphibole pairs. K„ — X.M5''' ' '/X5[|.*'". 

tions reflect an increase in the fugacity of HF by a factor of about '.' 
(Munoz and Ludingtoii, l'.)7-l) otitw.-u-d from the carbonate core (table 1). 
Even .so, the absolute amount of I4F in the vajior jihase is exceediiii;i\ 
small. If the vajior jihase w-as a jiure mixture of the coinijonents H..0 ami 
F, the jjlilogojiiic comjiosiiioiis inijily that it contained less than 0.1 moli-
pcrccnt HF (Munoz and Eugster, HlfiD); if signific.int CO._, were prc.sc-ni 
the mole jicrcem of Hf ivould be even less (;i constant temperattire ni 
GOO'C is assumed, siiiijily tor illustration). 

A model tor the observed changes in the mineral assemblages am! 
vapor comjiositions witliin the carbonate bodies can be described by tlu-
comjioncnts CaO-MgO-ALO,-SiO,-Na,,0-K,,0-l-LO-CO.,-F. These com-
poncnts are chosen on the basis of the mineral compositions. Reaciidii^ 
in which jiargasite is a reactant result in the liberation ot Na._.0. .Since no 
other solid jihasc has an ajjjjreciablc sodium content, it is assimied ihai 
sodium was evolved into the v.-qior phase as a result of anijaliibole reai-
tioii. .Similarly, since iihlogojjite is the only jjotassium-beariiig jiha.-c 
among the solid jihases, it is assumed that fC.̂ O was a vapor phase com
ponent in reactions involving jililogojiitc. Of the olher comjjoncnis in 
ihis nine comjioncnt system, tour will be treated as inert (CaO, .M.Û -̂
Al.,0.i, and SiO.,)-, the remainder (F, H.,0, and CO...) will be discii.sscil 
below. 

The nine comjjoneiu system contains seven solid phases (cakiic. 
diojiside, dolomite, forstcriie, pargasitc, jihlogopite, and sj)inel). The ic" 
aclions tor jjldogojiite- and amjihibole-bearing assemblages po.ssess li^r 
degrees ot freedom, and phlogojiite or amphibole ab.sent reactions |j('s.vc-̂ ^ 
four degrees ot freedom, it the equilibrium jiarameters arc jjicsstirc, icm-
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perature, and the chemical potentials of all the comjjoncnts. Pressure :i|..| 
temperature can be assumed uniform for a .given carbonate body, if i, ^ 
also assumed that two ot the vapor components are dependent ciiuiuu. 
rium jwrameters, then all the reactions become univariaiit, and iii,-
phlogopite- and amj:)liibole-absent reactions become comjjositionallv .!,. 
generate, it spinel is absent, in the following treatment //Na,0 is assinm-i! 
to be dependent; other vajior comjionents will be discussed indiviilii.-,||v 
or in groups of two and three. 

All the univariant reactions belonging to this system are listcil in 
table 4. The topological relaiionshijis of these reaclions are presenicil m 
;iH,0-y.COj (fig. 7), ;.CO,-;.F (fig. 8), ^H,0- ;LCF (fig. 9), ,xH,0-;aK.,0 (I,;.; 

^CO^-yH^'^ 

Fig. 8. ;iCO,-;iF chemical polential diagram. For explanaiion, sec figure 7. 
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lO), and /iCO.-ziKoO (fig. 11) diagrams (Korzhinskii, 1957). Only the 
;(able intersections of the reactions are shown. The stability of these in-

, lerseciions (Lsobaric-isotherrnal invariant jjoiiit.s, for the chemical jjoten-
. lial conditions outlined above) is demonstrated by the existence of the 
, assemblages amphibole-diopside-foisterite-phlogopitc-calcite-dolonlite 

(sites D and J, invariant point 1) and amj^hibole-forsteriie-phlogopite-
1 spinel-calcite-dolomiie (sile J, invariant jioint 2). 
.f The tojjological relationships of the intersections of the reactions are 
' diagrammed in figure 12. The dashed lines in figures 7 to 11 indicate the 

locations of the two-dimensional vajjor comjionenl planes wilh respect to 
each other. 

Changes in hydroxyl/fiuorine raiios in hydrous minerals and the 
changes in ĵ ihase equilibria within single carbonate bodies require that 
simultaneous variation in the chemical jiotcntials occur for at least three 
of die vajior comjionenls. It is thus not jiossible to describe comjilctely the 

V changes in jihase relaiionshijis in the two-dimensional /j.-/i diagrams. For 
• examjile, tliojisidc-jihlogojiiie-calciie-sjiincl assemblages that occur at 
j sites F and 1 are not jiossible equilibrium assemblages in figures 8 and 9, 

although figure 11 allows such assemblages. Even .so, the chemical jiotcn-
tial diagrams individually and collectively demonstrate the necessary 
dianges in the cJiemical jiolentials ot the vajjor coinjionents needed to 

I describe lite changes in jiliase ecjiiilibria. 
•1 ']4ic changes in jiliasc relationshijis ili.il occur in bodies within the 

eastern jiroviiice can be coinjilctely described by an increase in ,UF//J.C;0, 

and a simultaneous decrca.se in ij.CO.JjiH-X) (figs. 7-9) outward from the 
cores of the bodies. This conclusion is c;onsisicni willi the indejiendcni 
observations that (I) the distribution of diojiside 4- dolomite and for
sterite 4- calcite jiairs recjuires a dccrca.se in P((i.,/l'n.,.) outward from the 
carbonate cores, and (2) ihc lluoriiie conient of the hydioiis jiha.scs sug
gests that Pnr/t*ii.,i) increa.ses outw-ard from the core ot the bodies. Al
tliough variation in /J-C.̂ O is also jio.ssiblc, it is not recjuiicd by the jihasc 
relationshijjs; variation in /tCO.,, p.H.O, and /tF arc completely stiincicnt 
to describe the jihasc relaiionshijis. Even ihough similar data ai-c not 
available for the ccntr.il and western jirovinces, it can rcasonalily be in
ferred that the changes in jjhase relationsIiij>s wiihin a given body in 
these Jirovinces result from variations in vajior comjiosition similar to the 
vajior comjjosition vari.itioiis iu the eastern jirovince. 

l l is clearly evident from figures 7 through 12, however, dial aliboiigh 
the relative core to rim changes in the chemical jioiential r.ilios may be 
similar for all bodies within the study ;ire.-i, the absolute values ol the 
chemical jiolciuials arc strikingly din'ereni, trom one jirovince to another, 
for the reactions that bound the observed jihase relaiionshijis. F'or ex-
anijilc, the diojisidc -I- ijhlogojjitc 4- spinel-bearing a.sscmbl;iges that occur 
at sites F and I in the western jirovince arc rcstricicd to the regioii be
tween reactions (1) and (3) in figure 10. This region iu figure 10 corre-
siJonds to a volume in figure 12 in which ijie lowest ^tKjO values jiossible 
are defined by line (i. In contrast, siles D, E, H, and J in ihe easlern prov-
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Fig. 9. ;iH.O-;jF chemical poieniial diagram. For explanation, see figure 7. 
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Fig. 9. ^H.O-pF chemical potential diagram. For explanation. ,.ee figure 7. 
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Fig. 10. /iHjO-xiKjO chemical poteniial diagram. Reaction and invariant point designations arc the same as for 
figure 7. The stippled area around invariant point 2 represenls possible conclitions for the easlern province; the 
stippled area around reaction 2 represents possible conditions for the western province. 
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Fig. II . ^C0...-;iK„0 chemical poieniial iliagraiii. For explanaiioii, sec figure 10. 

ince coniaiu amjihiliole-bcaring asscnibl.igcs that .ire lesiriclcd to ,nK4) 
values below that ot line (i (fig. 12). 1-lxamjiles of such assemblages an-
amjiliibolc 4- diojisidc 4- jihlogojiite 4- calcite 4- dolomite 4- forsleiiii-
(sites D and J) and aiiijihibolc 4- diojisidc 4- jihlogojiile H- calcite 4- dolti-
niitc (sites E, H, and J). 

The above contrasts in chemical jiotcntial condilions almost certainly 
develojied as a rcsull of the regional changes in jircssiire, temjieraiurf. 
and/or vajior comjiosition that caused the jirogrcssive changes in mineral 
assembl.igcs in the cotintiy rock gncis.s; the chemical jiotcntials ot ihi-
vajjor Jihase coinjionents and the chemical potential conditions tor ihe 
reaclions in the system are a function ot jircssure, temjierature, and vapor 
comjiosition and w-ould therefore change as P, T, and X changed re
gionally. The Jiossible changes in the vapor phase comiionent chemical 
Jiolentials and the chemical jiotential conditions tor the reactions arc 
shown scheinaiically by the jilaiie in figure 12. l i the changes in vapor 
comjionent chemical jiotcniiais were the dominant factors affecting ihc 
jiha.se ecjiiilibria as P, T, and/or X changed, the change iu chemical jio
tcntial conditions would corresjiond to migration of the chemical jiolen
tials from the region where lines 1 and 2 pierce the jilaiic (fig. 12) to die 
region w4icre line G jiierces the plane. If, on the other hand, the cliciiut':i' 
Jiotential condilions for the reactions changed more draslically than clii! 

carbotiale bodies: .i 

1 Dl AM PHL FO CC 0 

2 SP AM PHL FO CC 0 

3 01 SP PHL FO CC a 

4 01 AM SP FO CC G 

5 Dl AM PHL FO SP t 

6 Dl AM PHL FO CC 5 

7 Dl AM PHL SP CC I 

Fig. 12. I'lii-ce dimen 
stable'p''>'i'-':''""S ff '''"^"i, 
pici-c- Ihe /,CO.,-;,H,0 pU 
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1 Dl AM PHL FO CC DO 

2 SP AM PHL FO CC DO 

3 Dl SP PHL FO CC DO 

4 01 AM SP FO CC DO 

5 01 AM' PHL FO SP 00 
6 Dl AM PHL FO CC SP 

7 Dl AM PHL SP CC 0 0 

H„0 / ^ " 2 ! 

^ C O g - ^ K g 

/ - C O , 

I 

I Fig. 12. Three dimensional represenlalion of the ;iCO--;tl l,_.0-^K,.,0 space. The 
{ slable projections of lines I. 2, and -I and llie meiasiable projections of lines 3 ami 7 
' pierce the /,CO;-/i11.0 plane, l.ine 5 pierces llie iiCOs-nK./l plane and is parallel lo 

ihe ;iCO;-/i11,,0 plane. Line 6 iiiu-rsects the fiU.Xi-iiK.X) plane, ,See lext for explanaiion 
; of llie slippled plane. The locaiions of the /i-fi .seciions arc indicated by llie labelled 

planes, 

the chemical jiotciiiials of the vajior jihirsc coiiiiionenis, as P, T, and/eii- X 
varied, die cliaii.ges iu jiliasc equilibria suggesi thai the net ot curves mi
grated from the jiositiou shown iu figure 12 (ajijiroiJi-i.-itc for the eastern 
proviiKc) to a jiosiiion in which line b \voiild jiiercc the jilaiic in ajijiroxi-

j mately ilic .s:tnie locitioii as did lines 1 and 2 before iianslaiion ot the 
net. In fact, a weighted cdiubiiiatidii of both (lossibilitics is most likely, 
but the direction and degree ot weighting is unknown. 

Although the surface in figure 12 is shown as jilanar (the simjilcst 
possible rejiresenlation), the cliemic:al jiotcntial surface can be cither 
planar or nonjilanar. The data available, however, are insufficient to dc-
tcnniue the geometry of the surface. 

.'iingle body T-X variations.—The chemical jiotential changes and 
varialions in jihase equilibria within a single body are dcjiictcd in ngiircs 
7 through 12. 14iesc changes can be rejiresentcd in a temjierature-vajior 
comjiosition diagram if the following constraints arc satisfied: (I) vajior 
jiressure remains constant, (2) only one vapor component varies inde-
jiendently, (.̂ ) mineral comjiositions arc constant, and (4) the extent to 
which the vajior comjioiienis behave ideally is known. If it is assumed 
dial all these constraints are met, figure 13 results. 

7"he lemjicrature-vajior comjiosition diagram is constructed on the 
assumjition that, for a given body, the chemical jiotential variations de
picted ill figures 7 throtigb 11 can be rcjircsented liy a continuous line in 
figuie 12. 'i'hti.s, for a given X*i;„.,- tlic,mole fractions of the other vajior 
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species are specified (X*f;(j„ is defined as the mole fraction of CO.j in tin, 
vapor Jihase, divided by 0.75; see below). 

Although the reaclions diagrammed in figure 13 cannot be locaieil 
precisely with respect to temperature and vapor composition, boumlarv 
conditions can be jilaced on the system. W. L. Griffin, E. Krogh, and I), 
Ormaasen (personal commun,, 1974) have suggested that a pressure of 
10 kb ± 3 kb was attained during metamorjihism. Exiraj^olation of data 
presented in figure 14 to pressures of 10 kb suggests a maximum temjiera. 
ture of about (i50°C for reaction (16). If the reactions in the system are 
important controls on the vapor composition, GO... would not make nji 
more than 75 mole jiercent ot the vajior tor many of the reactions in die 
system. Although this percentage is ajijiroxiinate and is strictly aj>plicab!c 
only to those reactions evolving vajJor coinjionents in addition to CO.. 
such a limiting ajiproximalion is necessary in order to construct a usable-
T - X diagram for reactions evolving .se%'Cral coinjionents. If P„oU6 = Pv.i|.,.,. 
the maximum tcm|icrattire jio.ssilile for reaction (10) is about 640°C, lor 
l^.o, = 0.75 Pn,,,„r- ' l ie remaining curves in figure 13 are placed schemaii-
cally, such that they are consistent with the tojiological constraints aji-
jilicable to the jihase equilibria in the chemical jiotential diagrams. 

The mineralogical sctjuences at all sites cxctijit H and J can be 
dujilicatcd in figtitc 13, if it is assumed that temjicratuie was constant at 
any given site. The sccjucncc of assemblages .it sites H and J cannot lic 
derivcd from figure 13 at a consiant jircssure, thus imjilying variations in 
vajior coinjionent ratios different from those ajijirojiriatc tor the otlicr 
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irphism. Exirajiolation cif d;ii;i 
suggests a maxinutm tempci.i. 

fie reactiohs in the system nre 
ion, COj woidd not make iiji 
r ni.tby of tlie reactions in tin: 
imate and is strictly applicable 
njKincnts in addition to CO., 
ill order to construct a us.ilije 
components. If P̂ .̂ ^̂  = p̂ ^̂  
ctipn (1,0) is aliout fi40°C, for 
figui-e 13 arc placed stjheniaii-

tie tojiological constraints aj> 
'.lical potential diagrams, 
ites exccjit H .uid J can lie 
t fcniiicrature, w-.-is, constant m 
;s at sites H and J cannot lie 
c, tints; implying variation's; in 
ISC appropr iate tor die oihci. 

640' 

for Ihc Condiii()n,f dcrujed in ill'-
lulilioiis for the eristenj pi-pviiii-e: 
i fox (he western pniviiicc'. "I'l'C 
igrnie tonaid fiivboiiaicrini. 

:| • cdrbohdte bddies: sigtiificance for the'orthopyroxene isograd 

sites. The,low fugo/ftip ratio at site j , relative to the other sites, confirms 
tliis.obscrvation, , 

It is evident- that fbr eiglit of tlie ten carbonate bodies the, phase; 
equilibria in figure 13 represent adequately the'sequence of assemblages 
encountered, thus siippordng tlie suggestion made previously diat the 
vapor comjDonent ratids varied similariy at most bodjcs througliout the' 
province. Althpugh figure 13 suggests that a signifit;ant temperature.; dit-
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Fig. 14. T h e cfTccf cif variable vapor pressure, at a fixeci solid pressure, oil reaction 
(IG) ( r ; ,p„ — Pco.i). The calcula lion uas based oil the ctpialibii 

i C , ™,. L, (T,P) = a C , „ „ , „. (T, 1 bar) 4- O.Ol'i A V „ , ,,..,• (,P - t-) 4-
Xco., RTlii 7l \o„ • 

The' free energies (aC) and molar vol tunes of the solid phases iseic lakeii from Robie 
,aiid Waldfjauih (1.0(18); data for 11.0 nerc olilaiiicd from Rurnhain, liqlloway, aiiii, 
Davis (lOffil); fu^^acity coeUicieiii.'.- foV CO; m 'i kb ii-trc pbuiihcd fipiii .Skipjicn (1971) 
aiul fi-oin •! kb to HT.kb from Ry/.llenko and Volk'ov (1971). X i.ivihe coellJcient of CO^, 
ill the reattinii. "I'he liitTinociynamic i,-:ilenl.-Uions were adjusted to correspond to llie 
cxp(;rimenlal result.? of .Skippen (li)"!). The lesiihs denionstiatc thai iht eipiiiihritim 
curve for the case I',,,,,,, = i'.piM lias a much greater dl ' / i iT slope than llie equilibrium 
curve IbV the ease r„,,„r < I'n.ii.i. I'.oii.i — consuuu. 
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11 GO IF. E. Glasslcy—High grade, regiohai mclamgrphism of some 

ference between the eastern anclwestern province is required by the ptiasc 
equilibria, die absence of Psoiid and.P,,^^;^ data- do not allow cjuamifirii. 
tion tjf tfie temptSirature contrasts. 

Tlie. distributipn of the assemblages: witliin the earbonate bodice 
•strongly suggests that the vajior composiiion was IntfTered during oitri. 
-morphism. At site J, for examplc'reaction assemblages, are systeiivaticallv 
distributed throughout die body. Although .such a variety of reaction 
assemblages is lacking at other sites,4he cpmiiicin occurrence of univariant 
assernblages supjiorts die contention .that yajxir comjiosition was buffeicd 
at thesc'sites as well. 

However, the gradients in vapor composition that existed at all sites 
cannot be,explaincd .solely by btill'ei-ing of die vajior conijwsition by the 
mineral assemlilages, since it is iiot jiossible for a closed system to develop 
vapor comjiosition gradients if tlie initial mineral and vajior comjiositions 
were, constant diroughout tiVe body. These gi-adicnts must reflect either 
comjipsitional gradicifts imposed on the carbonates prior to metahior-
jjhism or slow diniision of sonic vajior compqncius into or out of the 
carbcinate system. Tlie gfadiciits cunently recorded in the rdcks' would 
necessarily rejircseiit moUin'cation of the imjjosed giadietits by evolution 
of volatiles during 'niGtaihorjiJiisni. 

IMi-1.1 CAT! ONS FOK CKANUI.m-: FAKII^STl-.RRAtNS 

Tlie, a.ssemblages that iiavc dcvelojjcd in die Garlionatc bodies demon
strate that tlic liiilk conipositions of tiic bodies arc similar. Thus, die zone 
Ijoundarics (fig, 1) are isograds. 'Tiici most easicni isograd, the diopside-
sjjiiicl isograd, in.-iiks tlie first' ajjjX'arancc of the mineial pair tilopsidc ••-
spinel in the core a.'jseniblagc.^. 'I'hc- ivcsicrn i.spgrad, the forsterite isogratl, 
marks ihe,rcjjl.'iGcrnciit of the mineral jiair diojiside + dolonitle by flie 
comjjpsitipnally ecjuivalcnt inincra) pair forsterite 4- calcite, in the cove 
assemblages. 

The diojiside-sjiinel and fbi-sterfte isograds rjidicdly diverge frofii tfie 
orthojiyrqxene isograd north of site G (fig. 1). Because the three isognids 
re|>rcscnt phase ccjviih'brra involving a nii.vcd volatile jihase, there are 
a number of jiossililccxjilaiiatidns for thcclfvcrgcnee of the isograds. 

I,, The isograds jiaralieled isotherms, thus inijilying-radically diverg
ing isptliernial surfaces. 

2. Total vajior jircssure or CO^ pariial [ircssuie was signifi(:aiitly 
higher at sites D,-,E, and I than at die other sites (assuming that die re
gional isotherms paralleled the ortfiojiyrpxene isograd), 

3. The jxartial jircssure-of 14.0 in the coitmry rock gneiss -was lowcr 
in the northciii fialf. of the island of Langoy tlian in the southern hiill 
(a'ssuliiing the legipnal isptherms jiaralleicd the diojiside-sjiinel and for-
sterite isograds). 

4. The trend of regional isotheniis exfvibiis nO; necessary relationsliij) 
to the isograds (a cpinbination of 2 aiul 3). 

5. Mineral eonqiositioiis in eitlier the gneis.ses or the caiboiiaic' 
systcinatically varied regibnally. 
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carbonatcbndir.K: 

Tiic results jncsen: 
•iclequately diat bulk iJ 
grad trends; point fi | 
through 4 cannpt be e' 
itest tliat ]ioint:l is the 
rrneiss to banded scriesj 
i|)iir symmetry (see Me 
of temperature alone f 
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parameter all tlicse cl 
therefore, tluat tite 
siirface. 

The i.sogiads dq 
iabiiquely cross the b< 
•part of die island of; 
the sputhern half of t 
rived iscigrads nearly 
parallelism may, in ( 
figure 1, since the Iti 
series iransilion are .( 

Pha:iv. ccju.ilibrit 
in ilic c;ar!)pnate boi; 
during nictamprphi; 
five vapor componcj 
Jihase eciiiilibria exi 
and Jihase equilibi-j 
eiicccl gt adients in )' 
in all instances, wht 
ratio f|,,„/tnF can I 
are.also jiossible. 1! 
Df an inherited va( 
volatiles evolved li 
suggest tliat the car' 
peiiiajis, fpr those 
and at the carbon' 
nated tlie devclo]ill 

The behavioi-
be dcfitied prccisel 
tion variation can 
tween amjihibolo : 
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carbdnate bodies: significan'cc for the onhofiyroxeneispgrad 1161 

The results jiresented in this, paper and by Heier (1960) demonstrate 
jdequatcly that bulk rock tioinjipsitional contrasts cannbt explaiii tlic i.sb-
„iad treiicls;. jipint 5 can therefore lie dismissed. Although points 1 
through 4 caiiiiQt be eyalijated individually, geblogiisal observations "sug
gest that point 1 is the.mpst probable. The ti^ansition froin liordefr series 
Snciss to banded series gneiss is deliiicated by a changf; in iJPtassium feld-
"par symmetry (.see Heier, 19G0, tor obliquity data), Vvhich is a function 
of temperature, alone (Jircssiire eife<;ts. are negligible). This transition can 
lie trcrtod as th'e trace of" an isothermal surface. 'J"he transition from 
amphibolite tacies to granulite": facies;GOiriGides with changes, in potassium 
feldsjiar symmetry and jiai^airels trend surfaces that trace changes in 
anorthite content'in piagipclase and ciianges in tlie coordination pf Al 
and'Ti in amjihibolc. Altli'bugli a'variety of equililirium, jiarameters can 
explain tlicse^ jihase variatioiis, temijeVature is the pnly equilibrium 
parameler all these cliluiges have in Gommon. It is reasonable to,suggest, 
iliereforc, that tiie orthopyroxene isGgi:ad also traces .an isothermal 
surface. 

U'lic, isograds defined on tlic basis of the carbonate asscniblages 
pliliquely-Gross die banded sc^ries-librder .series traiisitiou in die northem 
part of the island of Langoy and [larallcl the ortliopyroxcne isograd in 
diesptttiiern halt of the &idy area. This suggests that the carl^nate tle-
rivGcl isogr.:ids iiGailv jiaralieled the traces of isothcrrtial surf;tccs. Tjic 
jiaiallcllsin may, in'tiici, lie more jifonpuiKcd than is apjiarcin from 
flgiiie I. since tfie locations of ai! ispgiads and ihe border serks-lKinded 
series trans iti on arc only" located ajijirdx iniately. 

Plut,\-c" eqliiljbrin in thc airbtmatc- bod'ib.i.—Thc jihaSe rchttiPiishijis 
in llie.earlionate lipdics recjuiie tlie preseiiGe of a multi com pti nent viiiior-
cluriiig niciainqi;Iihisiii; Systeinatics vaiiations in die ratios of three of the. 
five vajipr Gpiiijiniieiiis are siitlicieiu to describe most of die changes in. 
phase etjuilibiiu c;\hibitcd at any given site. The, mineral GonipPsilipus 
and jihasG eciiiililiria dcmonstratte thai, all die carbonate bodies experi
enced gradients in vajior ebmjicjsitidn biiti\'ard frpm tlie carbonate Cores; 
ill all hisianccs where data arc avaihible, a dctreise? in f,j,,, and in die 
ratio r„„,,/ftiF cat! be dQCumentcd. Changes in other v[ii3or'eomjipiients 
are -Aha'pimMc. Tiie'g'radieiUs iii.vajior conifipsitipri are jirobably relicts 
ot an i nil cri ted vajior'iihase, die composi.iiPn of which -ivas moth Red by 
vbliitiles c\-olvc(l during reaction. The reactipn relatioiishijis strongly 
.stiggesl that ih t carbonate iiodies behaved as nearly closed systems t;xcejit, 
peiiiaps, for those vajior jlliase Cpmjionqnts that were jicrfectly mobile 
;and at the carbonate-gneiss contact where, metasomatic processes domi
nated the development of the mineral assemblages. 

Tlic behavior of vajior comjiptiguts during metainorjihisni cannot 
be dcfiiicd ji.rcciscly, even tliougli die general pattern of vajior composi-
tion variatiiin can bt; recognised. For exam jile, alu in in tun exchange be
tween ainpiiiliolc and .spinel epuld be expected in rcsjionse to changes in 
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P - T conditions. Such exchange could effect changes in the sodium con. 
tent of the amphibole and, hence, would modify the sodium content cif 
the vapor phase. However, because the spinel generally contained cx.solu. 
tion phases, adequate comjiositional data for coexisting amphibole-sjiiiu-1 
coulci not be obtained. Therefore, controls on the sodium content of the 
vapor phase could not be examined. 

Systematic changes in mineral comjiosition that would correlate with 
ajiparent changes in P and T were not observed. This suggests that tur 
the range of conditions encountered in the study area, minor variations 
in the bulk comjiositions of the carbonate bodies had a more profouiul 
effect on mineral comjiosition than did P and T. However, because of a 
lack of data for mineral jiairs that include spinel, evidence: for comjiosi-
tional control by P and T on sjiinehbcai ing assemblages is inconclusive. 

Implications for high grade, regionally metamorphosed terrains.—If 
the three isograds di.scussed in this jiajicr jiarallcl the iicnd of isotliernial 
surfaces that develojied during metamorphism, a coinjilex thermal striu-
ture tor the deep crust is im|jlied. Also, unlike other high grade meta
morphic terrains (for exaiiijilc, soiitlicrn iVorway (Tourct, 1971a, b) and 
the Adirond.icks (Buddington, IfKi.̂ )), ihere does not aiijicar to have been 
a large regional variation in the fugacity of kLO during metamorphisin. 
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MiGromineralogy and geochemistry of sphalerites from 
Sulitjelma mining district, Norway 
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Rai, K. L.; Micro mineralogy and geochemistry of.sphalerites from Sulitjelma minine district; Norway. 
Norsk Geologisk Tidsskrift. Vol. -58, pp. 17-31, Oslo 197S. ISSN (X)29-19SX-. 

A wide range of zinc-rich to zinc-poor ore bodies characterizes the famous Caledonian pyritic copper-
zinc ore deposit of Sulitjelma, Il is, however, observed that, in general, the sphalerites from the two 
main'assenibtage types of ores in different ore'bodies'display remarkably analogous rnint)r-:and trace-
element geochemistry marked with comparable concentrations of individual elements. The distribution 
of certain common minor elements between sphalerite and co-existing iron-sulphide minerals tends to be 
regular. On the' crystal scale too, the sphalerites show np evidence of .physical or chemical, 
heterogeneity. The implicaiions of the study in "deciphering eciuil ibin tion or re-Hequilibration of ores 
during regional inetamorpKism and the probable optimum gebbarometric, conditions have been 
considered,. 

•K. L. Rai, Deparlment dfApplied.Geology, Indian School of Mines, Dhanbgd^ 32600^, Bihar, India. 

The Sulitjelma mining district, located at ca, 67° 
N, lat. in northem Norway, constitutes^ a :small 
yet iinportant subprovince of the great Caledo
nian met all oge netic province of Scandinavia. It 
owes its economic signifiearice to the occur
rences of several pyritic copper-zinc "orebodies 
that have sustained a mining and smelting 
industry in this part ofthe country since the turn 
ofthis century. By 1975, the district hadalready 
produced more, than J9 million to tis of raw ore, 
the annual production in recent years having 
been about 360,000 tons of ore that yields about 
20,{K)0 tons of copper concentrates, 2000 tons of 
zinc cOric en irate s and SOjO.W) tons.pf pyrite (I%8 
figures). 
•> The present study on sphalerites from this 
important, and in many respects, representative 
deposit of its type in the Scandinavian Caledo
nides, was' undertaken as a part of a larger 
project dealing with detailed mineralogical and 
geochemical studies of Sulitjelma ores. The 

, primary objective of this study is to evaluate and 
assess the physical, mineralogical, and geochemi
cal characteristics of sphalerites belonging to 
various types of ores and the orebodies repre
sented in this deposit. No such study seems to 
have been carried out so far. Limited informa
tion based on the analyses of a few sphalerite 
samples from this deposit has, of course, been 
available in certain earlier publications dealing 
with broad-scale studies onsphalerites from the 
Norwegian/Scandinavian sulphide deposits 
(Oftedal 1940, Kullerud, Padget & Yokes 1953)! 

2 - N ^ CcH l̂ogi sic -Tidlsskr. 

The ore geology of the Sulitjelma 
district 
The Sulitjelma deposit lies in the central section 
of the 1,500 km long Caledonian mountain belt 
within a sequence of eugeosyndinal volcanic-
sedimentary rocks that constitute the 'western 
facies' of the Caledonian geosyncline. Tetitoni-
cally, these rocks belong to the lower of the 
two nappe units that have been distinguished in 
Sulitjelma region. The rocks have, in general, 
undergone a cornplex tectonic, structural, and 
metamorphic history, principally during Caledo
nian orogeny. Exhaustive accounts of all these 
and various other aspects of regional geology 
and tectonics are already available, in the pub
lished literature (Sjogren 1900, Vogt 1927, Kaut-
sky 1953, Mason 1967, Nicholson & Rutland 
19*9, Henley 1970, Wilson 1973). 

Sulphide mineralization in the region consists 
of a,series of strata-bound, elongated, lenticular 
ore bodies that often lie en-echelon with their 
longer axes running parallel to the preferred 
orientation of the minor fold axes and linear 
stmctures of the country rocks; These ore 
bodies.occur well within a single st nic tii rail unit 
of the area (Wilson 1973) at or near the lower 
junction of the Sulitjelma amphibolites with the 
underlying Furulund Group metasediments (Fig. 
1), The exact nature of the geologic setting of 
sulphide mineralization has received varied inter
pretations'from earlier workers (J. H, L. Vogt 
1894, 'Th. Vogt 1927, Kautsky 1953, Wilson 
1973). 
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Two common paragenetical types of massive 
ores, namely pyritic and pyirhdtitic types, 
whose general occurrence in the massive sul
phide deppsits of Norwegian Caledonides has 
been highlighted by Yokes (1962), are also 
observed in the Sulitjelma, deposit in (;lose 
association and with widely variable propor
tions in its different ore bodies. The pyrrhotitic 
ores represent distinctly a younger mineraliza
tion as they 'clearly cut across the. massive 
stratiforrn pyritic ores at several places. 

Mineralogically, the ores comprise.principaUy 
pyjitCi pyrrhotite, chalcopyrite, and sphalerite 
that often constitute over 95.% of the ore mass. 
Quantitative dtfFerences in the mineralogy of 
various ores relate largely to the twp iron-
sulphide minerals and to a lesser extent, to the-
two matrix base-metal sulphides. Other minerals 
occurring in minor- to trace amounts.and rarely 
exceeding 2 or 3 percent of the ore mass include 
galena, ars.enopyrite, .tetrahedrite, molybdenite, 
machinawite, bournonite, and many other sul-
phbsalts. The occurrence of a multitude of Cu-, 
Pb-, Ag-, As-, and Sb-sulphides and sulphosahs 
and silver, gold; and antimony as native metals 
was reported by Ramdohr (1938) from an anti
mony-rich paragenesis at Jakobsbakken mine, 
that had been 'abandoned about 30 years ago. 
The common gangue minerals observed in the 
ores are quartz,- calcite, hornblende, kyanite. 

feldspar, and arihydrite. The observed textures 
and microstruetures show thafthe ores have, in 
general, undergone varied effects of high-grade 
rfegibnal metamorphism. 

Classifieation and mierGmineralQgy 
of sphalerites 
Sphalerite occurs as a common and important 
matrix sulphide next only to chalcopyrite in the 
Sutitjelma ores. Considerable variations, both of 
qualitative as well as'quantitative nature, how
ever, characterize its occurrence in the different 
ore types anci ore bodies constituting the de
posit. 

Variations in quantitative proportion of 
sphalerite to other base-rmetal sulphides in dif
ferent ores and ore bodies of the deposit seem
ingly find best expression in the average base-
metal composition of the ores. Relevant data in 
this connection,, assembled and depicted in 
triangular diagram in Fig. 2, shows that a wide 
range of zinc-rich to zinc-poor ore bodies is 
represented in the'deposit. No systematic trend 
in the geographic distribution of :such ore bodies, 
howevex. seems discernible. Abnormally high 
ziric content of Jakobsbakken ores, for example, 
prominently contrasts w'ith the zinc-poor ores of 
Sagmo ore body which lies iii an exactly similar 

m * 

m 
rt* . 
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Fig. 2. Triangular diagram showing base-metal composition of ores from different ore bodies of Sulitjelma deposit. 
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geologic environment only about a kilometer 
north of Jakobsbakken Mine. On the scale of an 
individual ore body, however, the variability of 
the average base-metal composition of ores 
seems to be relatively much less, and often 
restricted between characteristically narrow 
limits. 

In the light ofthe observations made as above, 
it was considered desirable to study the differ
ences, if any, in the sphalerites belonging to 
different ore types and ore bodies of the deposit 
and subsequently evaluate their probable sig
nificance. With this in view, detailed studies 
were planned on about 120 samples of sphalerite-
bearing ores collected according to definite 
sampling schemes, principally from four ore 
bodies of the deposit under active exploitation, 
namely Giken, Hankabakken, Charlotta, and 
Bursi. Detailed megascopic and microscopic 
studies of these samples helped to evolve the 

following classification on the basis of charac
teristic mineral assemblages: 

Group A: Pyrite-sphalerite assemblage (with no 
visible pyrrhotite). 

Group B: Pyrrhotite-sphalerite assemblage (with 
or without pyrite). 

Group C: Sphalerite-galena assemblage. 

Chalcopyrite occurs as a common constituent of 
all the assemblages mentioned above. 

Group A and B assemblages represent the two 
most common types of sphalerite-bearing ores, 
although gradations between them are also 
present in the deposit. Typical megascopic and 
morphologic characteristics of these ores are 
depicted through representative specimen 
photographs in Figs. 3A and 3B. Studies on 
chalcopyrite-sphalerite ore show that it can be 
remobilized equivalent to one or the other of the 
two principal ore lypes. Such ore, found usually 

http://OR.es
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Po-ore 

»«t3*.iftb 

fig. 3A. Representative specimen photograph of massive pyritic ore at its contact with the wall nx:k. Sphalerite may be seen 
inTilling the interspaces of the pyrite crystal aggregates. 
Fig. 3B. Specimen photograph displaying the contact of pyrrhotitic ore (Po-ore) with massive pyrilic ore (Py ore). 

in association with pyrrhotitic ore, however, 
seems to be of limited occurrence in the deposit. 

Mineralogic and textural characteristics of 
different types of sphalerite-bearing ores and the 
essential aspects of the micromineralogy of their 
sphalerites are briefiy described below. 

Group A: Pyrite-sphalerite assemblage 

Sphalerite in samples of this group occurs 
commonly as the principal matrix mineral oc
cupying the interstitial spaces of the interlocked 
mosaic aggregates of pyrite crystals (Fig. 4A). It 
is often fine- to medium-grained, the diameter of 
grains commonly ranging from 0.05 mm to 2 mm 
or even more. 

The mineral generally appears light grey in 
colour and sometimes shows a little birefring
ence, possibly due to strain effects. It commonly 
shows yellowish and reddish internal refiections. 
Lamellar twinning is exhibited by the mineral in 
some of the sections (Fig. 4B). 

Sphalerite commonly shows mutual boundary 
relations with pyrite (Fig. 5A). Fracturing due to 
cataclasis, so commonly observed in the pyrite 
crystals of this paragenesis, is also noted some
times in the interstitial sphalerite mass (Fig. 5B). 
Chalcopyrite, though most commonly associ
ated with sphalerite of this group, is never seen 
exsolved or intergrown in it. 

CtOfiP «ir 
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Fig. 4A (right). Sphalerite (Sp) occurring as the infilling of the interspaces of pyrite crystal aggregates in massive pyritic ore. 
Magnification x50. 
Fig. 4 A (left). Sphalerite (Sp) showing lamellar twinning. Associated chalcopyrite (Cp) also exhibits similar twinning. Magnifica
tion xlOO. 

Fig. 5A. Photomicrograph displaying typical mutual boundary relations between sphalerite and pyrite of sphalerite-pyrite 
assemblage. Magnification x IOO. 
Fig. SB. Photomicrograph exhibiting large-scale fracturing of groundmass sphalerite and to a lesser extent of pyrite, both 
belonging to sphalerite-pyrile assemblage. Magnification X 50. 

Group B: Pyrrhotite-sphalerite assemblage 

Sphalerite of this assemblage commonly occurs 
as aggregates, patches or crude bands within the 
pyrrhotite or chalcopyrite rich ore mass. It is 
also frequently seen infilling the fractures of the 
cataclastically-deformed pyrite porphyroblasts. 
Lamellar twinning possibly caused by shearing 
stresses during crystallization is more commonly 
seen in sphalerites of this paragenesis. 

Under the microscope, the mineral appears 
grey to dark-grey in colour and shows deep-
reddish or reddish-brown internal reflections. In 
some of the sections, it shows weak to distinct 
anisotropism. Under high magnification, some 
of the sphalerite grains are seen containing 
numerous blebs or shreds of chalcopyrite in 
random or vague orientation. 

The mineral commonly replaces earlier gen
eration (usually porphyroblastic) pyrite often 
along its fractures and cracks (Fig. 6A). The 
latter has to be distinguished from pyrite of 
sphalerite-pyrrhotite assemblage which is often 
characterized by perfect euhedral shape and 
freedom from effects of cataclasis (Fig. 6B). The 
textural relations between various minerals of 
this assemblage, by and large, indicate con
temporaneity of their crystallization/recrystalli-
sation (Figs. 7A and 7B). 

Sphalerite belonging to remobilized-type 
chalcopyrite-sphalerite ore, which is occasional
ly found associated with pyrrhotitic ores, shows 
coarse unmixing of chalcopyrite (Fig. 8A). The 
unusual shape and distribution of chalcopyrite 
bodies in and'around (particularly near the grain 
boundaries oO sphalerite of this ore, possibly 
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Fig. 6A. Sphalerite (Sp), chalcopyrite (Cp),,and pyrrhotite (Po) replacing earlier generationiporphyrdblastic pyrite (Py) along its 
fractures and cracks. Magnification X 50. 
Fig. 6B. Etihedral and undeformed crystals of pyrile belonging to sphalerite-pyrrhotite assemblage, floatihg in pyrrhotite 
groundmass.'Maghification x30. 

Fig. 74- Photomicrograph exhibiting mutual boundary relationship of pyrrhotite and pyrite in sphalerite-pyrrhotite assemblage. 
Pyrrhotite contains exsolved lamellae of iroilitc. Magnification x IOO. 
Fig. -78- Photomicrograph displaying common textural relations of sphalerite (Sp), pyrrhotite (Po),.py'rite (Py) and chalcopyrite 
(Cp) iii ores having sphalerite-pyrrhotite assemblage. Magnification J( 50. 

Fig. SA, Sphalerite from remobilized-type chalcopyrite-sphalerite ore exhibiting coarse unmixing of chalcopyrite which occurs as 
minute blebs or spherical droplets'of varying shape and size in sphalerite-bearing layers. The concentration of chalcopyrite 
droplets aii along the grain-bountlaries of sphalerite seems specifjcaJJy notable-Magnification xiO. 
Fig. SB. Photomicrograph exhibiting cuspaie inlergrowth of silicates with ore :minerals of sphalerite-chalcopyrite^assemblage. 
Minute blebs and shreds of chalcopyrite exsolyed randomly in sphalerite maybesecn. MagnifTcation xIOO. 
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points to its complicated history. Ramdohr 
(1969) has noted that he has not observed 
chalcopyrite bodies ofthe type mentioned above 
in high-temperature sphalerites which, accord
ing to him, are best exemplified by sphalerites 
from the Boliden and Sulitjelma deposits. The 
present observation seems quite significant and 
may need consideration in this connection. The 
chalcopyrite-sphalerite ore of this type at times 
shows intimate intergrowth of lath-shaped hom
blende crystals in sulphide ore mass displaying 
cuspate texture which is typical of the metamor
phic nature of the ore (Fig. 8B). Thin bands of 
magnetite ore are sometimes found associated 
with massive sulphide ores of this type. 

Group C: Sphalerite-galena assemblage 

This assemblage seems to be of limited occur
rence in the deposit. It has been observed along 
or near the contact ofthe main ore mass with the 
wall rocks, particularly in the Hankabakken and 
Giken ore bodies. 

Sphalerite of this assemblage is characterized 
by its light-grey colour and yellowish to 
yellowish-brown internal reflections. It is further 
characterized by the occurrence of numerous 
minute inclusions as shreds or lamellae of 
chalcopyrite in crystallographic orientation 
along its dodecahedral cleavage planes, thus 
representing typical exsolution texture. 

Sphalerite composition 
Mftterial studied 

Field relationships of various ore types, 
megascopic studies of their hand specimens, and 
microscopic investigations on mineral associa-
Uons, texture, inclusions, and paragenetic rela
tions were integratedly considered in selecting 
50 most representative samples of various types 
of sphalerite-bearing ores for detailed mineral-
chemical investigations. These samples were 
subjected to a series of mineral-separating 
operations in order to obtain purest possible 
concentrates of sphalerites and associated iron-
sulphide minerals. Final checks on the purity of 
concentrates were effected through the micro
scopic studies of their polished grain-mounts and 
chemical analyses of the final concentrates for 
copper and lead. All possible attempts were thus 
made to obtain up to about 98 % purity of the 

concentrates and the samples for which this 
could not be achieved, were simply rejected. 
Ultimately only 30 sphalerite concentrates be
longing principally to the three main ore bodies -' 
Giken, Charlotta, and Bursi - could be taken up 
for the desired analytical studies. A larger data 
base, although desirable, was not possible under 
the then existing constraints of time. 

Analytical methods 

Combinations of atomic absorption, electron 
probe and X-ray diffraction techniques were 
employed to determine the minor- and trace-
element composition of sphalerites. About a 
dozen selected samples were analysed by all the 
three techniques for certain elements, and the 
analytical data so obtained have been assembled 
in Table I to facilitate comparative study of the 
results. The procedures and results of analytical • 
work by the three methods have been as follows: 

Atomic absorption spectrophotometric anal
yses. This method was employed for the quantita
tive determination of minor elements, nanriely 
Fe, Mn, Cd, Pb & Cu and some trace elements, 
e.g. Ga, Co and Ni in the sphalerite samples of 
this study. The analytical work was carried out 
in F. J. Langmyhr's atomic absorption spec
trophotometric laboratory at Kjemisk institutt, 
Universitetet i Oslo. 

Sphalerite concentrates were subjected to 
dissolution in acids by decomposition bomb 
technique. The detailed procedure described by 
Langmyhr & Paus (1968, 1970) was in general 
adopted for sample preparation and for analyti
cal work that was carried out on Perkin Elmer 
AAS Model-303 in the laboratory of Kjemisk 
institutt, Oslo. 

The results of analyses of sphalerites of the 
two principal groups are presented in Tables 2 
and 3 respectively and are discussed in detail 
later on. The analysis of a sphalerite sample 
(sp.no. H/13) representing Group C, i.e. sphal
erite-galena assemblage, has been included only 
in Table 1. It was extremely difficult to get 
adequately pure sphalerite concentrate from this 
ore; it was therefore considered futile to take up 
any more samples of this group for chemical 
analyses by this method. 

Electron probe microanalyses. - Electron probe 
microanalyses of sphalerites from 12 selected 
samples of different ore types from different ore 

http://sp.no
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Table I. Comparison of atomic absorption spectrophotometric, electron microprobe. and X-ray diffraction data on selected 
sphalerites from Sulitjelma mining district, Norway. 

Ore body 

| -

Giken 
Giken 
Giken 
Giken 
Giken 
Giken 
Giken 
Charlotta 
Charlotta 
Bursi 
Bursi 
Hankabakken 

Speci
men No. 

G / I l l 
G/107 
G/37 
G/39 
G/57 
G/51 
G/48 
G/102 
C/94 
B/7 
B/21 
H/13 

Atomic absorption 
spectrophotometric 
Results (in 

FeS MnS 

12.3 
17.3 
15.8 
13.7 
12.0 
9.9 

13.3 
12.9 
I6.S 
16.2 
14.5 
3.6 

0.38 
0.14 
0.04 
O.IO 
0.06 
0.12 
0.13 
0.14 
0.16 
0.12 
0.09 
O.IO 

mole 

CdS 

0.31 
0.15 
0.14 
0.19 
0.25 
0.16 
0.14 
0.21 
O.IS 
0.17 
0.20 
0.51 

percent) 

Total 

12.99 
17.59 
15.88 
13.99 
12.31 
10.18 
13.57 
13.25 
16.80 
16.49 
14.79 
4.21 

Electron Microprobe 
Results (in 

FeS 

13.0 
13.5 
13.3 
16.3 
12.0 
11.5 
16.0 
14.0 
14.1 
13.9 
13.4 
1.9 

Mole %) 

MnS 

0.35 
0.14 
0.02 
0.08 
0.05 
0.09 
0.09 
0.13 
0.14 
0.17 
0.09 
0.09 

X-ray diffraction results 

Measured 
cell 
edge (A) 

5.4180 
5.4164 
5.4170 
5.4165 
5.4165 
5.4160 
5.4175 
5.4172 
5.4170 
5.4165 
5,4176 
5.4116 

Apparent 
mole % 
FeS 

16.4 
14.1 
15.6 
14.3 
14.3 
13.5 
16.3 
15.8 
15.6 
14.3 
16.5 
4.3 

Calculat
ed cell 
edge (A) 

5.4174 
5.4165 
5,4158 
5.4157 
5.4157 
5,4154 
5.4176 
5.4176 
5.4165 
5.4167 
5.4170 
5.4126 
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bodies were carried out principally to detect and 
study the microchemical zoning, or the iron-rich 
patches in sphalerite, if present. The samples 
were also analysed for their iron- and manganese 
content as a measure of cross-check on the 
results of atomic absorption spectrophotometric 
analyses. In addition, zinc- and sulphur content 
of samples were also determined to provide a 

•check on the correction procedure. 
The analytical work was carried out at Sentral-

instituttet for industriell fotskning in Oslo, with 
the kind cooperation of Dr. W^T:>GjTffin, on an 
A. R. L. EMX-Model Electron probe microana-
lyser at 20 KV with an effective specimen 
current of 0.05 MA. Standards used were ZnO, 
natural pyrite, natural sphalerite and manganese 
sulphide of well-established composition kindly 
provided to the author by Dr. Otteman of the 
University in Heidelberg. Instrumental correc
tions for absorption (Philibert 1963), fluores
cence (Read 1965), dead-time, and atomic num
ber effect were calculated using the Springer 
Programme on the computer. Under the analyt
ical conditions employed, detection limits were 
0.02 % for iron and 0.01 % for manganese deter
mination. In the iron-concentration range com
monly encountered, analytical precision was 
usually better than ± 2 % of the amount present. 

The results of analyses by this method have 
been presented in Tables 1 and 4. 

Unit-cell measurements of sphalerite. -̂  Cell di
mensions of sphalerite from the above-

mentioned 12 selected samples were determined 
by the X-ray diffractometric method of Smith 
(1955) as revised by Short & Steward (1959). 
Extrapolation of these measurements on the X-
ray determinative curve of Barton & Toulmin 
(1965) was then adopted to estimate the iron 
content ofthe corresponding sphalerite samples. 
For purposes of comparison, these results ex
pressed as apparent FeS content are incorpo
rated in Table I side by side with the results of 
atomic absorption spectrophotometric and 
microprobe analyses. 

Comparative study ofthe analytical results 

Comparative study of analytical results on the 12 
selected samples which were analysed by all the 
three methods mentioned above (Table I) brings 
out a fairly good agreement of the electron-probe 
and atomic absorption spectrophotometric re
sults for both the FeS and MnS content of the 
sphalerites. X-ray diffraction results on the mole 
percent FeS content of sphalerites, as obtained 
from the measured cell dimensions, on the other 
hand, appear to be generally on the high side as 
compared to the corresponding electron probe 
or AAS results. This is presumably attributable 
to the expansion of unit-cell dimensions of 
sphalerites by their manganese- and cadmium 
contents. In order to check this, the unit-cell 
dimetisions oflhe sphalerite samples were calcu
lated, using the atomic absorption spectrophoto-
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Table 2. Composition ofGroup-A sphalerites.associated with pyrite only (pyrrhotite being absent). 

Ore body and 
mine level 

GikeriC-l-lOO) 
Giken(-106) 
Oiken( - 142) 
Giken(-233) 
Giken{-233) 
Giken(-233) 
Giken(-256) 
Giken(-283) 
Giken( -35 l ) 
Ghailotta(-233) 
Hankabakken 
Bursi 

Average {of 12 samples) 
Standard deviation 

Speci
men No, 

G/109 
G/37 
G 0 8 
G/41 
G/57 
0/24 
0/42 
G/43 
G/46 
C/55 
H/20 
B/7 

FeS 
mole %• 

l i . § 
15.7 
13.4 
16;2 

.12.0 
13.7 
13.9 
14.1 
9,5 

15.7 

n.2 
16.2 

13.8 
1.9 

MnS 
mole % 

O.OS 
0.04 
0:09 
0.06 
0.06 
0.06 
0.09 
0.10 
0.06 

o.<» 
0.06 
0.12 

0.08 
0.02 

CdS 
mole % 

O.IS 
O.U 
0.15 
0:23 
0.25 
0.14 
0.15 
0.19-
0.22 
O.li 
0.23 
0.17 

0.18 
0,04 

Ga 
ppm 

7 
8 
6 
8 
5 
5 

10 
13 
5 

15 
10 
12 

9 
3 

Go 
ppm 

60 
50 
55 
25 
,25 
40 
30 
35 
40 

120 
25 

130 

34 
33 

Ni 
ppm 

20, 
15 
20 

15 
20 
13 
20 
20, 
23 
33 
20 
13 

20 
5 

Pb 

%:-

O.ll 
0.08 
0.01 

on 
0.01 
0.02 
0.02 
0.03 
0;03 
0.02 
0.20 
0.02 

o:o5 
0.03 

Talile 3. Composition of Grqup-B sphalerites'associated pyrrhotite (with or without pyrite). 

Ore body and 
mine level 

Speci- FeS MnS CdS Ga Co Ni Pb 
men No. mble;% mole % mole % ppm ppm ppm % 

Giken{-1-127) 
Giken(-i-61) 
Giken(-<-6I) 
Giken(-1! 1) 
Giken(-233) 
Giken(-396) 
Charlqtt~a(+ 17) 
CharlottaC-233) 
Cliariotta(-^289) 
ehar!otta(-289) 
Charlotta(-325) 
Bursi (-i-SOR) 
Bursi(-f60R) 
Bursi(-SR) 
Jakobsbakken 
Jakobsbakken 

G/tlO 
G/ l (» 
0/107 
G/39 
G/31 
G/74 
G/102 
C/94 
G/74 
C/9 
C/78 
B/3 
B/4 
B/13 
J/1 
J/2 

13.4 
12.9 
17.3 
13,7 
9:9 

14.5 
12.9 
16.5 
14.6 
17.1 
19,9 
14.5 
18.2 
12.4 
12.7 
15.7 

0:06 
0.09 
0.14 
O.IO 
O.ll 
0.16 
0.14 
0.16 
0,19 
0.08: 
0.06 
(J. 10 
0.06 
0.06 
0.31 
0.21 

0.17 
0.(6 
0.15 
0.19 
0,17 
0.13 
0.21 
0.15, 
0.15 
0.19 
0.13 
0.17 
0.20 
0.20 
0,22 
0.19 

10 
6 

15 
7 
5 

12 
10 
8 

18 
10 
15 
10 
10 
10 
8 

15 

70 
50 
75 
40 
75 
60 

110 
75 
95 
65 

200 
73 

120, 
120 
65 
70 

22 
20 
30 
25 
25, 
12 
13 
30. 
30 
20 
40 
20 
12 
12 
18 
15 

0.15 
6.03 
o:o5 
O.IO 
O.OI 
O.OI 
0.01 
0.01 
0.01 
O.OI 
0.01 
0.14 
O.OI 
O.OI 
0.04 
0,05 

Average (of 16'SaiTiples) 
Standard deviation 

,14.7 
2.4 

0.12 
0.06 

0.17 
0.02 

II 
4 

80 
:38 

22 
7 

0.04 
0.04 

metn'c results, from the following function after 
Barton & Skinner (1967): 

3^ = 5.4093-^0.000456 x +0.00424 y-H0.0)202 z 

werex, y,:and zrepresent the mole percent FeS, 
CdS,. and MnS respectively. The results so 
obtained from calculations are placed side by 
side with those of actual measurements in Table ! 
1 for comparative observations. As may be seen,; 
there is generally a good agreement between the | 
measured and calculated cell dimensions, the I 
differences (often ± 0.0tH)3) being well within \ 
the limits of tolerable error in the measurement. ' 

The observed agreement confirms that the iron, 
manganese, and cadmium are the principal 
elements affecting the cell dimensions of sphal
erite. It also confirms that the contents of these 
elements, as detected by atomic absorption 
technique, largely represent their amount fixed 
within the lattice of the respective sphaleri"tes. 
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Fig. 9. Composite histograms showing the distribution of analyses of (a) Sulitjelma sphalerites and (b)Giken sphalerites. 
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Results 
/row content of sphalerites 

The FeS-content of sphalerites belonging to two 
principal groups of ores in Sulitjelma deposit 
varies, in general, from 9.5 to 19.9 mole percent, 
the ranges of variation for the two groups 
overlapping each other for the major part of their 
spreads (Fig. 9a). The range from 12 to 17 mole 
^•FeS covers nearly 90 % of Group-A and 75 % 
of Group-B sphalerites and, therefore, largely 
represents the composition of sphalerites of the 
deposit in general. 

The pattern and trend of variation of iron 
content in sphalerites of the two groups of ores 
may be best studied on the scale of an individual 
ore body. Accordingly, a study of the analysed 
samples from Giken ore body, the biggest and 
most representative of the deposit (Fig. 9b), 
leads to the following interesting and significant 
observations. 

Group-A sphalerites show a variation in mole 
% FeS from 9.5 to 16.2 with an average of 13.6 
and a mode of 13.9 while those while those 
belonging to Group-B exhibit a range from 9.9 to 
17.3 mole % FeS with an average of 13.6 and a 

mode of 12.2. Group-A sphalerites thus tend to 
show relatively higher FeS-content than their 
Group-B counterparts. 

The pattem of distribution of iron analyses in 
either group is unimodal with pronounced mode 
in 12 to 14 mole % FeS range. In either group, 
over 65 % of the analysed samples have their 
iron analyses clustered closely within or around 
the mode. 

The spread of analyses is comparatively larger 
for sphalerites of the pyrrhotitic assemblage. 

Manganese content 

The two paragenetical groups of sphalerites 
exhibit fairly distinctive and rather characteristic 
ranges of their manganese content. Group-A 
sphalerites seem to have generally low and 
relatively more consistent manganese content in 
the narrow range of 0.02 % to 0.07 %. Group-B 
sphalerites, on the other hand, exhibit higher 
manganese content in a wider range of 0.04 % to 
0.22 %. Sphalerites from the Jakobsbakken ore 
body;show abnormally high manganese content, 
usually exceeding 0.2 %. 

The graphic evaluation of the iron-manganese 

Fig. 10. On** ' 
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Fig. to. Graph showing relationship of iron- and manganese-contents in Group-A and Group-B sphalerites. 

relationship in Fig. 10 brings out clearly discern
ible sympathetic correlation between the iron 
and manganese content of Group-A sphalerites. 
No such relationship, however, is visible in 
Group-B sphalerites. 

Cadmium content 

The cadmium content of the two principal 
groups of sphalerites varies over a character
istically narrow range of 0.11 % toO. 19% with a 
prominent modal concentration around 0.14%. 
Ranges of cadmium content pertaining to the 
two principal groups of sphalerites appear to be 
overlapping for the large part of their spreads. 
The cadmium content of sphalerite from the 

sphalerite-galena assemblage, on the other hand, 
appears strikingly high, being about 0.37 % in its 
analysed sample. 

There is no discernible linear nor logarithmic 
correlation between the iron- and cadmium 
content of Group-A or Group-B sphalerites of 
the deposit. 

Other trace elements 

Elements detected in trace amounts in almost all 
the sphalerite samples of this study include 
gallium, cobalt, nickel, silver, arsenic, and anti
mony. The abundances ofthe first three of them, 
determined quantitatively, appear in Tables 2 
and 3. It is difficult to say how much of the 
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Table 4. Cherhical'composition of different pa rts of selected sphalerite cfysials. 

Sample 
No. 

G/107 

G/57 

Part ofthe crystal 

Central part (core) 
Marginal part 

Central part, (core) 
Marginal part 

(I) 
(2) 
(la) 
(2a) 

(1) 
(2) 
(lb) 
(2b) 

Zn 
% 

•H.iXl 
56.14-
0.86 
0,85 

58,00 
58.15 
0.87 
0,88 

Fe 
% 

8.79 
8,37 
0,16 
0,15 

7.49 
7:77 
0.15 
0;I4 

Mn 

% 

0.13 
O.ll 
0.00 
0.00 

0.03 
0:03 
0.00 
0.00 

s 
% 

34.74 
35.18 
1.00 
1,(» 

33.99 
34.22 

1.00 
1.00 

1(a) and 2(a) and 1(b) and 2{b) represent no. of atoms calculated from the 
analyses! and 2 on the basis'qf l(S). 

observed abundances of these elements in the 
analysed sphalerite samples'should be ascribed 
to the microcrystalline particles or grains of 
chalcopyrite, galeria etc. that may be occurring 
as minute, invisible, and inseparable inclusions 
in sphalerite, or to .the copper possibly present in 
solid solution with zinc. In this connection, two 
important facts have to be taken into account: 

The analytical results show fairly low concen
tration of both copper and lead in the analysed 
isphalerite samples, thus indicating rninimal con
tamination. 

The abundances of the above-mentioned 
microelements in the analysed sphalerites, in 
general, fall within appreciably narrow ranges. 

It is, therefore, surmised that the observed 
abundances of the trace elements by and large 
represent the amount fixed within the lattice of 
sphalerite itself; and the contribution's of the 
iin p u riti e s, if an y, are al mo s f negligible. 
' Unlike iron, manganese, and cadmium, none 
of the trace elements mentioned' above exhibit 
any dependence upon the paragenetic grouping 
of sphalerites. The range's of abundance of the 
various trace elements corresponding to the, two 
paragenetic groups of sphalerites are found,to be 
characteristically narrow and almost overlapp
ing fbr the whole or the large part of their 
spreads. 

Sphalerite, composition on a crystal scale 

Microprobe analyses of numerous spots repre
senting central (core) and marginal (rim)portions 
of several sphalerite crystals in about a dozen 
selected samples of the, twc) principal types of 
ores were carried out to ,examine the homo
geneity/heterogeneity of-sphalerite compositton 

on the crystal scale. Representative results of 
this study referring to two typical samples, 
sunimarised in Table 4, exhibit nearly identitial 
composition in the core and rim portions of the 
crystals thereby indicating total absence of 
zoning in them and almost homogeneous chemi^ 
cal constitution of the- sphalerites. 

Following suggestions of Scott & Barnes 
(1971), microprobe traverses across a few sphal
erite grains in three polished sections of typical 
ores belonging to sphalerite-pyrrhotite assem
blage were also undertaken in order to detect the 
presence of iron-rich patches, if any. No such 
patch, however, could be detected in the ana
lysed sphalerites. 

Element distribution between sphalerite 
and assoeiated .iron-sulphide minerals 

The partitioning of sonie common minor ele
ments, particularly manganese and cobalt be
tween sphalerite and pyrite of pyritic ores on the 
one hand, and sphalerite and pyrrhptite of 
pyrrhotitic ores on the other, was studied on a 
limited .scale. The results of this study are 
presented graphically as 'Roozeboom diagrams' 
in Fig. 11. As maybe seen thestudy brings out-, 
fairly distinct and meaningful distributipn pat
terns. The distribution of.cpbalt between sphal
erite and pyrite, as well as between sphalerite 
and pyrrhotite, shows remarkably little scatter 
of points on the diagrams. The distribution of 
manganese in both the mineral pairs, on the 
other hand, exhibits less distinct, yet still deline;-
able trend towards consistency of distributional 
relationship. The magnitude of deviations, qf 
course, appears relatively more but is still within 
reasonable Umitoferror. 
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While it may be desirable to have many mPre 
analytieal results to study partitioning pf ele
ments, the aforesaid study possibly succeetls 
within its limitations to focus upon the discerni
ble trend towards regularity of element parti
tioning iri the ty pom Orphic mineral pairs repre
senting the two orcTtypes. 

Synthesis ahd disGussion 

The overall observations of the present .study 
confirm the classifiGation of sphalerite-bearing 
ores of Sulitjelma deposit into three typo mor
phic groups that have distinguishable modes of 
occurrence', mineral associations, and micro-
mineralogtc and geochemical characteristics of 
sphalerites. This fact is, in itself, suggestive pf 
the polycyclic nature;and complicated history of 
sulphide mineralization in the region. 

The first two groups of sphalerite-bearing 
ores, represented by pyrite-chalcopyrite-sphal-
erite and pyrrbotite-chalcopyrite-sphaleriie as
semblages, constitute over 90 % of the ore mass 
in the deposit. They vary considerably not only 
in their own relative proportion in, fhe average 
ore mass, but also in their average chemical 
compositioh from one ore body .to another. A big 
range of zinc-rich to zinc-poor ore bodies having 
no defintte: pattern in their setting is conse-
qiiently represented in the deposit. This observa
tion has a significant bearingon the problem of 
pre genesis in the region (Rai 1972, 1977). 

In contrast to the above-mentioned picture 
regarding their'average chemical composition, 
the two groups of ores exhibit only minor 
differences, essentially of quantitative nature; in 
tb€ minor- and trace-element .geochemistry of 
their sphalerites. The ranges of variation in the 
content pf an element In sphalerites of the two 
groups of ores are overlapping for the large part 
of their spreads in the case of minor elem'ents 
like iron and manganese and cadmium and are 
generally quite narrow and indistiriguishable.for 
trace elements like gallium, cobalt, nickel, etc. 
Similarities in the pattern and trend of distribii
tion of analytical results of iron in the two groups 
of sphalerites are also striking'and significant. 
All these observations seem to be suggestive of 
final erystaliizatibn or recrystallization of the 
two groups of sphalerites and related ores under 
almost identical physico-chemical conditions cor
responding ppssibly to the isofacial high-grade 
metamorphism of ores and the country rocks. 

NORSK GEOLOGISK TIDSSiai.tFT I (1978) 

In the Gtken ore body, the sphalerites of 
pyritic assemblage exhibit a tendency tb be 
slightly richer in iron as compared to the 
sphalerites of the pyrrhotitic assemblage. While 
this significant observation needs to be strength
ened with a larger data base covering the entire 
deposit, it may be mentioned that a similar 
pattern and trend of sphalerite composition has 
been observed recently in the massive lead-zinc 
deposit of Sullivan in British Columbia, Canada 
(Barton pers. comm. 1975). It is difficult to say if 
observattons.of this sort can be explained simply 
by high (total) pressures during crystallization or 
by the equilibration at low temperatures or even 
both. As suggested by Barton, a better explana
tion might well be multiple mineralization or 
limited re-equiiibration, wherein the pyrite was 
inert. The possibility of̂  interactions between 
some phases while others remained inert or 
sluggish as temperatures and pressures fell hasi 
accordingly, to be considered. The modifying 
role of lower temperature pheiiomena which are 
capable of clouding or even destroying the 
records df metastable stages also niseds proper 
eyaiuation in this connection. 

The present study on sphalerites also has'an 
important bearing on the problern related to 
equilibrium contrpi of ore formation in the 
deposit. The observedtextural relattoris of sphal
erite and associated iron-sulphide mineralsin the 
two ore types indicate, essentially the co-existtng 
nature of the sulphide minerals concerned. The 
homogeneity of sphalerite, composition on the 
crystal scale, as brought out.by the microprpbe 
studies, seems to be suggestive of effective equil
ibration even on the micro scale in the ore mass 
of the two ore-types. This is further substan
tiated by the observed regularity in the parti
tioning bf certain minor elements, particularly 
manga hese, and cobalt, between sphalerite and 
associated iron-siilphide minerals in the two ore-
types; The study on minor- and trace-ele ment 
composition of sphalerites further brings out a 
close approach to compositional uniformity of 
sphalerites'of each group on the scale of an ore 
body as well as the brs deposit in general. All 
these; micro-, macro- and mega-scale observa
tions suggest a gobd. degree of equilibrium 
control of ore formation in the deposit under 
study. 

As shown by Scott & Barnes (1971) and Scptt 
(1973),;sphalerite co-existing with pyrrhotite and 
pyrite may be" used confidently as a geobaro-
meter in,most of the. geologic environments. In 
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regionally metamorphosed sulphide deposits, 
according to them, this geoBarometer is most 
likely to succeed because the duratibn and 
extent of the metamorphic event offers optimuin 
conditions for equilibration and homogenization 
of mineral assemblages. Accordingly, in the 
Sulitjelma deposit, where the equilibration of 
mineral assemblages on all scales has already 
been surmised and is presumably an effect of the 
regional metamorphism, the sphalerite geobard-
meter seems to be best-suited for deeiphering 
the pressure conditions of deposition and meta
morphism bf ores. Paucity of adequate data 
regarding the temperature conditions of ore 
formatipn, hpwever, circumscribes the effective 
application of this geo barometer. Meanwhile, 
some provisional estimates regarding the pres
sure conditions may be.made on the basis of the 
following-available data: 

Henley's (1970b) estimates regarding the up
per limit of temperature of recrystallization of 
country rocks at SSO'C-fiOO-C:, this being pre
sumably applicable aisp to the ores in the light of 
isofacial nature of regional metamorphism of 
(Country rocks and the ore deposit. 

The estimates of minimum temperatures" in 
375°-425°C range, as obtained from the applica^ 
tion of pyrrhotite geothermometer. 

The composition of sphalerites co-existing 
with pyrrhotite and pyrite commonly in the 
range of 12 to 17 mole %FeS, as bb served, in this 
study. 

The extrapolation of the above data on 
the geobarometric curves of Scott & Barnes 
(1971) indicates the pressures of 4.0 + 1 Kb in 
the deposit. While.preseuting this estimate tenta
tively, it may be emphasized that the existing 
composition of sphalerites in both the major 
paragenetical groups of ores represents at best 
the optimum conditions undergone by them 
duringregional metamorphism and not necessari
ly the primary conditions of ore^foiTnation in the 
deposit. 
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The field relations, petrography, and geochemistry of a suite of amphibolite facies metamorphic rocks 
from the Bamble Sector of the Fennoscandian Shield in south Norway are described and discussed. 
Field and geochemical parameters suggest an igneous origin for the suite, in particular the 
mineralogical and chemical continuum from acid to basic members, element associations and trends, 
and the abundance of major constituents. The Na and K contents are consistent with calc-
alkaline igneous suites. 

Elemenl difliision trends typical of high-grade metamorphism. particularly those involving K and 
related elements, contrast with those observed in Ihe meta-igneous rocks, and the metamorphism is 
considered to be largely isochemical. Therefore the pre-metamorphic chemical characteristics of the 
area, e.g. high Th concentrations, can be used to assess the metamorphic processes which have 
affecled adjacent granulite and granitic terrains. 
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The Songe-Ubergsmoen area of south Norway is 
in the Bamblt Sector of the Fennoscandian 
Shield. Songe is 250 km south of Oslo, and 40 km 
north of Arendal (Fig. 1). 

The Bamble Sector in the Arendal region 
consists of high-grade metamorphic rocks of 
upper amphibolite and granulite facies (Bugge 
1943, Touret 1968). The Songe-Ubergsmoen 
area lies in the upper amphibolite facies terrain. 
The grade of metamorphism increases southward 
towards Arendal, where the granulite facies 
rocks are located (Cooper 1971, Andreae 1974). 

The geological history proposed by Starmer 
(1972) can be applied in general to the Songe-
Ubergsmoen area. The main metamorphic 
episode seen today is the Svenconorwegian 
orogeny (D3 of Starmer 1972) at an approximate 
age of 1160-1200 m.y. (O'Nions & Baadsgaard 
1971). This was followed by a major period of 
granitisation, which had a profound effect on the 
gneisses around Tvedestrand, immediately to 
the south of the area under discussion (Field 
1969). 

The Songe-Ubergsmoen has been mapped by 
the author at a scale of 1:15,000. Four major 
lithological units occur in the area: metasedi
mentary gneisses, typified by the presence of 
sillimanite and graphite (Beeson 1975); the meta
igneous rocks described here; granitic and 
granodioritic gneisses (Starmer 1969a); and basic 

rocks of three recognisable ages and varying 
metamorphism (Starmer 1969b, Elliott 1973). 
The spatial distribution of these lithologies has 
been previously described (Beeson 1975). 

The meta-igneous rocks and to a lesser extent 
the metasedimentary gneisses of the Songe-
Ubergsmoen area offer an excellent opportunity 
to study lithologies which have not been exten
sively affected by the movement of elements 
during granitisation or K-feldspathisation proc
esses prevalent in adjacent areas. These proc
esses have occured in the area, but detailed 
mapping has shown that the meta-igneous rocks 
are only partially affected. This has enabled the 
sampling of a suite of rocks which offers an 
indication of the primary nature of the pre-
metamorphic lithologies, and the processes ac
tive in high-grade metamorphism. 

The field relations, petrography and geo
chemistry of the meta-igneous rocks are dis
cussed, and compared with both metamorphic 
and igneous rocks suites from elsewhere in the 
world with which they show affinities. 

Field relations 
The nieta-igneous rocks consist typically of 
quartz, plagioclase, biotite, and hornblende. The 
hornblende is normally restricted to the in-

-N. Geologisk Tidsskr. 117^ 
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Fig. 1. Location map oflhe Songe-Ubergsmoen area, south Norway. 

termediate and basic varieties of the rock suite. 
Garnet, when present, is red in colour. K-
feldspar is rare in the meta-igneous rocks, but 
when present the field and petrographic evi
dence indicates that this mineral replaces 
plagioclase. This mineralogy contrasts with that 
of the metasedimentary gneisses in the area, and 
allows distinction between the two rock groups 
in the field. The metasedimentary gneisses com
monly have sillimanite and graphite in the more 
acid varieties, and a pale pink garnet in relatively 

iron-rich varieties. Only rocks with a mineralogy 
of biotite-quartz-plagiodase are common to both 
the meta-igneous and metasedimentary lithol
ogies. 

The rock suite normally has a well-developed 
gneissic texture, but it is locally massive. It 
varies from leucocratic quartz-plagioclase 
gneisses with minor contents of biotite to 
amphibolites coi;sisting of only plagioclase and 
hornblende. Banding of leucocratic and mela-
nocratic layers occurs, commonly with a pre-
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Fig. 2. Frequency distribution of the anorthite content of plagioclase in the meta-igneous rocks. 

dominance of the former. The individual layers 
vary firom 1 centimetre to several metres in 
width. The amphibolite horizons within the 
quartz-plagioclase-biotite gneisses (± horn
blende) can be much wider than these banded 
gneisses, being tens or hundreds of metres in 
width. These amphibolite horizons can extend 
for more than a kilometre along strike. 

Metasedimentary gneisses rarely occur as thin 
intercalations within the meta-igneous rocks, but 
are commonly at least 50 m in width. However, 
the reverse is not true, and thin intercalations of 
the meta-igneous rocks are not found in the 
metasedimentary gneisses. Units of the meta
igneous rocks can be extremely persistent, one 
500 m wide unit continuing for 15 km throughout 
the area. 

Petrography 
The petrographic description tendered here is a 
generalised summary ofthe features ofthe meta
igneous rocks as a whole. 

Two main varieties of quartz (3-59%) are 
present. The first occurs as sub-rounded grains 
(0.1-5 mm) with a non- or partially-undulose 
extinction and curved or lobate margins. The 
second variety has an irregular shape, frequently 
displays sutured margins, and undulose extinc
tion. The latter may occasionally contain trains 
of inclusions parallel to the foliation. These are 

considered to have formed during two metamor
phic stages, i.e. syn- and post- the main metamor
phic episode (Beeson 1975). 

Plagioclase (2-82 %) is normally present as 
equidimensional grains («3 mm), although 
slightly elongate, coarser varieties (^7 mm) are 
present. The grain shape can be rounded, angu
lar or irregular. Plagioclase composition shows a 
continuous increase in Ab content with silica in 
this rock type (Fig. 2). The plagioclase is occa
sionally antiperthitic. In such cases the anti-
perthitic types are patch, flame and rod forms. 

Biotite (0-69%) is predominantly pleochroic 
pale to dark brown (X, Y) or brown (Z), although 
pale phlogopitic micas and iron-rich medium-
brown to black varieties are represented. Pri
mary mica varies from stubby, shortened grains 
to thin, platelike crystals (0.5-4 mm). Mica 
defines the foliation plane, particularly when 
abundant, but the foliation can be distorted by 
either the growth of garnet or quartz veinlets. 
Biotite commonly replaces hornblende, both in 
the presence and absence of K-feldspar. Two 
replacement forms are recognised: distinct stub
by or elongate laths cutting across the horn
blende grains, or a felted mosaic of fine-grained 
mica. The biotite also replaces garnet and rarely 
epidote. Minerals occuring as inclusions in the 
biotite are zircon, apatite, and opaque minerals. 
The biotite alters to chlorite and prehnite. 

The hornblende (0-33 %) is exclusively green 
in colour, commonly with X, Y pleochroic pale 
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Taljte I. Meta-igneous rocks, Songe-Ubergsmoen area: sum
mary statistics. Major elements in oxide percentages, trace 
elements in ppm (n = 50) 

Element 

SiO, 
A l ,0 , 
TiO, 
F e , 0 , 
FeO 
MgO 
CaO 
N a , 0 
K ,0 
MnO 
P.Os 

S 
Cl 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Rb 
Sr 
Y 
Zr 
Sn 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Pb 
Th 
U 

Mean 

66.12 
14.63 
0.73 
2.50 
2.67 
2.40 
3.99 
3.72 
1.83 
0.07 
0.17 

292 
358 

14 
127 
27 
20 
17 
25 
76 
21 
65 

254 
35 

294 
1 

860 
29 
88 
21 
26 
II 
14 
9 
1 

Standard 
deviation 

7.87 
2.15 
0.44 
2.02 
1.85 
2.47 
1.85 
1.50 
1.19 
0.07 
0.12 

458 
318 

9 
85 
35 
12 
23 
30 
47 

4 
45 

138 
38 

197 
4 

335 
24 
53 
II 
15 
6 

10 
9 
1 

MaximumMinimum Crustal 

78.19 
21.32 

2.13 
8.20 
8.97 

13.14 
8.17 
8.46 
5.62 
0.20 
0.52 

3011 
1302 

45 
523 
149 
53 
86 

198 
216 

34 
215 
587 
188 

1754 
23 

1886 
IOO 
261 

45 
74 
28 
52 
35 
4 

47.62 
10.51 
0.17 
0.29 
0.43 
0,14 
0,21 
0.30 
0.14 
0.01 
0.02 

7 
25 

2 
13 
0 ' 
0* 
0* 
1 
6 

12 
0* 

13 
0* 

70 
0* 

276 
1 

24 

!• 
7 
3* 
3* 
0* 
0* 

average 

60.3 
15,6 

1.0 
7.2 

3.9 
5.8 
3.2 
2.5 
0.10 
O.ll 

260 
130 
22 

135 
IOO 
25 
75 
55 
70 
15 
90 

375 
33 

165 
2 

425 
30 
60 

8 
28 
6 

13 
10 
3 

(I) From Taylor (1964) 
* indicates, value below Ihe direction limit 

green to medium green-brown or emerald green 
and Z pale to dark green-brown. Grain size is 
variable, and increases proportionally with the 
homblende content of the rock. Commonly the 
homblende is xenoblastic or elongate xeno-
blastic, although it is also often prismatic. 
Quartz, plagioclase, apatite and opaque minerals 
occur as inclusions in the homblende. 

The garnet (0-15%) is present as large 
poikiloblastic grains («15 mm) which are ir
regular, angular, rounded or elongate in shape. 
Included minerals are quartz, opaques, apatite, 
and altered plagioclase. Elongate grains com
monly form in bands parallel to the foliation or 

rarely as individual grains cutting across the 
foliation. 

Other minerals occurring in the meta-igneous 
rocks are K-feldspar, cordierite, and epidote. 
Accessory minerals present include opaque 
minerals (magnetite and pyrite), zircon, and 
apatite. 

Geochemistry 
50 samples of the meta-igneous rocks have been 
analysed for 11 major and 24 trace elements. 
Sample collection was based on 2 principles. To 
establish a representative collection of the rock 
group, samples were taken at 100 m intervals 
along road traverses perpendicular to the strike 
of the foliation. In addition samples were col
lected in all parts of the mapped area to establish 
the regional variation. 

Only the summary statistics of the data are 
presented here (Table I). The individual ana
lyses , Niggli values, cation percentages, modal 
analyses and katanorms have been presented 
elsewhere (Beeson 1972). 

The majority of elements in this lithology are 
typified by a lognormal distribution with a 
positive skew (Table I). Only SiOj, AljOs, and 
Ga have normal distributions. The distributions 
of CaO, NajO, Zr, and Th are irregular, which 
may indicate the presence of sub-populations. 

Only limited data are available for amphibolite 
grade metamorphic rocks from other areas but 
there are similarities in chemistry between the 
meta-igneous rocks from the Songe-Ubergsmoen 
area and elsewhere. The major-element composi
tion of the meta-igneous rocks can be compared 
with the sub-acid and intermediate rocks from 
Brazil (Sighinolfi 1971), and with amphibolite 
facies rocks from northern Norway (Heier & 
Thoresen 1971). However, trace-element compo
sitions, particularly the elements associated with 
K, are less related to other areas. 

Cluster analysis is used in this study to sum
marise element associatiohs. Cluster analysis is 
based on all inter-element correlations, and 
hence identifies groups of related elements. The 
degree of correlation between the groups can 
also be identified. The results of the clustering 
are shown as a dendrogram, which is a simplifi
cation of the multi-dimensional correlations in 
two dimensional fprm (Fig..3). This gives the 
following associations: Mg, V, Co, Cr and Ni; 
Fe, Ti, Mn, Sc, P and Zn; K, Rb and Ba; Zr, Y, 
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Fig. 4. The Sc/Y ralio versus percentage SiO, diagram for the meta-igneous rocks, divided into biolite gneisses (closed circles), 
biotite-homblende gneisses (open circles), and garnet-bearing gneisses (crosses). 

Ga, Th and the rare-earth elements; Ca, Na, Al, 
Cl and Sr; S and Cu; and the less significantly 
clustered elements Si, Sn, Pb, and U. The more 
important associations are discussed below. 

Silicon has a wide range of values (47-78 %) ; this 
gives it strong negative correlations with the 15 
elements which are most abundant in basic rocks 
because ofthe closed percentage system. 

Zirconium group (Zr, Y, Th, and the rare-earth 
elements): Zr is clustered with Y, Th and the 
rare-earth elements in both the metasedimentary 
and meta-igneous rocks of the Songe-Ubergs
moen area, but a correlation with Na in the 
former lithology suggests that at least a propor
tion of these elements is located in plagioclase 
(Beeson 1975). In the meta-igneous rocks the 

elements are only correlated with Zr. Zr normal
ly occurs in zircon in acid and intermediate 
rocks (Taylor 1965), and hence it is probable that 
the other elements of this group are present as 
isomorphous inclusions in the zircon structure in 
the meta-igneous rocks (Vlassov 1966). 

All elements of this association excepting Y 
are positively correlated with Si, although only 
La, Ce, Sm, and Th are correlated at the 99 % 
confidence level. Y decreases with Niggli Si, and 
hence has positive correlations with both the 
mafic elements and Zr. A strong, positive 
correlation between Zr and Ga exists, particu
larly at high concentrations of both elements, 
but this correlation cannot be explained. 

Taylor (1965) suggests that the ScA' ratio is a 
guide to igneous fractionation. The Sc/Y ratio 
shows two individual and distinct decreasing 
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trends with increasing SiOa (Fig. 4), excepting 
seven high values of the ratio. This suggests 
that this lithology has an igneous origin. 

Fig. 4 also indicates that garnet only occurs in 
rocks with a Sc/Y ratio of less than 0.5. As Sc is 
strongly correlated with Fe'"^ in these rocks, the 
high Sc/Y ratios would normally be expected in 

. garnet-bearing rocks. 

Potassium group (K, Rb and Ba): K-feldspar 
constitutes over 1 % of the mode in only 20 % of 
the meta-igneous rocks, and hence K and Rb are 
normally located in biotite. In K-feldspar-bearing 
rocks the K content is markedly increased. 
When present, K-feldspar replaces plagioclase 
in this lithology, and consequently both K and 
Rb show a negative correlation with Ca and Na. 
The negative correlation between the latter two 
elements and Ba is less pronounced than that of 
K and Rb, and hence it is considered that at least 
part of the Ba abundance is present in the 
plagioclase. 

The mean K/Rb ratio (292) is higher in the 
meta-igneous rocks than crustal average esti
mates (e.g. Taylor 1965, table II). However, 
it has a wide range of values (138-1200), and the 
relatively high mean is caused by the high ratios 
in rocks deficient in K and Rb, where the mean 
is 739 for rocks with less than 0.5 % K. The 
median value for the meta-igneous rocks is con
sequently lower (238). 

Comparative data in the Bamble Sector are 
currently only available for metabasites from the 
area ofthe granulite facies transition south ofthe 
Songe-Ubergsmoen area (Field & Clough 1976), 
and the charnockitic gneisses from the granulite 
facies (Cooper & Field 1977). Although a similar 
mean K/Rb ratio is obtained for the metabasites 
from amphibolite facies samples (378), both the 
granulite facies metabasites (mean 567) and 
particularly the charnockitic gneisses (mean 
1323) show the Rb depletion typical of many 
high grade metamorphic terrains (e.g. Sighinolfi 
1969, 1971). Consequently the linear trend exhib
ited by the metabasites and the field of the 
charnockitic gneisses are both on the K-rich side 
ofthe regression lines calculated by Shaw (1968) 
for igneous rock suites, and have an atypical 
orientation (Fig. 5). In contrast the field of the 
meta-igneous rocks falls well within that of 
examples given by Shaw, and have similar K/Rb 
ratios to several unmetamorphosed rock suites, 
e.g. the hornblende dacites from the western 
USA and the andesites and dacites from the 
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Table 2. Mean K/Rb and K/Ba ratios for the meta-igneous 
rocks and metamorphic rocks from elsewhere in the world. 

10 

K/Rb 292 378. 1330 240 217 258| 688 232 297 539 
K/Ba 19 18 20 40 28 48 13 -

1. Meta-igneous rocks. Songe-Ubergsmoen area. 
2. Amphibolites, Sogne-Ubergsmoen area, 
3. Charnockitic gneisses (Cooper & Field 1977). 
4. Granitic gneisses, Arendal area (Cooper 1971). 
5. Sub-acid gneisses, Musgrave Range. Australia (Lambert & 

Heier 1968). 
6. Acid gneisses, Musgrave Range, Australia (Lambert & 

Heier 1968). 
7. Basic rocks, Musgrave Range, Australia (Lambert & Heier 

1968). 
8. Crustal average (Faylor 1964), 
9. 10. Amphibolite facies rocks, northern Norway (Heier & 

Thoresen 1971). 

Solomon Islands (Jakes & White 1970). The 
meta-igneous trend is also not markedly di
vergent from the Lewis & Spooner (1973) 
granulite trend, although Field & Clough (1976) 
indicate that this is for a composite sample 
and not necessarily typical of observed in
dividual trends. Six meta-igneous rocks with 
below 15 ppm Rb do not conform to the regular 
trend of the remainder of the rock suite. These 
samples are deficient in K-bearing minerals, 
having no K-feldspar and biotite being absent or 
less than 1 % of the mode. 

Although K/Ba ratios in the meta-igneous 
rocks are similar to those recorded in the 
amphibolite facies terrains of Australia 
(Lambert & Heier 1968, table II), and the adja
cent granulite facies rocks (Cooper & Field 
1977), the Ba values (mean 860 ppm) are consid
erably higher than the estimates for the average 
of the continental crust (e.g. Taylor 1965, 425 
ppm). 

Comparison of the K, Th and U concentid-
tions of the meta-igneous rocks with a range of 
rock types from elsewhere in the world indicates 
that Th is relatively enriched (Table 3). This 
results in high values of the Th/U and Th/K 
ratios in comparison with granitic rocks (Heier 
«fe Rojers 1963). Granitic rocks from the Sogne-
Ubergsmoen area are similar in respect of these 
elements to those reported by Killeen & Heier 
(1974) for gneisses from elsewhere in the Bamble 
Sector. 

The sodiunf group (Na, Ca, Sr, Al and Cl): the 
elements of this association are variably located 
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ppm Rb 
500 1000 

Fig. 5. K versus Rb for the meta-igneous rocks. The dashed line represents the ratio calculated by Lewis & Spooner (1973) for 
granulites. the continuous line the regression calculated for metabasites (Field & Clough 1976), and the hatched area is the upper 
part of the charnockitic gneiss field (Cooper & Field 1977). 

in plagioclase and homblende in the meta
igneous rocks. The Na is largely restricted to the 
former, and it displays a reasonable correlation 
with the plagioclase content (Fig. 6). The rela
tively limited range of anorthite contents of the 
plagigclase (Fig. 2) is not sufficient to disturb 
this relationship markedly. Ca is contained 

Table 3. Mean values of Th, U, K and ratios for metamorphic 
and granitic rocks. 

Th 
U 
K 
Th/U 
TWk (E4) 
U/K (E4) 

I 

9 
I 
1.52 
5.86 
6.06 
1.00 

2 

21 
3 
3.17 
9.05 
8.55 
1.45 

3 

20 
5 
3.09 
5.2 
6.7 
1.5 

4 

10 
2 
2.58 

0.95 

5 

17 
5 
3.79 
3.5 
3.9 
1.2 

1. Meta-igneous rocks, this study 
2. Granitic gneisses, this study. 
3. Levang gneisses, Killeen & Heier (1974). 
4. Canadian Shield, Shaw et al. (1967). 
5. Granitic rocks, Heier & Rogers (1963). 

within both hornblende and plagioclase. The 
latter normally constitutes 30-65 % of the mode 
of these rocks, and no systematic variation 
between Ca and modal abundance was observed 
(Fig. 7a). However, it is evident that Ca concen
trations above 3 % are directly related to the 
abundance of modal homblende (Fig. 7b). Only 
two samples which contain less than 3 %Ca also 
contain homblende. At the higher abundances of 
Ca (>9%) and modal homblende (>40%), 
plagioclase and hornblende are the main constitu
ents and their linear relationship noted above is 
disturbed. 

Sr correlates with both CaO and NajO at the 
99% significance level, and shows a similar re
lationship as Na in respect of modal plagioclase. 
Hence it can be assumed that Sr substitutes for 
both Na and Ca in that mineral. 

The association between Ca and modal hom
blende causes strong positive correlations be
tween the formef and the elements of the Fe and 
Mg associations. Al has a similar behaviour 
pattera to both Ca and Na, giving correlations at 
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Fig. 6. Modal plagioclase versus percentage Na for the meta-igneous rocks. Key as for Fig, 4, plus amphibolites (squares). 

the 99% significance level with Ca and at the 
95 % level with Na, indicating the major element 
association in plagioclase and homblende. Cl 
would normally be expected to associate with 
the elements in mica, and its presence in this 
grouping cannot be readily explained. 

Magnesium and associated elements (Mg, V, 
Co, Cr, Ni): the meta-igneous rocks are divided 
into two associations centred on Mg and Fe. 
Although correlations between the two groups 
are commonly above the 99 % significance level 
for individual elements, V, Cr, Co, and Ni have 
a more close association with Mg. Cluster 
analysis (Fig. 3) displays these two associations, 
although it shows that Cr and Ni have no direct 
relationship with Co and V except through Mg. 

TheCo/Mg and V/Mg ratios show no variation 

with an increase in the Niggli value Si. Cr and Ni 
have a sympathetic relationship with each other 
(Fig. 8) and with Mg except in samples with 
particularly high Mg values. Homblende-bearing 
rocks have both high and low values of Cr and 
Ni (Fig. 8). The Ni/Cr ratio does not vary with 
increasing silica and, as stated by Taylor (1965), 
is not a good indicator of fractionation. 

The Cr/FeO ratio splits the meta-igneous 
rocks into two distinct fields which are not 
related to any contrasts in modal abundances. 

Iron and the associated elements (Ti, Mn, Sc, 
Zn): this forms the closest association found 
within the meta-igneous rocks, except that be
tween the individual rare-earth elements. This 
relationship of elements has been previously 
noted by Sighinolfi (1971) in granulite facies 
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Fig. 8. Cr versus Ni for the meta-igneous rocks. Key as for Fig. 4. 

metamorphic rocks in Brazil, and is common in 
both igneous (e.g. Gmza 1965) and sedimentary 

•" rocks (e.g. Condie 1967). Both Mn and Zn are 
closely correlated with Fe "̂̂ , and appear to 
substitute for that element. 

With increasing silica the ratios Mn/Fe^* and 
Zn/Fe^^ exhibit no change, but the ratiosTi/Fe'* 
and Sc/Fe'^ both decrease. The Mn/Fe''^ ratio is 
normally constant during igneous fractionation 
(e.g. Putman & Bumham 1963) and appears to 
remain so in the meta-igneous rocks. The 
Zn/Fe^^ ratio, however, decreases in the later 
stages of igneous fractionation (e.g. Papezik 
1%5). 

Ti/Mg, Fe^^/Mg, and Zn/Mg ratios show no 
variation with increasing silica, whereas the 
Sc/Mg ratio decreases. The Co/Fe^^ ratio de
creases sharply with increasing Fe^*, despite the 
strong correlation between the two elements. 
The Ti/Zr ratio, an indicator of fractionation 

(Taylor 1965), decreases with increasing silica 
content (Fig. 9). 

The close association of Fe and related ele
ments is considered to be a primary, igneous 
feature, oarticularly as there is a contrast with 
the element ratio behaviour in the meta
sedimentary gneisses ofthis area (Beeson 1975). 
The clear distinction of two groups of mafic 
elements in the meta-igneous rocks is difficult to 
explain for certain elements, particularly V. This 
element occurs chiefly as V* and should enter 
Fe'* position in the later stages of igneous 
fractionation in igneous rocks, but V and Fe'* 

• are barely correlated here. This is the converse 
of the findings of Field & Elliott (1974), who 
established a complimentary increase of these 
two elements in the amphibolitisation of basic 
rocks in^he southern Bamble Sector. Cr and V 
have similar characteristics except in their ionic 
radii, normally resulting in Cr fractionating in 
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the more; basic rocks. In view of their similar 
distributions here, this may explain the Mg-Cr-V 
association in the meta-igneous- rocks. 

Discussion 

Igneous characteristics of the meta-igneous 
rocks 
Several features combine to justify the classifi
cation of the above described lithology as being 
meta-igneous. It is an individual rock suite' 
which can be recognised in the field, and 
contrasted with bther lithologies of previously 
determined origin, eg, the .metasedimeritary 
gneisses which coritain meta-graywackes, 
-petitesi and -quartzites (Beeson 1975). The 
individual members of the meta-igneous rocks 
have sharp contacts with other lithologies which 
are parallel to the foliation. 

The lithology constitutes a chernical con
tinuum from basic 'amphibolitic' rocks to rocks 
containing up to 78 % silica. The continuum is 
reflected in the observed mineralogy, in which 
the four essentia! minerals - quartz, piagioclase, 
biotite and homblende - all have a wide varia

tion in modal abundance which is controlled by 
the major element chemistry (see abov^). 

The.mean values of the major elements in the 
meta-igneous rocks are comparable with those 
of intermediate ;and acid rocks compiled by 
Nockolds (1954). As the meta-igneous rocks 
have a wide compositional range it is difficult to 
make direct comparisons, but dacites and quartz-
diorites have similar compositions (Table 4). The 
Na^O + K^O contents of meta-igneous rocks:are 
similar in relation to SiOj forthe majority of acid 
and intermediate volcanic rocks (Fig. 10). 

In contrast, metasedimentary gneisses from 
the Songe-Ubergsmoen area have values dis
similar tp igneous rocks, particularly for MgO, 
CaO and NajO fFable 4). In addition, major and 
trace elements show fractionation trends charac
teristic of known igneous models, e.g. Na^O + 
KjO, Sc/Y,Ti/Zr, Cr/Fe=+, Ti/Fe=* and Mn/Fe'+. 

Affinities of the meta-igneous rocks 

The geochemistry of the meta-igrieous rocks 
suggests thaf the element concentrations have 
undergone little modification during the high-
grade metamorphism. Consequently compari
sons can be made with modem equivalents with 

fwih<''P*^..< 
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some confidence. The meta-igneous rocks dis
play close affinities with several tholeitic rock 
suites, e.g. the Scottish Tertiary Province (Kuno 
1%8) Fig. 10. Some high silica rocks do not fit 
directly onto the tholeitic trend, and it is 
suggested that these are clastic rocks of which a 
proportion of the material was derived from an 
igneous source. An example of such sedimentary 
lithologies has been recorded by Kuno (1968), 
and given in Fig. 10. 

Significance of this study to the Bamble 
Sector 

The southern Bamble Sector is an excellent 
region for the study of metamorphic processes. 
Detailed geological mapping has defined the 
nature of the amphibolite and granulite facies 
metamorphism and a transitional zone with 
intense K-feldspathisation. The meta-igneous 
rocks of the Songe-Ubergsmoen area lie adja
cent to the zone of K-feldspathisation and are 
apparently little affected by this process. Con
sequently this lithology exhibits igneous charac
teristics which have not been substantially modi
fied by subsequent metamorphism, and provides 

Table 4. Comparison of the major^lement compositions of 
meta-igneous rocks (I) and metasedimentary gneisses (2) of 
the Songe-Ubergsmoen area with charnockitic gneisses (3, 
Cooper & Field 1977), and averages for dacites (4) and quartz-
diorites (5, Nockolds 1954). 

SiO. 
AUOj 
TiO, 
F e , 0 , 
FeO 
MgO 
C ^ 
NajO 
K , 0 
MnO 
P.O, 

1 

66.12 
14.63 
0.73 
2.50 
2.67 
2.40 
3.99 
3.72 
1.83 
0.07 
0.17 

2 

70.05 
13.07 
0.74 
1.37 
3.61 
2.72 
2.44 
2.03 
2.57 
0.06 
0.15 

3 

68.35 
13.83 
0,53 
6,01 

1.90 
3.64 
4.67 
0.47 
0.09 
0.12 

4 

63.58 
16.67 
0.64 
2.24 
3.00 
2.12 
5.53 
3.98 
1.40 
O.ll 
0.17 

5 

66.15 
15.56 
0.62 
1.36 
3.42 
1,94 
4.65 
3.90 
1.42 
0.08 
0.21 

a reference against which the rocks of adjacent 
areas can be compared to determine high-grade 
metamorphic processes. 

Of particular interest to the Bamble Sector is 
the marked similarity for the majority of ele
ments between the meta-igneous rocks and the 
charnockitic gneisses of the adjacent granulite 
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Fig. / / . ACF diagram for the amphibolite facies showing the composition of the meta-igneous rocks (afler Winkler I%7). 

Wi 

facies. This is well illustrated by the ACF 
diagram (Fig. 11), in which the fields of both 
rocks are identical. Consequently both rock 
types may well have had the same parentage, 
and subsequent metamorphic processes have 
not affected the abundances of Al, Ca, Mg, Fe, 
and other elements. 

Comparisons are drawn by Cooper & Field 
(1977) between the charnockitic gneisses and Fe-
rich rapakivi suites of the Archaean in the 
northem hemisphere. However, the rapakivi 
intrusives are Rb-rich with relatively low K/Rb 
ratios, whereas the charnockitic gneisses and the 
met^-igneous rocks are predominantly poor in 
Rb. Consequently this comparison may not be 
valid. 

Relationship to other metamorphic terrains 

The evidence given above substantiates a model 
of isochemical metamorphism for the meta
igneous rocks, and hence the geochemical para
meters are original. The majority of elements 
have similar concentrations to that of estimates 
of the earth's cmst. However, Rb and U, two 
elements important to. the study of high grade 
metamorphic terrains, are depleted in relation to 
associated elements. As both metasedimentary 
and meta-igneous rocks have high K/Rb raiios, it 
can only be concluded that this is an original 
characteristic of the Bamble Sector in this area. 
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Appendix 

1. Optical determinations 

The modal analyses were made by the point 
counting method covering the whole of the thin 
section on a 0,3x0,6 mm grid. This totalled 
approximately 1500 counts per section. 

Plagioclase compositions were determined us
ing the Michel-Levy technique on random 
grains, making 6 determinations per thin section. 

2. Analytical methods 

Major and trace elements were determined by X-
ray fluorescence spectrometry using a Philips 
PW 1212 spectrograph. Major-element analysis 
was carried out on fused glass discs according to 
the method described by Harvey et al (1973). 
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Trace-element analysis was carried out on 
pressed powder pellets and was based on the 
ratio technique. The calibration and corrections 
are made according to the method described by 
Field & Elliott (1974). The USGS standard 
AGV. 1 was used as a control standard on a daily 
basis. 
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Abstract—The Precambrian Fla. Iddcljord. and Bohus granites lie along a line striking roughly north
west which crosses the Permian Oslo Province to the southwest of Oslo. Radioelement investigations 
in the three bodies show they all contain abnormally high thorium and uranium concentrations relative 
to the published literature on average radioelement contents of granitic rocks. Trend surface analysis 
of the radioelement distribution in the Iddcljord granite suggests there was relative movement of 
uranium to the east with respect to thorium, possibly as the result of Permian activity in the adjacent 
rocks. Geological considerations, radiomeiric evidence and published gr;ivimciric data suggest that 
the 3 granites represent a continuous belt enriched in thorium and uranium during the Svcconorwegian 
orogeny, A portion of the bell was laler involved in ihe Permian igneous aetivity which produced 
the igneous Oslo Province, There is some evidence that the Permian Drammen and Finnemarka 
granites represent that pan of the belt which was modified in Permian time. 

INTRODUCTION 

Two LARGE Precambrian granites, the Fla and Iddc
ljord, loaitcd in southeast Norway were investigated 
to determine their Tli. U. and K concentrations by 
gamma-ray spectrometry. The Fla granite, situated to 
the northwest of the Oslo region, is a large elliptical 
body covering approximately 700 km*. Geological 
studies and gravity investigations of the Flu granite 
have been discussed in detail by SMITHSON (196.1), The 
Iddcljord granite, loaned to the southeast of the Oslo 
region, covers an area ofabout 900 km-. The geology 
of the Iddcljord granite has been brielly described in 
HoLTHUAiiL (I960). Graviiy intcrprelations have been 
made by RA.MDI-RG and SMITHSON (1971). In addition 

to the 186 samples analyzed from these 2 granites, 
5 Specimens were analyzed from the northern area 
of the Bohus granite, a large elongate granite which 
stretches southward down the Swedish coast, covering 
an area of 1500 km*. The Bohus granite is generally 
conceded to represent the same granite body as the 
Iddcljord, separated only by a thin band of gneissic 
country rock near the Norwegian-Swedish border. 
The geology of the Bohus granite has been described 
in MAGNUS.SON et al, (I960), and gravity interpre
tations have been given by LIND (1967). The geologi
cal environment of these .1 granites is shown in Fig. 
1. The .1 granites lie on a line which sirikcs roughly 

northwest, crossing the Permian rocks of the Oslo 
region, through the large Drammen granile (area, ap-
pro.ximately 600 km') and the Finnemarka granite 
ofabout 150 km^. The lenglh of this zone from the 
northern tip of the Fla granite where it appears from 

* Conlribiilion no. 10.̂  in Ihc Norwegian .geotraverse 
projecl, 

+ Present address: Geolo.iiical Survey of Canadii. 
Ottawa. Ontario, Oiiiada. 

Fig. I, Locations of .some gianilic bodies in soulheaslern 
Norway showing the Fl;Vlddc!jord-Boluis granitic hell 

cutting ticross tlic plutonic roeks of the Oslo region. 
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beneath Paleozoic rocks to the southern border of 
the IddeQord granile is 210 km with an additional 
90 km being added by the Bohus granite which 
stretches southwards to, the town of Lysekil in 
Sweden. The possibility of the existence of a semi-
continuous belt of cogenetic rocks which includes all 
3 of these granites is indicated by the radiometric 
results and other evidence. There is also some evi
dence that the two above-mentioned large Permian 
granites of the Oslo region may represent a complete 
remelting of a portion of this belt, with consequent 
dilution of Th and U by material of lower Th and 
U content arising from the Upper Mantle or lower 
crust. This belt is enriched in Th and U relative to 
average granitic rocks and may represent a Th and 
U province analogous to the Rum Jungle complex 
in Australia (HKIKR and Riiooiss, 1966). 

Analytical technique—gamma-ray spectrometry 

The analysis of Th, U and K concentrations was done 
by gamma-ray spcctromeiry. a standard technique which 
has been described by AIM.MS and GASPARINI (1970) wiih 
respecl lo analysis of rocks. The laboratory apparalus con
sisted of a 400 channel gamma-ray speeironieier with a 
5 X 5 in, Nal(TI) detector. Samples averaged over 700 g 
in weight, and counting limes were adjusted lo mainiain 
results within ihe following limits of accuracy: ± 5"/„ for 
U, + 3% for Th. and ± l/„ for K. More details on the 
laboratory equipment, its calibration, and Ihe analytical 
precision have been given by RAADI; (1973) and by KILLEEN 
and HiiiER (in press). 

Tlie Fla yraiuie 

The geology and gravimetric work on the Fla granile 
by SMITHSON (1963) is brielly summarized here. The granite 
is composed of a large norlhern body referred lo as the 
Hedal granite, and a smaller adjacent body called the Adal 
granite. The granite is primarily porphyric wilh a fine
grained centre in the Hedal granite. The composition of 
the granile falls wilhin the range of quartz monzonites. 
The granite is generally concordant with gradational con
tacts wilh the gneissic country roclcs. Gravity dala indi
cates it is a Ihin plale wilh a thickne.ss of from 1-7 lo 
a maximum of 2-5 km with a possible exiension plunging 
southeast under the gneisses, A combined anateclic origin, 
modified by inelasomalisni. appears to be indiealed. The 
neighbouring gneisses and the mineral assemblages in Ihe 
granite are middle amphibolite facies, 

Rb/Sr whole rock aiie determinatioiis 

Rcconnaiss;ince Rb/Sr whole rock isochron ages oblained 
on the Fla and Iddeljord granites showed ihem lo be of 
identical age and iniiial '"Sr/'"'Sr raiios. The analytical 
dala are given in Table I. The ages (/. = I-.39 x 10"' ' y r " ' ) 
and iniiial ratios oblained were 913 + 2K nxy.{2a), Ri = 
0-7093 for the Fla granile and 900 ± 35(2ff). Ri = 0-7098 
for the Iddefjord granile. 

Th, U (/))(/ K di.'Hrihtiliun in the Fla ijnmiie 

The arithmetic means and standard deviations for 
the results of the analysis of 52 samples of the Fla 

Table 1, Rb/Sr data for the F13 and Iddefjord graniio 

granite are presented in Table 2, Histograms showing 

the range in concentration and clement ratios arc 

illustrated in Fig, 2. The results, map coordinates and 

olher statistics for individual samples which contrib

ute to mean values discussed in this paper can be 

obtained from tables listed in KILLI-;I-;N and HI-IER (in 

press). Unusually high Ihorium conceniralions are 

found in the Fla granile. For comparison. Table 3 

lists some granitic and upper crustal average radioele

ment contents. The mean Th conient is more than 
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5 ~io is 
lU/K-lO' 
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K% U/K. 10 

'IAA 
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Sample no. 
Fla granite 

F33 
FI6 
F15 
F12 
Fi 

Age = 913 ± 28 
Ri = 0-70933 

Iddcljord 
117 
137 
139 
1106 
n32 

Age = 900 -I- 35 
Ri = 0-7098 

m.y. 

m.y. 

Rb/Sr 

1-06 
1-34 
1-63 
1-34 
1-57 

1-80 
305 
4-49 
3-35 
I-5I 

"'Srf'^St 

0-74922 ~ 1 
0-75903 , 
0-76954 
0-75797 
0-76894 

0-77408 • 
0-82511 
0-87606 
0-83167 
0-76618 

Fig. 2, Histograms showing the distribution of the three 
radioelcmenl.s. iheir raiios. and heat production for 52 

Kimples from the Fla granile. 
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j,,ublc the mean Th given by HEIER and ROGERS 
i.)6?)and by CLARK et al. (1966) for average granites, 
(he mean U content is more than 20% greater than 
•'-.c iiranite averages given by the above authors. The 
iii>tocrams of Fig. 2 illustrate the wide spread about 
ihe mean, but that the mean is close to the median, 
llic mean K concentration puts the Fla granite in 
the range of alkali granites of CLAKK et al. (1966). 
riie surprisingly high mean Th/U ratio coupled with 
ihe wide spread shown in the histogram indicates the 
possibility that oxidation of U has occurred with 
miuration of U at some time. This may be related 
ll) the increase in K by metasomatism invoked by 
S,MrrHSON (1963), Some evidence for this exists 
because when U is plotted against K, the least squares 
line through the points has a negative slope indicating 
a slight decrease in U as K increases. A plot of the 
Th/U ralio against K shows a positive relation since 
(he Th against K plot has the normal positive rela-
lion. The mean Th/K ratio is double that given by 
HEIER and ROGERS (1963) for average granites. The 
mean U/K ratio, however, is the same as for average 
granite given by ihesc authors. Thus we have the silu
alion of both U and K enrichment relative to average 
granites, yet maintaining the average U/K ratio, while 
a super-enrichment of Th has taken place producing 
abnormally high Th/U and Th/K ratios. There does 
not appear to be any parliciilar correlation between 
radiomeiric results and the fine-grained granite at the 
center of the Hedal granite, or with the Adal granile. 
High and low values are randomly distribuied 
throughout the Fla granile. Some clues as to what 
produced the existing values for the radioelements 
and their raiios for Ihe Fla granite are found when 
Ihe Iddefjord and Bohus granites are investigated, and 
these are discussed below. 

The Iddefjord granite 
To the authors' knowledge, al present there is no single 

detailed geological investigation published concerning the 
Iddeljord granile, SMiriisoN (1963. p. 177) staled "The Fla 
granile resembles the Iddeljord granite in megascopic 
appearance, shape, and contact phenomena". The Idde
fjord granile was menlioned brielly by BARTH and REITAN 
(1963) as being medium-grained and conlaining 71-75% 
SiOj. They pointed out that il is considered as equivalent 

to the Bohus granite in Sweden which has been discussed 
in greater detail. Gravity interpretation by RAMIIERG and 
SMU'HSO.M (1971) indiailed it is a "floored plalclike body 
emplaced in a dome". They showed il caii be "represented 
by a slab 3-5 km, thick that thickens to the east and 
plunges under ihe gneisses there", Il is also suggested that 
the granite plunges under the gneisses lo the nonh and 
reappears in small domes. Formation by anatexis is indi
cated. 

Th. U and K distribution in die Iddejjord granite 

The Iddeljord granite contains Th and U con
centrations (Table 2) which are more than double the 
average granite values (Table 3). The histograms of 
the radioelements and their ratios (Fig. 3) indicates 
the wide spread in values but with the mean close 
lo the mode, similar to the Fla granite. The mean 
K content is in ihe range of alkali granites given by 
CLARK ct al. (1966), and only slightly lower than the 
mean K conient of the Fla granite. 

The most significant difference between the Fla and 
Iddeljord granites is the relatively higher mean U 
conlenl oflhe Iddefjord granile. The mean Th/U ratio 
is then slightly less than the Fla granite, and the U/K 
ralio is slightly higher. The Th/K ratio is slill very 
high similar to the Fla granile. 

Thus it appears that bolh the Fla and Iddefjord 
granites are exceptionally high in Th. yel the Flii 
granite has only a 20% U enrichment rather than 
the 100% U enrichment over average granites shown 
by the Iddefjord granile. Why does the Iddeljord 
granite contain a greaier amount of uranium? Some 
evidence as lo the behaviour of Th and U wilhin 
the large Iddefjord granile can be seen in the follow
ing trend surface analyses. 

Trend surface atttdysis—Itltlefjoid granite 

Before presenting the results of trend surface analy
sis, a brief discussion of Ihe technique and method 
of selection of best trend surface will be given. 

Trend surface analysis is simply a mathematical 
technique for determining trends in a set of spatially 
distributed dala. For example, in one application here 
a number of ihorium concentrations have been deter
mined for samples with known coordinates .v and y. 
A polynomial equation can be fitted by a least 

Table 2. Arithmetic means of radiomeiric results for 52 s;imples of Fl.-i granite. I.34.samples of Iddefjord granite and 
5 samples of Bohus granile 

Granite 

Fla 
Iddefjord 
Bohus 

Th 
(ppm) 

45-7 
50-2 
63-5 

U 
(ppm) 

5-7 
99 
5-5 

K 
(%) 

4-70 
4-52-
514 

Th/U 

10-2 
69 

12-7 

Th/K 
X 10" 

9-8 
11-2 
121 

U/K 
X 10" 

1-2 
2-2 
11 

Heat production 
(cal/cm-" sec x 10''^) 

12-4 
15-7 
15-4 
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Table 3. Average Th, U and K contents of conlinenlal crust and granitic rocks 

i k i a ^ 

Th ppm U ppm K% H.P.* 

Continental 
Crust (surface) 

Canadian 
Shield 
Archaean shield 

crust 
Paleozoic crust 

Granitic 
Rocks 
Granodiorite 
Silicic 
Igneous 
Rocks 

Granitic 
Rocks 
Canadian 

Shield 

11-4 
10-0 
9-6 

10-3 
13-0 

4-5 
7 

17-36 
9-3 

20-0 

Th/K X 
U/K X 
U/K X 

30 
2-8 
2-7 
2-45 
2-1 

0-7 
1-3 

4-75 
— 
2-6 
4-7 

10" ratio = 
10" ratio = 
10" ratio = 

— 
2-6 
2-09 
2-58 
2-68 

1-5 
1-7 

3-79 
3-47 
2-55 
4-26 

4:9 
1:2 
0:95 

404 
3-78 
3-86 
4-13 

6-76 
6-69 
3-78 
7-29 

(alkali granite) 

ADAMS et al. (1959) 
HKIER and ROGERS (1963) 
TAYLOR (1964) 
SHAW (1967) 
EADE and FAHRIG (1971) 

LAMBERT and HEIER (1968) 
LAMBERT and HEIER (1968) 

HEIER and ROGERS (1963) 
HEIER and ROGERS (1963) 
CLARK et al. (1966) 
CLARK et al. (1966) 

HEIER and ROGERS (1963) 
HEIER and ROGERS (1963) 
SHAW (1967) 

from given Th, U. K values using: H.P. = 0-62 U ppm + 0-17 Th ppm -1- 0-23 K%. 

squares technique to all of the available data and its 
coefljcients determined. Then this polynomial is the 
equation of a surface through the data, and il can 
be used to compute thorium concentrations between 
and around the nieasured data points. Thus a contour 
map can be constructed which hopefully illustrates 
the trend shown by the data. This trend surface may 
or may not be a faithful representation -of ihe true 
trends in Ihe thorium concenlralion, depending on 
the complexity of the trend, and the degree of the 
polynomial used for the trend surface. The trend sur
face is called a linear, quadratic, cubic, etc., surface 
depending on whether it has linear terms, quadratic 
terms, cubic terms, etc., in the equation. As higher 
degree terms arc added to the polynomial, the closer 
the trend .surface will fu the data since ihe surface 
is able to twist and turn to meet the measured dala 
points. The linear trend surface is simply a plane fit
ted through the data. This docs nol mean that the 
highest degree trend surface is the best, unfortunately, 
since in fact the closer il fits Ihe data, the more it 
hides the trends. On the other hand, the linear sur
face may not be the best to use since the trend surface 
could be convex (or concave) wilh a ceniral maximum 
(or minimum), or some other more complex shape. 
Determining which surface is the best is partially a 
subjective decision, made by comparing the data lo 
the trend surface contours. In an cITort lo help make 
the decision more objective, the coellicieiU of deter-' 
minalion (hereafter referred to as cd.) was developed. 

• H.P. (Heal production) in units of 10 '^ cal/cmVsec (assuming specific graviiy = 2-67 g/cm^). All values computed 

Its meaning and usage has been described by ALU;N 
and KRUMHEIN (1962), The cd. is simply the fraction 
of the tolal variation in the dala whieh can be 
explained by the variation in Ihe trend surface. When 
the cd. equals 1-0 it is a perfect tit and, as mentioned 
above, there is no trend left. HOWARTH (1967) 
attempted to determine whal would be considered a 
'good' value for the cd. by computing trend surfaces 
for random data. Since it was random data theoreli-
cally it contained no 'trend' and therefore the cd. 
for each surface should be the lowest possible value. 
His work suggested thai if the cd, were below O-OG. 
012, and 0162 for linear, quadratic, and cubic sur
faces, resficclively, the data distribution could be con
sidered close to nol being signilicanlly different from 
random. Bul these values still ainnol be considered 
as proof that there is no trend. He also pointed oul 
that the mean value of the dependent variable in the 
data will alTect the value of the cd. As SINCLAIR (1967) 
has indicated, where there is a tendency for dala lo 
have a large standard deviation, there will be a icnd-
ency "for cilculated trend surftices to have a wide 
scatter of true values and a poor statistical fii even 
where a definite trend exist.s". Thus the subjective 
approach may have to be used. One indication ihai 
a trend surface is statistically significant is given when 
several relaled variables show similar trends, even 
Ihough thecd, is low. It is unlikely ihal similar trends 
could be generated from completely random distribu
tions. 
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Fig, 3, Histograms showing the dislribulion of the three 
radioelements. their ratios, and heal production for 134 
samples from the IddeQord granile (while) and 5 samples 

from the norlhern pari of ihe Bohus granile (bhick). 

All trend surface analyses in this investigation were 
carried out using a modified version of a computer 
program by 0"LI-:.\RY ef «/. (1966). The main modifica
tion vvas a logarithmic transformation of the dala. 
Linear to sixth degree surfaces were computed for 
all variables, and based upon the factors discus.sed 
above, the fourth degree surface was chosen as best 
representing (he trends in the dislribulion. The wide 
spread in radioelement values measured in the Idde
ljord granite (large standard deviation) which are 
easily seen in the histograms of Fig, 3 produce a low
ed, for the trend surfaces. Geological considerations 
and the similarity belween related ireiid surfaces indi-
eate the trends are definite and signifieanl. The distri
bution of the 1.34 sample locations which were ihc 
basis of the trend surface analysis are given in Fig. 
4, The fourth degree trend surface (cd, = 017) for 
potassium is given in Fig. 5. The relatively uniform 
spread in K values aboui the mean of 4-5% is evident. 
However, there is a slight tendency for the lower con
centrations (4-2-4-4% K) to be located on the east 

Fig. 4, Sample localities wilhin the Iddefjord granile used 
as a basis for the trend surface analysis of the radioelement 

dislribulion. 

side of the body, and values greaier than 4-6% to 
be located on the southwest or northwest sides of 
the body. The trend surface (cd. = 012) of uranium 
distribution in Fig. 6 shows a strong increasing ireiid 
from west to cast, with a tendency for some high U 
values in the norlhwesl corner of Ihe body. Thus the 
slightly negative relation between U and K found for 
the Fla granite is also indicated here. The lower K 
contents of the east side of the body are a.ssocialed 

IDDEFJORD G R A N I T E 

KV. 

i ' " DEGREE IRENO 

0 S 10 

Fig. 5, Fourth degree trend surface of K(",',) for i!ie Idde
fjord granite. 

I 
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IDDEFJORD GRANITE 

Uppm 

i ' " DEGREE IRENO 

Fig. 6, Fourth degree trend surface of U (ppm) for the 
Iddefjord granite. 

with the higher U contents and vice vers;i for the 
west, although it is not a strong relation. 

The thorium trend surface (cd, = 029) in Fig, 7 
shows the rather interesting rcsull of high values in 
the west and lowest values to Ihe cast, exactly the 
opposite trend shown by uranium. This obviously 
points to relative movement of uranium and Ihorium, 

The trend surface for Th/U ratios (nol shown) is 
almost identical in shape to the uranium trend sur
face, with Th/U raiios of greaier than 7 in the wesl 
grading to less than 4 in the east. 

IDDEFJORD GRANITE 
T h p p m 

« ' " DECREE IRENO 

0 4 10 

Fig, 7, Fourth degree trend surface of Th (ppm) for the 
Iddefjord granile. 

lOOEFJORO G R A N I T E 

HEAT PRODUCTION 

i ' " DEGREE IREND 

Fig, 8. Fourth degree trend surface of heal produclion 
(cal/cm-'/sec x IO"'-*) for ihc Iddeljord granite. 

The trend surfaces for the Th/K x 10"* ratio were 
also computed and they resemble the Th trend surfaa-
with values ranging from a western high of 13 and 
greater to an easlern low of 9 or less. 

The U/K X 10" trend surface resembles the U 
trend surface and ranges from 1-6 and less on the 
west to 2-6 or greater on the east. 

The trend surface for heat production (cd. = 0-08) 
which is a combination of the effect of all 3 radioele
ments, is given in Fig. 8. The greater part of Ihc body 
lies between 14 and 16 h,p,u. (I h.p.u. = 10"'•'cal/ 
cm''/sec) with a tendency to increase to 18 h.p.u. to 
the northwest. Thus the west side of the Iddeljord 
granite resembles the Fla granile to a greater extent 
than the east side. The west side of the Iddeljord 
granite has similar Th, U, and K contents and Th/U. 
Th/K, and U/K ratios to the Fla granile It appears 
that either the west side of the Iddefjord granite and 
the Fla granile were depleted in U, or thai the east 
side of the Iddeljord granite was enriched in U by 
some process. It is interesting to note here that ihc 
Fla granite is relatively thin, and that the Iddefjord 
granite is thinnest in the west, and thickens to the 
east as it plunges under the gneisses (RAMIII;RG and 
SMITHSON. 1971). Before coming to any final conclu
sions Ihe resulls for the Bohus granile will be dis
cussed. 

Tlw Bolnis iinniile 
The geology of the Bohus granile has been described 

by AsKi.iiNii (1947). and a .•iumniaiy by GI;IJI-R (1963) indi
caies il is a Hat lacolilh. MAGNHSSON (I960) reported K-Ar 
ages of 920 ni,y, and 1010 ni,y. for 2 Siiiiiples of Uohus 
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, north of Lysekil, Gravity measurements by LIND 
" .. indicate a similar thickness and plate-like shape 
- ,,„i! under the gneisses that is indicated by RAMiiiiRG 
, •,;̂ ,Jriis0N (1971) for the Iddefjord granile. He also 

"tulates a feeder stalk beneath ihc body. 

!v U aiid K residts for the Bohus granite 

Tlic mean radioelement concentrations and their 
r.MS for the Bohus granite are given in Table 2. 

j],i- extremely high mean Th is remarkable, being 
.ni-r 3 times the average granite values of Table 3. 
[he mean U is about equal to the mean U measured 
vr the Fla granite. The mean K conient is slightly 
l̂eher than for either the Fla or Iddefjord granites 

hut closest to the K content of the Fla granite. The 
.mean Th/U ratio is very high, again similar to the 
11:1 granite. The mean Th/K ralio is also only slightly 
hiiiher than for either the Fla or Iddeljord granites. 
Ihe mean U/K ratio is similar to the Fla granile value 
.md the values found on the west side of ihe Iddefjord 
iiianite. It must be remembered that these are the 
means of only 5 samples, and it is only meant to 
be a quick check on the radioelement contents of the 
Hohus granile to confirm the present belief that the 
Bohus and Iddcljord granites are one body. The stitn-
ilard error of the mean is fairly high but our purpose 
ivas accomplished. 

DISCUSSION 

The overall picture of the radioelement contents 
of Ihe 3 granites is the following: 

(1) all 3 granites are enriched in thorium relative 
to granitic averages by at least a factor of two. The 
ihorium concentration increases southward from the 
Fla, to Iddefjord lo Bohus granite. 

(2) All 3 granites are enriched in uranium relative 
to granitic averages, but only the Iddeljord granile 
is enriched by as much as a factor of two. 

(3) A close study by trend surface analysis of the 
distribution of uranium in the Iddeljord granile shows 
that the enrichment is on the east side of the body, 
and the west side resembles the Fla and Bohus 
granites in uranium contents, 

(4) All 3 granites are high in potassium (alkali 
granites), with the concentrations being slightly higher 
in the Fla and Bohus granites than in the Iddeljord 
granite. If the slight eiirichmeiil in potassium on the 
west side ofthe IddeOord (relative to east side) granite 
is considered. Ihe pallern is increasing poiassium 
from 4-7% in'the Fla granite to 5-iy„ in the Bohus 
granite. 

Thus the piciure is one of a bell of granitic rocks 
about .300 km long with similarly high thorium and 

potassium contents increasing from northwest to 
southciist. Uranium, however, is approximately con
stant from the Fla granite to the west side of the 
Iddeljord granite to the Bohus granite. The displaced 
high U content (which produces the mean of twice 
granitic averages for Iddeljord) must be related to 
some event which could cause oxidation and relative 
movement of U wilh respecl to Ihe Th high. The fact 
that the west side which is depleted in U is in contact 
with the Permian igneous rocks of the Oslo region, 
and is also the thinnest side seems to indicate Ihat 
Permian volcanism may have heated the Iddefjord 
granite on the west side aiusing oxidation and 
migration of U. The Bohus granite lies fairly close 
to the southern extension of the Oslo region into the 
Skagerrak. The Fla granite lies at about the same 
distance as the Bohus granile from the Permian Oslo 
region. It is possible that sufiicient healing occurred 
lo cause U migration. This can be done without reset
ting of the Rb-Sr radiometric clocks as in the case 
of the Levang granite gneiss dome in south Norway 
(KiLLUi-N and HI-II:R, 1975). 

Thus il is proposed thai the entire bell had its U 
content modified by the Permian Oslo event, but 
otherwise the beil is unchanged. The migration of U 
is incomplete in the Iddeljord granile possible due 
to its greater thickness towards the east and perhaps 
its greater width, than the olher two granites. 

The other alternative is ihal the belt. Ihough 
obviously enriched in Th is only enriched in U to 
about 20% above granite averages, and the Iddefjord 
granite is a specially enriched part of the bell. Yet 
why this enrichment is on the cast side of the Iddc
ljord granile nearest the gneisses is unknown. This, 
and other radioelement investigations by the authors 
appears to indicate that a U/K x 10"* ratio of about 
1-2 is a stable ralio and any increase in U which 
increases this ratio represents U which is easily lost 
and contained in a substantially different mode in the 
rock than llie stable U. ll is likely that there are a 
limited number of vacancies for U. and these arc filled 
when U/K x 10* = 1-2. and any additional U is held 
very loosely. This could explain the observed con
centrations in ihc 3 granites, the observed distribution 
in Ihe Iddcljord granite, and in addition the ease with 
which the Permian Oslo region's igneous activity 
could have induced migralion of Ihe excess U in all 
3 granites. 

Previously reported K/Ar dates ranged as low as 
776 m.y. for the Iddeljord granite (BKCK^H. 1964), 
When this is compared wilh the data in Tabic I. and 
the K/Ar data on the Bohus granite reported above 
il could iiulii;ate loss of argon which possibly 
occurred as a result of healing by adjacent Permian 

^«!!#9»-.""' "^"""^^l^F^'mv^ "•'• ' • W - l « ^ j M ^ . .••.HiiyWJJ.yii.^Wy.HJ.i.j , m , ^ , f ^ . ^ 
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igneous activity, as is suggested here for the uranium 
movement. 

The Fid, Iddefjord and Bohus granites as a Th-U pro
vince 

The similar geology, ages, initial Sr*7Sr** ratios, 
and gravitationally determined shape, indicate the 
granites belong to one continuous or semi-continuous 
belt of rdcks 300 km long, and about 25 km wide 
(area approximately 7-500 km- = 3000 square miles) 
originating in a structurally favorable zone. The simi
larly high radioelement concentrations which differ 
considerably from most other Norwegian granites 
(KILLI:I;N and HI-IHR, in press) also lend to confirm the 
fact that Ihey have a related genesis. 

The mean Th contents of this belt arc similar to 
the concentrations reported by Hiiii-R and RHODES 
(1966) for the granites of the Rum Jungle Complex 
of Australia. The Rum Jungle granites have mean Th 
and U contents of 45-7 and 10-3 ppm, respectively. 
They designated the Rum Jungle Complex and sur
rounding area a thorium-uranium province beciiuse 
of this enrichment ahove crusial averages, TRKMHLAV 
(1972) reported average uranium conlenls of 5-4 ppm 
in granites in the Beaverlodge area of .Saskalchewan. 
Canada, and EADI- and FAHRIG (1971) reported mean 
Th and U contents of 35-7 and 8-1 ppm. respectively, 
for the Bear Province of Canttda represented by 92 
granite s;imples collecled in Ihe Hardisly Lake area 
(approximately 3750 knr). Bolh of Ihese areas arc 
uranium mining areas (LANG ct ui. 1962) and as such 
Ciin be considered U and Th provinces analogous to 
the Rum Jungle Complex, PHAIR and GOTTI-RII-O 
(19(>4) described Ihe Colorado Front Range (area ap
proximately Iff.OOO km-) as a uranium and thorium 
province with mean U and Th contents of 4-6 and 
22-7 ppm, respectively. In the Canadian Shield three 
radioactive belts outiincd by airborne gamma-ray 
spectrometry conlain mean U and Th contents of 6 
and 33-4 ppm. respectively (DARNLI-Y et ai . 1971, 
1972; RICHARDSON ei ai . in press). The bells are 
approximately 240-280 km long and 70-80 km wide. 
The Th and U conceniralions represent more Ihan 
twice the average for the Canadian Shield given in 
Table 3 (SHAW. 1967; EADiiaiid FAHRIG, 1971). 

The Fla-Iddefjord-Bohus granitic belt is of coni. 
parable dimen,sions to these areas with mean radioek-. 
ment concentrations which equal or exceed the ahov,. 
concentrations, and as such could be considered a 
uranium and thorium province, 

RoscoF. (1966) has indicated that most of n,,. 
world's low cost uranium is derived from non-marin; 
sedimentary rocks. Areas favorable for uranium 
exploration would be sedimentary geologic seiiiny, 
in the vicinity of crystalline provenance rocks which 
arc enriched in the radioelements. The Th-U pro
vinces could provide such enriched source rocks for 
sedtmentary:type uranium deposits. 

The Drammen granite and Finnemarka granite as u 
Permian portion ofthe Th-U province 

The radioelement concentrations of the Permian 
rocks ofthe Oslo province have been studied in deiail 
by RAADI; (1973) and the mean values for 109 samples 
of ihe Drammen granile. and 22 samples of Ihe Finne
marka granite shown in Fig. I are reproduced in 
Table 4. 

Also included in Table 4 are the mean values for 
Ihe enlire Oslo region compiled by RAADI- (1973). He 
was able lo subdivide the plulonic rocks of the Oslo 
province into tw'o main groups on the basis of Iheir 
Th/U raiios. His group I has relatively consUinl Th/U 
raiios wilh low mean values (Th/U = 3-5-4-5) while 
Group 2 has high mean values (Th/U = 4-5-6-5) 
which are very variable (i.e, have high standard devia
tions). He suggests "this clear division of the plulonic 
rocks undoubtedly rellccis a profound dilTerence in 
origin and/or dilTerenliation hi.story of Ihc 2 main 
groups". Group 2 comprises the Nordmarkite. Ekerite 
and biolile granites. 

RAADI; (1973) accounts for the group with variable 
ratios by postulating a process of conlaminalion from 
overlying Precambrian rocks. He also suggests thai 
selective loss of U by oxidaiion due lo higher oxygen 
fugacity in the upper crust could explain the highly 
variable Th/U ratios. 

The Precambrian rocks which were pari of the pos
tulated contamination could very likely include thai 
portion of the Fla-lddefjord belt which is missing 

, , , ^ where il is cut by t • 
: ,̂,,.,„ Oslo region, ! 
. . I, is interesting lo not 
I „( granitic rocks is par̂  
{ -^aihwestofabcliofgra 
* <;ons. This other belt sui 
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' «;,y in the norlhwesl wii 
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It is too early lo sp. 
belween the two belts sir 
cient informaiion rcg; 
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Granile 

Drammen 
Finnemarka 
Oslo Province 

, Th 
(ppm) 

27-1 
21-1 
191 

U 
(ppm) 

4-7 
4-6 
4-3 

K 
(%) 

426 
3-86 
4-0 

Th/U 

6-19 
5-13 

Th/K 
X IO-* 

6-43 
5-48 

U/K 
X Kf 

1-10 
1-20 

Heal production 
(cal/cm-' see x IO"'-') 

8-48 
^•^b 
6-88 

Table 4, Arithmetic means of radiomeiric resulls for two Permian granites and means for Ihe entire igneous Oslo 
Province (taken from RAADI;. 197.̂  
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,\k where it is cut by the igneous rocks of the Per-
'.„,,n Oslo region. 

It is interesting to note that the Fla-lddefjord belt 
,• i:ranitic rocks is parallel "to and about 150 km 

.uiliwestofa belt of granitic rocks of similar dimen-
.•(.ii.s. This other belt stretches from Lake Vanem (in 
N,ieden) in the southeast to the Trysil district in Nor-
,i.iv in the northwest where it disappears beneath the 
j'.ileozoic rocks, as docs the Fla-lddefjord belt. 

The granitic rocks of the Trysil area have been 
iiied by PRIEM cf u i (1970) and KIIXREN and HEIER 

i;n press). It appears to be in the range of 1500-1600 
in,v. The radioelement contents deicrmined by KiL-
iii;S and HEIER (in press) shows the Trysil granite to 
have mean Th and U concentrations lower than for 
average granites. 

It is too early to speculate on any relationship 
belween the two belts since there is at present insulfi-
kient informaiion regarding radioelement con-
tvalrations in the easlernmost belt, and the gneiss 
renion between Ihem, 

.•{ckiiowleiliji'inents—We wish lo ihank cand. real, G. 
R,A,\DE for his assislance wilh the analytical work, for many 
fruitful discussions, and allowing us lo use his so far un
published dala for ihe radioactive clement conceniralions 
of ihe Permian plulonic rocks of the Oslo region. The 
Rb/Sr age delerminalions were done al ihc Cenire de 
Recherches Pelrouraphiqucs et Geochimiques. Nancy 
(CRPG). and we wish to thank Professor H, ni; I,A ROCIII: 
for inviting us lo use their facilities, and Mr. SfJNNi-T for 
much assislance in the laboratory. 

One of us. (PG.K,). wishes to thank the G, Unger Vet-
Icsen Foundation for a posl-doeloral fellowship during his 
stay in Norway, 

The field work and inosl of Ihe laboratory expenses were 
covered by grant no, D,4S,9l-2 from the Norwegian 
Research Couneil for Science and Ihe Humanilies, 
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MINERALOGICAL AND GEOCHEMICAL 
STUDIES OF LOWER PALAEOZOIC ROCKS 
FROM THE T R O N D H E I M AND 
OSLO REGIONS, NORWAY 
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HENNING D Y P V I K 

Dypvik, H.: Mineralogical and geochemical studies of Lower Palaeozoic 
rocks from the Trondheim and Oslo Regions, Norway. Norsk Geologisk 
Tidsskrifl, Vol. 57, pp. 205-241. Oslo 1977. 

84 samples of Lower Palaeozoic sediments and volcanics were analysed geo
chemically and mineralogically. 

In the eugeosyndinal sections in the SW Trondheim Region the compo
sition of the sediments reflects local erosion of volcanic rocks. Sediments 
derived from basic, tholeiitic volcanic rocks in this part of the Trondheim 
Region are enriched in the minerals chlorite, albite, and trace elements Sc, 
Co, and V. While the Trondheim Region sediments show geochemical va
riations characteristic of immature, fast deposited sediments, those from Ihe 
Oslo Region seem to reflect conditions where slow sedimentation of fine
grained material predominated. High concentrations of chlorite, Sc, and Co 
in the epicontinental sediments of Middle Ordovician age from the Oslo Re
gion indicate enrichments of basic volcanic debris in these beds. 

Henning Dypvik, Insiilult for geologi, Universitetet i Oslo, Blindern, Oslo 3, 
Norway. 

The present study was designed to provide information on the mineralogy 
and geochemistry of time-equivalent rocks representing two different sedi
mentary environments: shallow epicontinental seas on the platform (Oslo 
Region) and a part of an eugeosyndinal area in the Trondheim Region. The 
present work is a part of a broad mineralogical and geochemical study of 
the Lower Palaeozoic sediments from the Oslo and Trondheim Regions, 
Fig. 1 (Bj0rlykke 1974 a, b, Bj0rIykke & Dypvik 1975, Dypvik & Brunfell 
1976). 

Geochemical analyses were carried out using X-ray fluorescence (Si, Ti, 
Al, Fe, Mg, Mn, Ca, K, P, Ni, Rb, Ba, Sr, Zn) and instrumental neutron 
activation analyses (Na, Cr, Sc, Th, Co, La, Sm, Ce, Eu). Mineralogical 
analyses were performed using X-ray diffraction and thin-section studies. 

X3 

•JO' 

i 
Geology 
It is now assumed that the typical eugeosyndinal rocks of the Trondheim 
Region occur in allochthonous position and have been derived from the west 
(Strand 1961, Wolff 1967). The Cambro-Silurian sediments in the Oslo Re-
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Fig. 1. Simplified map showing the exiension of the Scandinavian Caledonides. 

gion (Fig. 1) represent epicontinental foreland sediments (St0rmer 1967). 
Fig. 2 is a stratigraphical correlation column for the sediments from the two 
regions (Dypvik 1974). 

Trondheim Region 
The stratigraphical division applied in the H0londa-Horg area (Fig. 1) of 
the Trondheim Region (Fig. 2) was established by Th. Vogt (1945). The se
quence is typical of eugeosyndinal deposition, and consists mainly of shales, 
graywackes, and limestones which are locally richly fossiliferous. Volcanic 
rocks are present in several horizons in the investigated area. 

TTie Guia Group, which consists of pelitic to semipelitic sediments often 
with black phyllite horizons, forms the basal stratigraphic unit in the studied 
area. Occurrences of Dictyonema flabelliforme in some of the younger layers 
to the east in the Trondheim Region point to a Lower Ordovician (Trema-
docian) age (J. H. L. Vogt 1888, Th. Vogt 1940). South of St0ren (Fig. 1) 
serpentinitic bodies are often found in the group (I. Rui, pers. comm. 1974). 
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The St0ren Group, comprising a thick sequence of spilitic greenstones, 

mainly pillow lavas, is considered to lie stratigraphically above the Guia 

Group. In the St0ren Group intercalated jasper layers are often found. 

THE TRONDHEIM REGION 

Horg Group 

lyngestein conglorrerate 

Hov in sandstone 
Volla conglonnerate 
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Krokstod sandstone 
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Holonda limeslone 
Venna conglomerate 

Storen Group 

Guia Group 
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Fig. 2. Stratigraphy of Lower Palaeozoic sediments in the H0londa - Horg area of the 
Trondheim Region and in the Oslo Region. The stratigraphy of the Oslo Region is sub
divided into stages (eta.sjer). 
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A polymictic poorly sorted conglomerate, the Venna conglomerate, lies 
directly above the St0ren Group. It is made up of angular fragments of 
greenstone, limestone, and jasper. Available stratigraphic evidence suggests 
a break in sedimentation in Lower Ordovician times (Holtedahl 1920, Bj0r-
lykke 1974 b). The Venna conglomerate forms the base of the Lower Hovin 
Group, which dominantly consists of graywackes, shales, and limestones. 
In the graywackes from the H0londa area, graded bedding and slumping 
structures have been observed (Chadwick et al. 1962), and they are probably 
formed by turbidity currents. Fossils from the H0londa limeslone, a lime
stone unit in this group, indicate a late Arenig to early Llanvim age (Neu
mann & Bruton 1974). The Dicranograptus shale, a dark shale in the upper
most part of the Lower Hovin Group, is also of Middle Ordovician age 
(Hadding 1932). In the Lower Hovin Group volcanic rocks are also found; 
the H0londa andesite, of about Krokstad shale age, and the Hareklett rhyoli
tic luff, which is situated between Krokstad sandslone and Dicranograptus 
shale. 

At the base of the Upper Hovin Group lies the polymictic Volla conglom
erate. The remainder of the Upper Hovin Group consists of a dark grey 
sandstone, the Hovin sandstone, which is interlayered with thin shale ho
rizons. 

After a new break in sedimentation, the Lyngestein quartzite conglomerate 
was deposited. Above this conglomerate lies the Horg Group, consisting of 
alternating shales and graywackes. 

The stratigraphy published by Chaloupsky (1962, 1969) differs from that 
of Vogt (1945) mainly in the stratigraphical positions of the Horg Group 
and the Hovin sandstone. Chaloupsky considered the Hovin sandstone to 
be of Lower Silurian age, while the Horg Group was supposed to have been 
formed in Upper Ordovician lime. In this work I have followed the strati
graphical usage of Vogt (1945). 

Most of the rocks investigated from the H0londa-Horg area have suffered 
lower greenschist facies metamorphism. 

Oslo Region 
The sedimentology and mineralogy of the Lower Palaeozoic epicontinental 
sediments from the Oslo Region have recently been described by Bj0rlykke 
(1974 a, b). 

Rocks of Middle Cambrian age (stage Ic- ld) are the oldest from the Oslo 
Region described in this paper. They consist predominantly of black shales 
with some carbonate beds. Stratigraphically above these beds follow the 
dark carbon- and sulphide-rich Alum shales (stage 2a-2e) of Upper Cam
brian to Lower Ordovician age. At this time, large parts of the Baltic Shield 
were covered by a shallow sea (Holtedahl 1920) and the sedimentation rates 
dropped to about 1 mm/1000 years. The younger Ordovician sediments con
sist of alternating shale and limestone beds, showing a successive increase 
in sedimentation rates (Bj0rlykke 1974a). 
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The Silurian of the Oslo Region is predominantly made up of micritic 
limestones and calcareous shales. In the upper part of the main sequence 
(stage 9) a major development of estuarine shales and fresh water deltaic 
sandstones succeed the younger marine beds (Bj0rlykke 1974a). 

Sampling and analytical techniques 

35 samples from the H0londa-Horg area were collected from road sections 
by the author and Prof. Chr. Oftedahl. Oftedahl collected also the 23 samples 
from a tunnel section by the river Lundesokna (Horg area), 39 samples from 
the Oslo Region were collected by Prof. K. Bj0rlykke. 

All the samples looked fresh and unaltered. They are grouped together in 
relatively well defined units (Fig. 2). The samples from the Oslo Region 
are divided into shales and limestones, those containing more than 10 % 
CaO called limestones, while those containing less than 10 % CaO are called 
shales. Other data and descriptions of the samples analysed in this work are 
presented in Bj0rlykke (1974a,b), Bj0riykke & Dypvik (1975), and Dypvik 
& Brunfelt (1976). 

Each sample was crushed to rock powder in a steel disc mill before being 
analysed. 

The major elements Si, Ti, Al, Fe, Mg, Ca, K, P, and Mn were determined 
by X-ray fluorescence (XRF) as oxides on diluted, melted pellets according 
to the method of Mijller (1967) and Skaar (1972). The same instrument was 
used for determinations bf Ni, Rb, Ba, Sr, Zn, and V, but these analyses 
were performed on undiluted, pressed pellets. 

USGS, ZGI, and Nancy standards were used for the calibration of major 
element determinations. Especially made additional standards were used in 
the trace-element analyses. 

Th, Na, Co, Sc, and Cr contents were determined by instrumental neutron 
activation analyses (INAA). A Ge(Li)-detector system comprising an Ortec 
24 cm3 Ge(Li)-detector with a resolution of 3.8 KeV (FWHM) for the 1331 
KeV peak of 60 Co, a Hewlett Packard 200 MHz ADC, and a NORD-1 
computer were used. Rock samples of about 100 mgs were wrapped in small 
polyethylene bags for irradiation. The samples were irradiated for 1 hour at 
a neutron flux of about 1.5 X lOis n/cm2 sec in a JEEP-II reactor at Kjeller, 
Norway, v-spectrometric measurements were carried out 3 and 20 days after 
irradiation. 

USGS standards BCR-1 and G-2 were used for calibration with values 
from Gordon et al. (1968), Brunfelt & Steinnes (1971), and Flanagan (1973). 

U and Th were determined on 35 samples from the Horg profile by y-
spectrometry. The equipment consists of a Nal (TI) scintillation detector and 
a pulse high analysator with 400 channels. Coarse crushed rock samples of 
about 600 g were used. The method is described by Adams & Gasparini 
(1970) and Raade (1972). 
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Table 1. Mineralogical analyses of Lower Palaeozoic sediments and volcanics from the Trondheim Region. 
Data as relative percentages from X-ray diffraclograms. 

Stratigraphical unit 
No. of 

analyses 
Chlorite 

7A 
Illite 
10 A 

Albite 
3.19 A 

Quarlz 
4.26 A 

Calcite 
3.03 A 

Dolomite 
2.88 A 

Actinolite 
8.42 A 

Potash 
Feldspar 

3.24 A 

O 

< 

Silurian 

Ordovician 

Cambrian 

Silurian 

Ordovician 

Cambrian 

The Lundesokna profile 
Horg Group 

_Lyngeslein conglomerate 
Hovin sandstone 
Dicranograptus shale 
Krokstad sandstone 
Krokstad shale 
Venna conglomerate 

_Si0ren greenstone 
Guia Group 

The Horg profile 
_Horg Group 

Lyngestein conglomerate 
Hovin sandslone 
Dicranograptus shale 
Krokstad sandstone 
Krokstad shale 
Venna conglomerate 

_St0ren greenstone 
Guia Group 

H0londa andesite 
Hareklett rhyolitic tuff 

4 
1 
2 
3 . 
4 
4 
2 
1 
2 

4 
1 
3 
3 
3 
2 
1 
4 
3 

1 
1 

15.6 
18.9 
16.3 
21.8 
27.6 
37.4 
27.8 
34.1 
24.7 

22.8 
14.3 
18.5 
20.5 
34.4 
38.7 
18.8 
26.9 
29.7 

11.0 
5.3 

11.5 
8.5 
6.7 
5.0 
5.2 

14.0 
9.9 
2.0 

10.0 • 

12.3 
4.2 

10.2 
5.4 
8.3 

10.1 
14.2 

1.1 
16.5 

6.8 
11.7 

31.8 
10.2 
14.9 
43.9 
45.8 
27.8 
38.7 
48.5 
21.7 

45.6 
8.2 

11.9 
30.6 
37.4 
36.4 
18.2 
41.5 
25.2 

69.2 
30.1 

17.8 
18.0 
19.0 
21.2 
17.1 
15.4 
17.3 

0.7 
26.8 

13.2 
12.7 
17.0 
14.1 
15.6 
14.8 
18.6 
2.9 

18.8 

7.8 
20.1 

22.3 
27.7 
25.6 

8.1 
4.3 
5.4 
6.3 
-

11.8 

4.4 
60.6 
21.8 
29.4 

4.3 
-

30.2 
11.8 
5.8 

2.7 
32.8 

1.0 
16.7 
17.5 

-
-
-
-
-
-

1.7 
-

20.6 
-
-
-
-
-

4.0 

_ 
-

14.7 
5.0 

15.8 

2.5 
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Table 2. Mineralogical analyses of Lower Palaeozoic shales and limestones from the Oslo Region. Data as relative precenlages from 
X-ray diffraclograms. Shale < 10 % CaO, Limestone > 10 % CaO. 

Stratigraphical unit 
No. of 

analyses 
Chlorite 

7A 
Illite 
10 A 

Albite 
3.19 A 

Potash 
Feldspar 
3.21 A 

Quartz 
4.26 A 

Calcite 
3.03 A 

Dolomite 
2.88 A 
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Silurian 

Ordovician 

Cambrian 

10 
8-9 

7a-7c 
6a-6c 
4c-5b 

4a(i-4'> 

4aa 
3b-3c 

2e-3a 
2a-2d 

I c - l d 

shale 
shale 
limestone 
limestone 
shale 
shale 
limeslone 
shale 
limestone 
shale 
shale 
limestone 
shale 
shale 
limestone 
shale 
limestone 

1 
2 
1 
2 
2 
2 
5 
2 
1 
2 
3 
2 
4 
4 
2 
2 
2 

11.7 
25.7 

0.6 
4.7 

15.3 
6.6 
2.8 

17.9 
7.6 

29.7 
9.2 
1.9 
-
-
-
6.5 

-

5.4 
17.7 

1.2 
3.5 

10.7 
19.9 

1.2 
23.8 

2.8 
24.7 

• 19.9 
4.6 

38.4 
46.7 

1.1 
51.3 

-

32.0 
14.9 
0.8 
2.1 
8.7 

15.0 
2.9 

10.3 
3.7 

10.4 
23.0 

1.8 
13.9 
11.3 

-
9.5 
-

-
-
-
1.4 
4.9 
1.7 
3.1 
1.0 
-
-

17.3 
-

15.9 
15.7 

-
6.2 
-

45.7 
17.9 
2.2 
5.6 

32.3 
24.8 
16.8 
12.2 
5.4 

15.5 
22.9 
5.0 

27.0 
22.0 

2,6 
23.0 
2.0 

5.2 
17.0 
93.1 
80.9 
27.7 
17.8 
73.2 
25.8 
80.5 
14.0 

-
76.9 

-
_ 

93.4 
2.3 

98.0 

-
6.8 
2.1 
1.8 
0.4 

14.2 
-
9.0 
-
5.7 
7.7 
9.8 
4.8 
_ 
2.9 
_ 
1.2 

FeS, 4,3 
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Table 3. Major element analyses of Lower Palaeozoic sediments and volcanics from the Trondheim Region. 
All concentrations in percent. Ign. loss = ignition loss. 

Silurian 

Ordovician 

Cambrian 

Stratigraphical unit 
No. of 

analyses 
SiO, TiOj 

% 
A I A 

%, 
Fe,0, 

% 
MnO 

% 
MgO CaO Na,0 

% 
KsO 
% 

P,0 5 Ign-
loss% 

Ordovician 

Cambrian 

Silurian 

The Lundesokna profile 
Horg Group 

_Lyngeslein conglomerate 
Hovin sandstone 
Dicranograptus shale 
Krokstad sandstone 
Krokstad shale 
Venna conglomerate 

_St0ren greenstone 
Guia Group 

The Horg profile 
Horg Group 

.Lyngestein conglomerate 
Hovin sandstone 
Dicranograptus shale 
Krokstad sandstone 
Krokstad shale 
Venna conglomerate 

_St0ren greenstone 
Guia Group 

H0londa andesite 
Hareklett rhyolitic tuff 

Total 
% 

4 
1 
2 
3 
4 
4 
2 
1 
2 

4 
1 
3 
3 
3 
2 
1 
4 
3 

1 
1 

58.4 
56.3 
55.8 
65.1 
62.3 
55.2 
62.7 
45.4 
65.9 

58.1 
60.2 
61.1 
51.3 
58.3 
57.2 
56.5 
46.7 
58.3 

56.3 
58.9 

0.61 
0.58 
0.50 
0.69 
0.96 
1.03 
0.91 
1.40 
0.96 

0.74 
0.52 
0.59 
0.66 
0.91 
0.99 
0.51 
1.57 
0.88 

0.93 
0.52 

16.7 
10.6 
10.2 
14.3 
14.6 
16.4 
13.8 
16.7 
10.9 

17.5 
10.6 
11.0 
12.0 
16.1 
16.0 
12.8 
15.6 
15.7 

18.0 
14.7 

4.1 
4.6 
3.9 
6.1 
8.6 
8.9 
8.1 
10.9 
7.1 

6.2 
4.2 
4.3 
6.4 
8.8 
8.9 
7.0 
10.0 
7.0 

6.4 
2.4 

0.06 
0.06 
0.05 
0.07 
0.08 
0.10 
0.09 
0.15 
0.10 

0.09 
0.06 
0.05 
0.14 
0.10 
0.11 
0.09 
0.15 
0.06 

0.09 
0.08 

2.60 
5.02 
5.50 
2.83 
4.11 
4.39 
3.50 
8.80 
3.25 

3.52 
4.09 
4.60 
3.52 
4.28 
4.72 
2.32 
6.92 
4.36 

2.22 
1.26 

6.60 
9.51 
9.93 
2.66 
2.96 
2.40 
2.49 
10.79 
3.12 

4.77 
9.77 
7.28 
12.58 
3.03 
3.45 
9.09 
12.45 
2.82 

6.31 
8.64 

2.11 
1.12 
1.28 
3.12 
3.00 
2.36 
2.83 
2.49 
1.58 

2.81 
1.27 
1.06 
1.98 
2.50 
2.61 
1.40 
2.52 
1.67 

3.34 
1.73 

3.31 
2.51 
2.07 
1.86 
1.53 
3.09 
2.18 
0.61 
2.71 

2.86 
1.45 
2.12 
1.18 
2.09 
1.92 
1.38 
0.28 
2.33 

3.01 
3.03 

0.12 
0.11 
0.14 
0.10 
0.15 
0.21 
0.18 
0.12 
0.15 

0.13 
0.12 
0.11 
0.16 
0.18 
0.22 
0.08 
0.19 
0.13 

0.34 
0.09 

5.81 
11.00 
12.09 
3.61 
3.29 
4.87 
3.52 
3.41 
4.35 

4.37 
9.21 
9.15 
10.78 
3.78 
4.04 
9.66 
4.33 
5.08 

2.63 
6.13 

100.42 
101.41 
101.46 
100.44 
101.58 
98.95 
100.30 
100.77 
100.11 

101.09 
101.49 
101.36 
100.70 
100.07 
100.16 
100.83 
100.71 
98.33 

99.57 
97.48 
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Table 4. Major 
Shale < 10 % 

Silurian 

Ordovician 

Cambrian 

element analyses of Lower Pal 
CaO, Limestone > 10 

Stratigraphical unit 

10 
8-9 

7a-7c 
6a-6c 
4c-5b 

4ap-4b 

4aa 
3b-3c 

2e-3a 
2a-2d 

I c - l d 

shale 
shale 
limeslone 
limestone 
shale 
shale 
limestone 
shale 
limestone 
shale 
shale 
limestone 
shale 
shale 
limestone 
shale 
limestone 

% CaO. 

No. of 
analyses 

1 
2 
1 
2 
2 
2 
5 
2 
1 
2 
3 
2 
4 
4 
2 
2 
2 

aeozoic shales and limestones from the Oslo Region. All concentrations in 
Data from Bj0rlykke (1974a). Ign. 

SiOj 
% 

79.6 
53.7 
11.1 
24.1 
65.1 
61.7 
33.3 
49.6 
25.9 
51.4 
57.4 
19.6 
59.3 
55.5 

7.8 
59.9 

5.9 

T iO . 
% 

0.40 
0.75 
0.16 
0.34 
0.58 
0.72 
0.20 
0.67 
0.32 
0.77 
0.92 
0.28 
1.00 
0.89 
0.07 
1.05 
0.06 

ALO, 
% 

8.4 
14.6 
3.1 
6.6 

10.3 
12.1 

3.5 
16.2 

7.4 
18.2 
17.3 
5.1 

18.8 
16.4 

1.5 
19.1 

1.5 

F e , 0 , 
% 

2.7 
6.6 
1.7 
2.9 
4.7 
4.7 
1.5 
6.8 
4.0 
8.4 
4.1 
2.8 
3.6 
4.0 
1.2 
4.8 
0.6 

loss = 

MnO 
% 

0.04 
0,09 
0.05 
0.12 
0.07 
0.06 
O.OS 
0.06 
0.29 
0.08 

0.03 
0.13 

0.01 

0.01 

0.09 

0.04 

0.15 

I g n i t i o n 

MgO 
% 

1.56 

4.66 

2.03 

2 .00 

2.96 
2 .43 
1.67 
S.Ol 
2.74 
4.03 
2.22 
1.93 
1.42 
1.10 
2.39 
1.73 
1.34 

loss. 

CaO 
% 

1.99 
5.97 

43.63 
33.50 

S.93 
6.32 

31.38 
7.49 

30.32 
4.21 
2.71 

36.25 
0.55 
0.18 

47.69 
0.33 

50.66 

^ 

N a , 0 
% 

1.95 
1.43 
0.27 
0.45 
0.76 
1.00 
0.54 
0.91 
0.61 
1.00 
0.97 
0.25 
0.88 
0.72 
0.08 
0.16 
0.04 

K.O 
% 

1.49 
3.3S 
0.98 
1.63 
2.43 
3.16 
1.04 
3.38 
1.57 
3.92 
4.48 
1.40 
S.4S 
4.64 
0.25 
5.37 
0.15 

percentages. 

PjO, 
% 

0.12 
0.15 
0.01 
0.04 
0.07 
0.15 
0.01 
0.09 
0.18 
0.12 
0.20 
0.26 
0.14 
0.07 
0.39 
0.07 
0.21 

Tgn. 
Loss % 

2.68 
8.89 

35.81 
27.60 

7.32 , 
7.06 

25.68 
10.47 
25.81 

7.81 
5.62 

31.31 
6.20 

16.56 
37.82 

6.45 
39.33 

Total 
% 

100.93 
100.19 
98.84 
99.28 

100.22 
99.40 
98.87 

100.68 
99.14 
99.94 
95.95 
99.31 
97.35 

100.07 
99.28 
99.00 
99.94 
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Precisions of the chemical analyses are given as standard deviation in 
Table 8. 

Mineral determinations were carried out by thin-section studies and X-ray 
diffraction analyses. For semi-quantitative X-ray determinations, slides with 
rock powder mounted on glass with vaseline were used. Oriented samples 
were made by the pipette-on-glass slide technique (Gibbs 1965). The anal
yses were executed on a Siemens X-ray diffractometer with an Omega 
goniometer. 

It is assumed that peak height multiplied by the width at half height will 
be an expression of the peak area and therefore of the relative content of 
each mineral (Norrish & Taylor 1962). The relative amount of each mineral 
is calculated as the percentages of the sum of the intensities to the charac
teristic peaks of these minerals. 

Gravimetric carbon determinations were made using a Leco Induction 
furnace. Twelve standard parallels gave a precision as per cent deviation 
from the mean of ±: 1.5 %. 

Trondheim Region 

LITHOLOGICAL DESCRIPTIONS 

The mineralogical analyses presented here were carried out by X-ray dif
fraction and thin section analyses. All the percentages given for the different 
minerals are relative percentages from diffraclograms (Tables 1 and 2). Figs. 
3 and 4 summarize the mineralogy in the samples from the two regions. 

The Guia Group 
The samples from the Guia Group are fine-grained phyllites and schists, 
some rich in organic carbon. They consist of quartz- and mica-rich layers, 
quartz often with undulating extinction. Samples of higher metamorphic 
grade consist very often of biotite. Chromite, tremolite, and garnet are 
found in some samples after mineral separation. The garnet is probably an 
Mn-rich variety of the almandine-spessertine series, since a garnet-rich 
sample contains ten times as much MnO as the other samples from the 
group. 

The 'Venna conglomerate 
The samples from the matrix of this horizon consist of much albite, chlorite 
and some illite, quartz, and calcite. The analysed samples are from the ma
trix of the conglomerate which often contains 1-2 mm angular greenstone 
fragments. Fragments of jasper are also found. 

The Krokstad shale 
In the Krokstad shale, a group made up of shales and greywackes, chlorite 
and albite, and smaller amounts of illite and quartz were found by X-ray 
diffraction. In some of the samples finer and coarser layers alternate, with 

• • • • " ' " ' : - ^ ^ f - ^ - ^ - • • - • ' ' - - ; - ' • • • : ' ' - - : • . , . • ' ' • - • • • • " • " v ^ r - ^ ' ' ^ ^ ^ ^ ^ ^es-
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Fig. 3. Stratigraphical variation in mineralogical composition of whole rock samples 
of shales from the Oslo Region, calculated as relative percentage from X-ray diffracto
meter analyses. Samples of shales from stages 7a-7c have not been analysed. 
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Fig. 4. Stratigraphical variation in mineralogical composition of whole rock samples 
from Lundesokna and Horg areas in the SW Trondheim Region, calculated as relative 
percentage from X-ray diffractometer analyses. Legend in Fig. 3. 
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Table 5. Trace element analyses of Lower Palaeozoic sediments and volcanics from the Trondheim Region. All concentrations in ppm, 
except for organic carbon which is given in percent. Not determined = n. d. 

Silurian 

Cambrian 

Silurian 

Ordovician 

Stratigraphical unit 
No. of 

analyses 
Ba 

ppm 
Rb 
ppm 

Sr 
ppm 

V 
ppm 

Ni 
ppm 

Zn 
ppm 

Sc 
ppm 

Cr 
ppm 

Co 
ppm 

Th 
ppm 

U 
ppm 

The Lundesokna profile 
Horg Group 

-Lyngestein conglomerate 
Hovin sandslone 
Dicranograptus shale 

Ordovician Krokslad sandstone 
Krokstad shale 
Venna conglomerate 

-Stpren greenstone 
Guia Group 

The Horg profile 
Horg Group 

.Lyngestein conglomerate 
Hovin sandslone 
Dicranograptus shale 
Krokslad sandstone 
Krokstad shale 
Venna conglomerate 
Stpren greenstone 

Cambrian Guia Group 

Hplonda andesite 
Hareklett rhyolilic tuff 

• 'o rg . 

% 

4 
1 
2 
3 
4 
4 
2 
1 
2 

4 
1 
3 
3 
3 
2 
1 
4 
3 

1 
1 

675 
435 
379 
1068 
564 
538 
445 
63 
420 

748 
335 
424 
475 
529 
458 
395 
64 
590 

941 
519 

ISO 
100 
93 
63 
72 
125 
72 
2 
80 

144 
75 
107 
49 
95 
90 
53 
3 

122 

131 
179 

433 
255 
209 
251 
191 
143 
92 
116 
189 

388 
231 
187 
275 
203 
258 
431 
238 
137 

802 
725 

69 
54 
52 
121 
127 
143 
124 
181 
106 

92 
59 
66 
99 
136 
147 
105 
201 
121 

81 
47 

22 
43 
50 
71 
97 
98 
88 
167 
121 

26 
24 
54 
52 
91 
83 
34 
168 
93 

0 
28 

75 
76 
65 
260 
83 
107 
137 
62 
78 

80 
58 
60 
89 
104 
109 
66 
77 
96 

73 
35 

13.9 
9.5 
9.1 

20.5 
22.1 
22.9 
18.7 
38.1 
13.2 

16.2 
9.7 
10.7 
18.3 
23.1 
22.3 
16.8 
35.3 
19.7 

10.8 
7.6 

29 
63 
65 
68 
112 
82 
98 
166 
228 

61 
147 
164 
96 
125 
128 
101 
178 
120 

24 
157 

13 
11 
12 
16 
28 
25 
20 
51 
19 

19 
11 
14 
22 
26 
26 
18 
44 
26 

9 
IS 

14.1 
8.7 
7.9 
S.l 
6.9 
13.2 
5.8 
0 

8.0 

11.6 
8.5 

10.4 
6.1 
9.8 
8.6 
3.1 
0.4 
9.2 

22.7 
12.7 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

3.6 
2.3 
2.4 
2.4 
2.7 
2.7 
1.0 
0.3 
2.4 

5.7 
4.4 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

0.75 
0.67 
0.83 
0.99 
0.63 
0.63 
0.63 
O.SS 
1.07 

1.02 
0.66 
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Hplonda andesite 1 
Hareklett rhyolitic luff 1 

941 
519 

131 
179 

802 
725 

81 
47 

0 
28 

73 
35 

10.8 
7.6 

24 
157 

9 
15 

22.7 
12.7 

5.7 
4.4 

l.uz 
0.66 

Table 6. Trace element 
from Bj0riykke 

Silurian 

Ordovician 

Cambrian 

(1974a). 
analyses of Lower Palaeozoic shales and limestones from the Oslo 
Se, Cr, Co, and Th have 

Stratigraphical unit 

10 
8-9 

7a-7c 
6a-6c 
4c-5b 

4ap-4b 

4aa 
3b-3c 

2e-3a 
2a-2d 

I c - l d 

shale 
shale 
limestone 
limestone 
shale 
shale 
limestone 
shale 
limeslone 
shale 
shale 
limestone 
shale 
shale 
limestone 
shale 
limeslone 

No. of 

analyses 

1 
2 
1 
2 
2 
2 
5 
2 
1 
2 
3 
2 
4 
4 
2 
2 
2 

been determined by 

Ba 

ppm 

319 
448 
314 
253 
786 

1310 
140 
835 
759 
991 

33227 
324 

25775 
2457 

337 
1024 

69 

Rb 

ppm 

61 
153 
31 
84 

181 
126 
47 

154 
61 

146 
130 
90 

168 
159 
25 

234 
28 

the author. 

Sr 

ppm 

142 
148 
951 
585 
279 
133 

1410 
289 
627 
264 
350 
700 
163 
73 

677 
25 

210 

Region. All values 
Shale < 10 % CaO, 

V 

ppm 

98 
182 
36 
72 

232 
175 

49 
213 
108 
249 
180 
100 
589 
775 

41 
393 

21 

Ni 

ppm 

68 
110 

35 
44 

119 
96 
82 

242 
96 

112 
60 
37 
62 

114 
42 
67 
36 

in ppm. Ba, 
Limestone > 10 % 

Zn 

ppm 

28 
127 

40 
53 
61 

111 
42 

120 
69 

142 
107 

54 
89 
65 

161 
151 
39 

Sc 

ppm 

5.4 
14.5 
3.1 
7.1 
9.4 

11.2 
4.1 

19.0 
8.4 

24.2 
15.1 

5.7 
14.4 
10.9 
13.3 
15.9 

1.9 

Rb, V, Ni 
CaO. 

Cr 

ppm 

50 
82 
10 
27 

421 
664 
154 
409 
144 
179 
76 
15 
88 
56 
11 
72 

8 

, and Zn values 

Co 

ppm 

6 
20 

5 
9 

13 
18 

7 
29 
20 
33 
11 

7 
6 

10 
4 

13 
4 

Th 

ppm 

5.7 
7.7 
3.1 
6.2 
6.8 

11.3 
2.5 
9.2 
3.5 
9.3 

15.3 
5.4 

15.1 
9.0 
1.6 

14.3 
2.2 
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graded bedding often seen in thin section. The coarser layers often consist 
of angular quartz- and rock fragments with 0.5 mm as a mean diameter. 
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The Krokstad sandstone 
This group also consists of shales and greywackes. Chlorite and albite are 
the most common minerals in this group, but illite, quartz, and calcite are 
also present. In thin sections layers of finer and coarser grained beds are 
seen. 3-4 mm, angular rock fragments are also often found in thin section. 

The Dicranograptus shale 
The shaly samples from this horizon consist of albite, chlorite, quartz, and 
calcite. Thin-section examinations show that some of these samples are 
dense, and rich in organic carbon and pyrite without any lamination. Coarser 
layers with 2-3 mm sized particles are also usual. 

The Hovin sandstone 
These, samples of shales and fine-grained sandslone are generally calcare
ous. They also consist of chlorite, illite, quartz, and small amounts of albite. 
Some rounded quartz- and rock fragments of about 0.5 mm in diameter are 
usually found in thin section. Dolomite has been detected in X-ray diffraclo
grams, and also as rombs, typical of late diagenetic dolomitization, in thin 
section. 

The Lyngestein conglomerate 
In these samples from the matrix of the conglomerate, dolomite was found 
by X-ray diffraction analyses, and dolomiie rhombs have been seen in thin 
section, suggesting a late diagenetic dolomitization. In addition to dolomite, 
these samples consist of calcite, chlorite, illite, albite and quartz. 

The Horg Group 
The samples from this group are made up of much albite and some chlorite, 
illite, quartz, and calcite. Dolomite is also found in the X-ray diffraclograms, 
and dolomite rhombs have been seen in thin sections. The samples are 
shales and fine- to medium-grained sandstones, often with graded bedding. 

Discussion 
A major part of the chlorite content in the sediments is probably derived 
from the basaltic rocks of the St0ren Group or basalts akin to these (Table 
1). The decreasing chlorite conient from the Krokstad shale to sediments of 
the Horg Group (Fig. 4) may indicate a decreasing influx of basaltic material. 
A peak value in the chlorite content in the Krokstad shale, which is situated 
just above the lavas, also indicates that the chlorite was derived from the 
basalts. Fig. 5 shows a plot of the stratigraphical variation in chlorite/illite 
ratio expressed by the 7A/10A ratio. The decreasing ratio (Fig. 5) means a 
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Fig. 5. Stratigraphical variation in the 7 A/IO A ratio in the Trondheim Region. Values 
from X-ray diffractometer anaiyscs. Solid line Horg profile. Broken line - Lundesokna 
profile. 

decreasing chlorite content relative to illite, which also confirms the above 
conclusion. 

The 7A/14A ratios are always greater than two in the samples from the 
Trondheim Region. This means that the chlorite; is relatively rich in iron 
(Grim 1968). Samples from the Oslo Region show about the same ratios. 
This result confirms the conclusion ol Bj0rlykke (1974b) that the chlorite 
found in samples from the Ctelo Region is probably derived from eugeo
syndinal rocks similar to those in the Trondheim Region. 

Decreasing chlorite content towards the top of the profiles in the Trond
heim Region (Fig- 4) can be caused by the increased influx of material de
rived from more acid rocks or.a decreased influx of basaltic debris. Albite, 
a major component of the St0ren greenstones (Fig, 4), has a distribution akin 
to that of chlorite. This indicates that much of the albite also.has a clastic 
origin. In the Horg Group the albite content increases, which may be due 
to authigenic albite formation, calcite dilution effects in the Hovin sand
stone, arid Lyiigestein conglomerate or renewedinflux of basaltic debris. 
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Table 7. Average geochemical composition of Lower Palaeozoic sediments from the 
Oslo Region and of Lower Palaeozoic sediments and volcanics from the Trondheim Re
gion. Main element data and data for Ba, Rb, Sr, V, Ni, Zn and organic carbon (Cp^g) 
for the Oslo Region sediments from Bj0riykke (1974a). Not determined = n. d. 
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SiO. % 
TiOj % 
AljO, % 
FcjO, % 
MnO % 
MgO % 
CaO % 
NajO % 
KjO % 
P5O, % 
Ign. loss % 

Ba ppm 
Rb ppm 
Sr ppm 
V ppm 
Ni ppm 
Zn ppm 
Sc ppm 
Cr ppm 
Co ppm 
Th ppm 
U ppm 

Core. % 
Number of 
samples 

Oslo 
Region 

41.4 
0.55 

10.7 
3.5 
0.06 
2.16 

18.58 
0.63 
2.77 
0.12 

18.66 

583 
113 
466 
248 

83 
83 
10.7 

140 
11 
8.0 

n . d . 
n. d. 

39 

Trondheim 
Region 

57.0 
0.82 

14.2 
7.4 
0.10 
4.16 
6.40 
2.08 
2.21 
0.16 
5.87 

527 
93 

250 
117 
93 

103 
18.9 

121 
23 

8.6 
2.5 

n. d. 

42 

Guia 
Group 
gr. A 

61.6 
0.91 

13.7 
7.0 
0.07 
3.92 
2.94 
1.64 
2.48 
0.14 
4.79 

522 
105 
158 
115 
104 

89 
17.1 

163 
23 

8.7 
2.4 
1.07 

5 

Guia 
Group 
gr. B 

53.1 
0.85 

15.0 
11.4 
0.22 
6.71 
3.04 
0.78 
4.39 
0.31 
3.75 

842 
140 
68 

232 
345 
256 

19.8 
327 

38 
9.1 
5.7 
1.72 

4 

St0ren 
greenst. 

45.7 
1.47 

15.8 
10.1 
0.15 
7.17 

13.05 
2.74 
0.25 
0.17 
4.16 

37 
2 

229 
190 
187 

60 
35.6 

187 
47 

0.3 
n . d . 
0.36 

S 

Alum 
shale 

57.0 
0.94 

17.3 
4.3 
0.02 
1.31 
0.23 
0.53 
4.88 
0.07 

13.19 

1979 
184 
57 

648 
98 
94 
12.6 
61 
11 
10.8-
n . d . 
7.6 

8 
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GEOCHEMISTRY 

The Guia Group 
The samples from the Guia Group are schists, which can be subdivided into 
two groups: Group A - consisting of weakly metamorphic samples, and 
Group B - consisting of samples of a higher metamorphic grade. The samples 
in group A represent lower greenschist facies, while those in group B the 
upper part of this facies. Table 7 shows the geochemical composition of the 
two groups compared to the Alum shales from the Oslo Region. 

Fig. 6 is a comparison diagram for groups A and B. All samples are nor
malized to the mean of group A. The area between the dotted lines repre
sents the variation area of the samples from group A, while the drawn, solid 
line shows the mean variation of the samples from group B. The horizontal 
line through 1.0 is the mean of group A. In Fig. 6 it is clearly seen that the 
samples from group B are enriched in FCjOj, MnO, MgO, KjO, PoOj, V, Ni, 
Zn, Co, U and Core., depleted in NaoO and Sr, and have a lower ignition loss 
(ign. loss) than those from group A. See also Table 7. 

By supposing similar diagenesis, the variations in the diagram probably 
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Table 8. Standard deviation based on six parallels. 

SiO„ TiO., Al.Oj, FcOj, MnO, CaO, K.O, Rb, Sr, V & Ba 
MgO, P A 
Ni, Zn 
Th 
Co 
Na, Cr, Sc 

± 1% 
± 3 % 
± 4 % 
± 5 % 
± 1 0 % 
± 2 % 

show differences in primary composition or chemical variations due to meta
morphic reactions. The Corg., V, and U enrichments in group B are probably 
due to primary composition variations, and show that some of the samples' 
are formed in an environment with higher organic production than others. 
The enrichments of PoOj may underline this. 

Variations in Cr, Ni, and Co content may be the result of different heavy 
mineral content. In sample H-36, chromite was found after mineral separa
tion and X-ray diffraction analyses. This chromite content is the most prob
able source to the enrichments of the above-mentioned elements. The chro
mite is probably derived from serpentinitic layers in the Guia Group. 

The positive MnO anomaly in group B is probably a product of reactions 
connected with the metamorphism. Sample H-37, which contains 0.59 % 
MnO, also contains garnet. This agrees well with the X-ray diffraction re
sults, which point to a garnet from the almandine-spessertine series. 

In the slightly higher grade metamorphic samples, biotite is common and 
only small amounts of muscovite are found. The occurrence of biotite is the 
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SO, I Alfij I MnO\ CcO\ HP \ ,^^-Ba Rb Sr V Ni Zn Sc Cr Co Th U C^g 

no,, Fbfjy h ^ Nap PJOf 

Fig. 6. A comparison plot for the analysed elements in samples from group A and B 
in the Gula Group. The average of group B is normalized to the average of group A 
by dividing element by element. Horizontal, broken line through 1.0 represents the 
average of group A, while the dotted lines on bolh sides represents the variation inter
val for samples of group A. The solid line is the average of group B normalized to the 
average of group A. 
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most probable reason why the samples have high concentrations of Fe^Oj 
and MgO. 

The high amount of KjO in group B is due to the large amount of mica in 
these samples. Based on these variations, it is supposed that during meta
morphism a K-fixation took place. The metamorphic samples are enriched 
in Zn. These samples also contain large amounts of biotite. De Vore (1955a, 
b) found biotites with up to 900 ppm Zn. The formation of biotite during 
metamorphism may therefore have led to higher Zn concentrations. 1550 
ppm Zn was, however, found in chromite from serpentinites by Pearre & 
Heul (1960). Large amounts of Zn may therefore also be the result of greater 
concentrations of heavy minerals such as chromite. 

The samples from group B are depleted in Sr, and have lower—'-
v̂ a 

ratios than group A, probably a result of metamorphic reactions. By re-
crystallisation of calcite, Sr will disappear from the structure (Turekian 
1964). A recrystallisation connected with the metamorphism will therefore 
lead to Sr losses. 

Low ignition loss for the metamorphic samples is most probably due 
to the higher P-T conditions that existed during metamorphism. During such 
conditions water would have been expelled from several minerals. Denser 
minerals with less water may be the product of such reactions. 

li... 

SQ//Q/V i3^^MT0/^C3OA40/^ /?Qo^ ' f ib Rb Sr V t^ Zn Sc Cr Co ni Garg. 

Fig. 7. A comparison plot for the average Alum shale from the Oslo Region and the 
average shale from the Gula Group in the Trondheim Region. The samples have been 
normalized to the group A average, by dividing element by element. Horizontal broken 
line through 1.0 represents the average of group A, while the dotted lines on both sides 
represent the variation interval for samples of group A. The solid line represents the 
average Alum shale normalized to the average of group A. 
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A transition from an An-poor plagioclase to more An-rich variety will 
lead to a loss in Na.iO. This reaction may explain why the samples from 
group B contain less Na^O than the samples from group A. 

Fig. 7 shows the Cambrian Alum shales from the Oslo Region plotted in 
a similar comparison diagram. In this case the average Alum shale is com
pared to the average of group A. 

The solid drawn line shows the mean Alum shale composition. In Fig. 7 
K.O, Ign. loss, Ba, Rb, V, and Core, enrichments and FejO,, MnO, MgO, 
CaO, NajO, PjOj, Sr, Cr and Co depletions are clearly seen in the Alum 
shales. 

A lower chlorite content in the Alum shales explains the relatively smaller 
amounts of Fe.Oj, MgO, Sc, Cr, and Co in these beds. The Alum shales 
contain less calcite and more organic carbon than group A. Such mineralogi
cal distributions result in lower CaO, PjOj, and Sr, and higher V concen
trations in the Alum shales than in the Gula schists. Relatively small amounts 
of albite in the Alum shales may explain why these shales contain less Na;0 
than Gula schists from group A. Large amounts of illite in the same Alum 
shales probably explain the higher K.O, Ba, and Rb contents and higher 
ignition loss than group A samples. The Th/U ratio of samples H-36 and 
H-38 are 0.63 and 0.58. Similar ratios are found in the Alum shales (Bj0r-
lykke 1974a). Following Adams & Weaver (1958), these values are typical 
of black marine shales. Sample H-38 contains in addition great amounts of 
V and Zn, which are also characteristic of black shales. The other analysed 
samples from the Gula Group have Th/U ratios typical for grey and green 
shales (Adams & Weaver 1958). 

Volcanic rocks from the Horg area, SW Trondheim Region 
The samples from the St0ren Group are from the Horg area, where the 
sequence consists primarily of spilitic pillow lavas, with tuffaceous layers and 
thin jasper beds of probably Lower Ordovician age, equivalent to 2e-3a 
time in the Oslo Region (Blake 1962, Chaloupsky 1969). The five samples 
represent lower greenschists facies. In the Lower Hovin Group the some
what younger H0londa andesite and Hareklett rhyolitic tuff are found. The 
mineralogy of the samples is shown in Table 1. 

Dewey (1969) maintained that the St0ren greenstone is part of an ophioli-
tic belt and, like Wilson (1966), he attempted to give a tectonic model of the 
Caledonian Orogeny by using new global tectonics. 

Mineralogical and geochemical studies of modern basalts have shown that 
their composition varies in relation to plate tectonic position, with alkali 
basalts on the continent side and tholeiites on the ocean side of island arcs 
(Kuno 1960, Hart 1969, Hart et al. 1970, Jakes & Gill 1970). 

Island arc tholeiites (low potassium tholeiites) are situated on the trench 
side of island arcs, while oceanic tholeiites form parts of the ocean floor 
outside the trench (Jahn et al. 1974). 

Several authors have noted that seawater alterations, lower degrees of 
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Fig. 8. Comparison plot for the La, Ce, Sm, Eu content in sample H-1 (X), H-4 (A), 
H-5 ( • ) , ocean floor tholeiite (• and solid line), and island-arc tholeiite (© and solid 
line). All the samples are normalized after Coryell et al. (1963) to chondrites with values 
from Haskin et al. (1968). Values for the tholeiites from Schmitt et al. (1963), Frey & 
Haskin (1964), and Frey et al. (1968). 

! lf 
metamorphism, and spilitisation processes do not seem to alter simple geo
chemical parameters (Philpotts et al. 1969, Hart et al. 1970, Herrmann & 
Wedepohl 1970, Herrmann et al. 1974). Geochemical studies of basalts may 
therefore assist in the reconstruction of Lower Palaeozoic palaeoenviron-
ments. Basalts from the St0ren Group have, for this purpose, been sampled 
and analysed by Gale & Roberts (1972, 1974), who found mainly oceanic 
tholeiites in the group. 

Geochemistry. - The total content of REE and the enrichment of the lighter 
rare-earth elements increase from oceanic tholeiites to alkali basalts (Schil
ling & Winchester 1969). In this way the different types of basalts obtain 
their own, special rare-earth element patterns. Dypvik (1974) and Dypvik 
& Brunfelt (1976) analysed the REE concentrations in some of the samples 
from the St0ren greenstones. The samples were found to possess typical 
tholeiitic patterns, but it appeared difficult iising such studies to differentiate 
between island-arc tholeiites and oceanic tholeiites. In Fig. 8 the REE pat
terns for sample H-1, H-4 and H-5 are shown. The samples are normalised 
to chondrites after a method described by Coryell et al. (1963). Values for 
H-1, H-4, and H-5 are taken from Dypvik (1974) and Dypvik & Brunfelt 
(1976). Values for the tholeiites are taken from Schmitt et al. (1963), Frey 
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Fig. 9. The La content plotted against the fractionation index lOOx MgO/MeO + FeO-l-
EejOs-l-NajO-f-KtO, after Schilling & Winchester (1969). The average St0ren green
stone is plotted in the figure. 

& Haskin (1964) and Frey et al. (1958). Sample-H-I displays an island arc 
tholeiitic pattem^ while H-4 and H-5 seem to be more akin to ocean-floor 
tholeiites. 

Schilling & Winchester (1969J used different" fractionation indexes plotted 
against the La content to classify basalts; Fig. 9 shows analysis of the average 
St0ren greenstone plotted on one of their diagrams, and this indicates a 
clear thoieiitiC affinity, 

Pearce et al. (1975) published a TiO^ - KiO - PjOs diagram which could 
discriminate between oceanic and non-oceanic basalts. This diagram is shown 
in Fig. 10, where the analysed samples from the St0ren greienstone are 
plotted. They all plot in the field of oceanic basalts. 

In a more refined classification by Jahn et al. (1974) the La/Sm,ratios 
were used. In their figures, island-arc tholeiites and oceanic tholeiites define 
their own trends. The spilites from the St0ren group have been plotted in 
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Fig. 10. The left figure is a correlation plot between La and Sm, after Jahn et al. 
(1974). Samples H-1, H-4, H-5, and E-22 from the Sl0ren greenstones are plotted in the 
figure. The right figure is a TiOs-KsO-PjOj diagram, after Pearce et al. (1975). The 
samples H-1, H-2, H-4, H-5 and E-22 are plotted in the figure. 

one of these figures (Jahn et al. 1974), as shown in Fig. 10 (REE values 
from Dypvik & Brunfelt 1976). H-1 have a ralio typical for island-arc 
tholeiites, H-5 and E-22 have oceanic tholeiitic ratios, and H-4 display an 
intermediate affinity. 
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UJ 
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g Ss 

I' 
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0 

island arc tholeiite 

,E-22 

- H-1 

oceanfloor tholeiite 

H-5 

Sr K Rb Ba 

Fig. 11. Comparison plot afler Jahn et al. (1974). Each sample is normalized to ocean-
floor tholeiite. Values for the tholeiites from Jahn et al. (1974). E-22, H-1, H-4, and 
H-S are samples from the Si0ren greenstones. 
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Seawater alteration does lead to changes in the concentrations of the in-̂  
compaiible elements (Hart 1969, Philpotts et al. 1969), An increasing potas
sium content and a decreasing K/Rb ratio have been found to be the resuU 
of such a proi:ess in young basalts (Hart 1969, Philpotts et al. 1969). Phil
potts et al, (1969) also found that the Ba content could be changed in both 
positive and negative direction. No variations were found concerning Sr. 

Hekinian (1971) showed that spilitisation may give textural, mineralogical, 
and chemical variations over short distances. By spilitic degradations of a 
tholeiitic basalt, Vallance (1974) discovered variation in the concentrations 
of several elements. Hart' et al. (1970) claimed that rocks of low metamor
phic grade could be, regarded as closed systems. 

By supposing that the lavas have undergone little seawater alteratibn, 
that an isochemical metamorphism has occurred, and that samples are large 
eriough (about 50,0 g) so that eventual spilitisation alterations are negligible, 
it is possible to use K, Rb, Ba, and Sr in classification. 

Hart et al. (1970) and Jahn et al. (1974) used'Sr, K, Rb, and Ba, in order 
to produce a subdivision of ba,salts. Fig. 11 is from Jahn et al. (1974) and 
shows the different trends for various kinds of tholeiites. The samples are 
normalized to'oceanic thoeliite. In Fig. 11 the following rocks are plotted: 
Oceanic tholeiite, island-arc tholeiite, E-22, H-1, H-4, and H-5. Values for 
the tholeiites are from Hart et al. (1970) and Jakes SL White (1972). 

The low Rb values obtained for the St0ren greenstoties are uncertain. 
By ignoring these values, it is seen in Eig: 11 that E-22 will be classified as 
an island-arc tholeiite and H-l and H-5 as oceanic tholeiites. Sample H-4 
has a distribution akin to low potassium tholeiites (island-arc tholeiites, 
Jahn et al.-1974). 

In Table 9 the Ni and Cr content for islaiid-arc thoieiites and oceanic 
tholeiites is compared with the Ni and Cr concentrations determined in the 
greenstones. The St0ren greenstones have Ni and Cr values similar to those, 
in the. oceanic tholeiites. 

H0londa andesite and Hareklett rhyolitic tuff are enriched in Ba, Rb, 
Sr, Th, U and REE, while they are depleted in V, Ni, Sc, Gr, atid Co 
relative to the St^t'en greenstones (Table 5 and Dypvik & Brunfelt 1976). 

Table 9. The Ni and Cr content in different tholeiites and samples from the St0ren 
greenstone. Values for the tholeiites from Hart ef al. (1970) and Jakes &. White (1972). 

SAMPLE Ni 

Island arc tholeiite 
Oceanic tholeiite 
E-22 
H-l 
H ^ 
H-5 

0-30 ppm 
30-200 ppm 

167 Ppm 
85 ppm 
85 ppm 

4,12 ppm 

Cr 

0-50 ppm 
200-400 ppm 

166 ppm 
14S ppm 
139 ppm 
299 ppm 
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Discussion, - The different methods of classification used classify the lavas 
from the St0ren Groups as.tholeiites. A further subdivision, however, appears 
to give divergent results. 

REE pattern comparisons classify H-l as island-arc tholeiite and H'-4 
and H-5 are grouped together with oceanic tholeiites. 

La/Sin ratios classify H-l as an island-arc tholeiite, E-22 and H-5 as 
oceanic tholeiites, and H-4 somewhere in between. 

Sr, K, Rb, and Ba classification fix E-22 and H-4 -as island-arc tholeiites, 
while H-l and H-5 have concentrations more akin to oceanic tholeiites. 

All the samples from the St0ren Group have Ni and Cr contents of the 
same order as oceanic tholeiites. 

Based on the few executed analyses and the classifications used here, it 
seems very difficult to decide whether the basalts in the Stjiren Group rep
resent island-arc tholeiites or oceanic tholeiites. This can be due to ehem-
ical seawatei: alterations, metamorphism, or spilitisation. The classification 
problern may also be connected with the extension of the principle of ac
tuality on which these classifications are based. 

Gale SL Roberts (1972, 1974) presented several trace-elemerit analyses of 
Lower Ordovician basaltic rocks froiii different areas in the Norwegian 
Caledonides. Based on Y, Ti, and Zr determinations they classified the 
basalts using a method presented by Pearce & Cann (1971, 1973). The lavas 
were mainly classified as oceanic tholeiites, but low potassium tholeiites 
were found in the L0kken and Grong areas. In 1974, Hart et al. showed that 
seawater alteration may lead to some changes in TiO^ and Zr content arid 
that the Y concentrations were not changed. The process of spilitisation has 
been shown to lead to notable changes'in the TiOj, Zr, and Y contents (Val
lance 1974). Combining these results with the geochemical dala presented 
above, it seems doubtful if the tholeiites can be classified and interpreted to 
the extent done by Gale & Roberts (1974). 

Sediments overlying the St0ren-greenstone 
Vanadium, scandium, nickel, cobalt, manganese, and titanium CV, Sc, Ni, 
Co, MnO and TiO J, - As mentoned earlier, TiOj, MnO, V, Sc, Ni, and Co 
are enriched in the St0ren greefnstones, while the younger more acidic vol
canics, the H0londa andesite, and the Hareklett rhyolite. contain smaller 
quantities of these elements (Tables 3 and 5, Fig. 12). 

In the sediments also the TiO», MnO, V, Sc, Ni, and Co concentrations 
decrease from peak values in Krokstad shale and sandstone towards the 
youngest layers (Fig. 12, Tables 3 and 5), Such similarities between the vol-
t?anics and sediments in the Trondheim Region indicate a relationship be
tween these deposits. 

Fig. 12, Stratigraphical distributions of.TiOj (the upper figure), Ba (the middle figure), 
and Sr (the lower figure) in sediments and volcanics from the Tron'dheim Region.^Solid 
line the Horg profile, dotted litie the Lundesokna profile, and broken line volcanic rocks. 
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There exists positive correlation belween TiOj and minerals enriched in 
the Sl0ren greenstones such as: TiOj-Chlorite (0.55) and TiOj-Albite (0.47). 
Co and Ni are also well correlated with MgO, 0.79 and 0.76 respectively. 
Sc correlates well with Mg (0.77), TiOj (0.79), and Co (0.90). Good cor
relation also exists between V and TiO, (0.93), V and Zn (0.85), V and 
Sc (0.95), and V and Co (0.90). These results, combined with poor corre
lation between C„rK, and V for samples from the Horg profile, indicate that 
minor amounts of V are enriched with organic material, and that TiOj, MnO, 
V, Sc, Ni, and Co are mainly found in clastic greenstone debris. It is rea
sonable to suppose that after eruption, chloritization and elevation of the 
greenstone took place. Later these rocks were eroded and the products of 
erosion were deposited as the Krokstad shale and sandstone. 

By supposing that the Krokstad shale is a mixture of an average shale and 
the St0ren greenstone it is possible to estimate the minimum content of vol
canic St0ren greenstone debris in these samples. Such estimates, based on the 
Sc, V, Co, and Ni contents, indicate that at least 30-40 % of the Krokstad 
shale samples are made up of debris from such volcanic rocks. 

Barium (Ba). - In the Trondheim Region Ba does not display any specific 
trend. Fig. 12. The concentrations are similar in the two profiles, except in 
the Dicranograptus shale where the samples from Lundesokna contain 2-3 
limes as much Ba as those from the other profile. Correlation beween Ba 
and ALOj (0.54) and KjO (0.70) suggests that Ba is found in the clay frac
tion. Ba enrichment in the Dicranograptus shale from Lundesokna is prob
ably due to the great content of organic carbon in these samples. A high 
content of organic carbon is clearly seen in thin section. In modem sedi
ments it is usual to find joint enrichments of organic material and Ba (Bo-
str0m et al. 1973). The mean conlenl of Ba in the Trondheim sediments is 
527 ppm, while average values for shale are 546 ppm (Puchelt 1969). 

Strontium (Sr). - The Sr variations in the two profiles from the Trondheim 
Region are rather similar, except in the Venna conglomerate and the Krok
stad shale, where the Horg samples are more enriched than those from 
Lundesokna (Fig. 12). 

The high values in the Venna conglomerate are probably due to higher 
calcite contents in the samples from the Horg profile. The difference in 
the Krokstad shale indicates that this group from the Lundesokna profile 
Sr • 10' 

(— = 8.3) has lost more Sr by recrystallization or contains more ba-
Ca 

saltic debris than the one from the Horg area ( 
Sr • 10» 

Ca 
10.5). A higher 

albite content in the Horg layers may also explain Sr enrichments. The 
correlation coefficient between Sr and CaO, 0.46, may suggest that the 
calcite has lost Sr during recrystallization. Sr present in albite will also lead 
to low Sr-CaO correlation. 
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The samples from the Trondheim Region consist of 250 ppm Sr as an 
average, while the average for shale is 300 ppm (Taylor 1965). 

Zinc (Zn). - The Zn variations in the two profiles display analogous strati
graphical distributions, except in the Venna conglomerate and Dicrano
graptus shale, where samples from the Lundesokna profile have higher Zn 
concentrations than those, from the Horg profile (Fig. 13). 

From the Krokstad shale to the tbp of the profile there is a decrease in 
the Zn concentration. The volcanics display a similar trend. Some cor
relation between Zn and FcjOs-, P^Os, Ba, V indicates that some of the Zn 
is found in chlorite. Chlorites found in other parts of the world are reported 
to be enriched in Zn (Lee et al. 1966), because Zn may substitute for Mg 
and/or Fe in the octahedral layers. 

The samples from the Dicranograptus shale in the Lundesokna area con
tain much organic carbon, as described earlier, Zh enrichments in this hori
zon may be a result of reducing environments and organic activity. Zn may 
be concentrated in.sulphides and organic material (Vine & Tourtelot 1970), 

Mutih Zn is also detected in magnetites and chromites from other areas 
(Dissanayake & yincent 1972, Pearre & Heul 1960). Variations in these 
minerals would therefot'e create Zn variations. 

The sediments contain 100 ppm Zn as an arithmetic mean, and the same 
concentration is found in the average shale (Taylor 1965). 

Uranium, ihorium, and organic carbon (XJ, Th arid Con,.). - ^ 3-"d Th 
display a stratigraphical distribution which is akin to those of the volcanic 
rocks, with enrichments in the youngest layers (Fig. i3), while Cory, in the 
Horg profile does not display any specific pattern except for peak values in 
"the Gula Group and in the Dtcranograptus shale (Table 5). 

Good correlations between. U and Th (0.9.1), U and KaO (0.85), and Th 
and K^O (0,88) probably mean that U and Th are associated with the clay 
fraction, either with heavy minerals of this size or with the clay minerals 
themselves. The correlation may surely also be an expression for variations 
in the source material. 

The samples from the Trondheim Region are on the average made up 
of 8.6 ppm Th and 2.5 ppm U. These, values are smaller than those for 
average shale which consists of 12 ppm Th and 4 ppm U, and indicates that 
much of the Trondheim sediments are made up of U and Th poor greenstone 
debris. 

All of the analyzed samples have Th/U values between 2 and 5 (Fig. 14), 
which is typical of partly weathered and leached rock material (Adams & 
Weaver 1958), 

Increasing Th/U ratios up-successlon from the Venna conglomerate, to 
the Krokstad sandstone, may show that the sediments are becoming more 
mature or that the concentration of basaltic debris in the samples is de
creasing. The low ratios in the Dicranograptus shale may be explained by 
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Fig. 13. Stratigraphica! distributions of Zn [the upper figure), U (the middle figure), 
and Th (the lower figure) in,sediments and volcanics from the Trondheim Region. Solid 
line the Horg profile, dottedline the Lundesokna prafik, and broken line volcanic rocks. 
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Fig. 14. Stratigraphical distribution of the ThAJ ratio (left) and the Ni/Co ratio (righO 
in sediments and volcanics from the Trondheim Region. Solid line the Horg profile, 
dotted line the Lundesokna profile, and broken line volcanic rocks. 

the Corg. enrichment in this bed. In a reducing environment like this it 
is possible to get a U fixation, which will lead to a decrease in the Th/U. 
The Hovin sandstone has the highest Th/U ratios in the Trondheim Region. 
Following Adams & Weaver (1958), this should mean that these layers rep
resent the most mature sediments in the Horg area. It may also be the 
result of a minor amount of greenstone debris in these beds. 

Geochemical comparison of the two profiles frotn the SW Trondheim Re
gion. - A closer study of the MnO, Cr, K/Rb, and Ni/Co distributions 
indicates differens between the depositional environments represented by 
the two profiles from the Trondheim Region. 

The samples from the Horg profile consist always of the same amount 
or even more MnO than those from the Lundesokna area (Table 3). This 
MnO enrichment may be due to precipitation of MnOj in more oxidizing 
environments, or be a result of greater amounts of basaltic greenstone debris 
in these samples. 

The variations in the Ni/Co ratios (Fig. 14), however, show something 
different. The stratigraphical Ni/Co variations are in both profiles similar 
to the magmatic rocks; decreasing concentrations in the younger layers. The 
samples from the Lundesokna profile have, however, generally higher Ni/Co 
ratios than samples from the Horg profile. According to Carvajal & Lander-
gren (1969), this suggests that the Horg profile represents the most oxi
dizing environment, or is the poorest in basaltic greenstone debris of the 
two profiles. 
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If this result is combined with that of the MnO distribution, it seems 
reasonable to conclude that the sediments from the Horg profile were de
posited during more oxidizing environments than the sediments from Lun
desokna. 

In modern oceanic sediments, and also in older rocks, the Cr distribu
tions are contrplled to a great extent by detritic material and not so much 
by the physicalTchemical characteristics of the depositional environment 
(Turekian & Imbrie 1966, Cronan 1969, Chester et al, 1970, Curtis 1969, 
Bi0rlykke i974b). Minor enrichments of heavy minerals, especially chromite 
and magnetite, in the. samples from the Horg profile, are a possible expla
nation for the Cr enrichments in these layers. This indicates that these sam
ples are richer in ultrabasie debris or represent more winnowed deposits. 
than those from the Lundesokna profile. 
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Fig . 15. S t r a t i g r a p h i c a l va r i a t ion of t h e K / R b r a t i o in s e d i m e n t s frorn t h e T r p n d h e i m 
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The K/Rb ratios in the samples from the Trondheim Region show a 
decrease upwards in both profiles, and this probably reflects the 'magmatic 
development from basaltic to rhyolitic and andesitic rocks' (Fig. 15). The 
samples from Lundesokna have the highest K/Rb ratios in all horizons, 
except in the Krokstad sandstone. This indicates that the sediments from 
the Lundesokna profile consist of less leached, more immature material or 
contain more basaltic debris than those from the Horg profile. 

Summary of Trondheim Region geochemistry 
The Middle Ordovician-Lower Silurian sediments from the SW Trondheim 
Region contain much basaltic greenstone debris. The Krokstad shale is 
estimated to be made up of at least 30-40 % of such debris, the real amount 
probably about 50-60 %. After eruption and erosion of the different types 
of volcanic rocks, their denudation products were transported to the basin. 
The geochemical characteristics of the different volcanics are found in the 
somewhat younger sediments. The geochemical distributions clearly indicate 
a decreasing influx of TiO., MnO, V, Sc, Ni and Co rich and U, Th, Rb & 
K poor greenstone debris, similar to the St0ren greenstone, towards the 
younger layers. 

Compared with the samples from the Lundesokna profile, those from 
Horg seem to reflect more oxidizing environments where more winnowed 
and leached material was deposited. 

Oslo Region 

Cobalt and the nickeljcobalt ratio (Co, NijCo). - The Co distribution in the 
Oslo Region shows two peak values; one in the interval stage 4ap—4b and 
one in the interval stage 8-9 (Fig. 16). The sulphide-rich beds from lc to 
3c possess small amounts of Co, which indicates that only small amounts 
of Co are found in sulphides. The peak values in Fig. 16 match, however, 
peak values in the chlorite distribution, Fig. 3. This indicates that much Co 
is found in chlorite and that variations in Co concentrations may correspond 
to fluctuations in the chlorite content. The assumptions are further con
firmed by the correlation established between Co and Fe (0.87) and Co 
and MgO (0.60). The correlation coefficient between Co and Ni, 0.75, in
dicates a common occurrence. 

Bj0riykke (1974a) reported Ni enrichments in sulphuric Cambrian beds, and 
noted that Ni is found both in the silicate and sulphide face. Low Ni/Co val
ues are found in Middle Cambrian (Ic-ld) , Middle Ordovician (4aa), Upper 
Ordovician (4c-5b), and Upper Silurian (8-9), while higher ratios pointing 
towards more reducing conditions are found in 2a-3a, 4ap-4b, 6a-6c and 
10, Fig. 16. As seen in the beds 4ap-4b and 4c-5b the limestones have, a 
shale-inverse behaviour. These differences may be expressions for Eh varia
tions in the sedimentary basin. 

The Ni/Co ratios are higher in the Oslo Region than in the SW Trondheim 
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Fig. 16. Slraligraphical dislribulion of Co (left) and slraligraphlcal varialion in Ihe 
Ni/Co ralio (righl) in shales and limeslones from the Oslo Region. Solid line shales and 
broken line limeslones. 

Region, and this reflects the more stagnant conditions that dominated the 
epicontinental foreland, compared with the quicker sedimentation of coarser, 
less altered material in the Trondheim Region. In both areas Co and Ni 
are probably bound in chlorite, but in the Oslo Region some Ni is also 
found in the sulphides. 

The shales from the Oslo Region consist on the average of 11 ppm Co. 

Scandium (Sc). - Also in the sediments from the Oslo Region the Sc varia
tions are believed to reflect variations in the source material, Fig. 17. Stages 
4aa and 8-9 are rich in Sc; these beds were earlier shown to possess peak 
values of chlorite and Co. This, together with the fact that Sc is correlated 
with TiOj, AUOa, FCoO, and MgO makes it reasonable to assume that most 
of the Sc is probably bound in chlorite. 

Sc seems to be rather immobile in the two different sedimentation envi
ronments represented by the Trondheim Region sediments and those from 
the Oslo Region. Changes in source material are the main factor controlling 
the stratigraphical Sc distribution both in the eugeosyndinal and the epi
continental basins. 

The shales from the Oslo Region consist on the average of 10.7 ppm Sc. 
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Fig, 17. Stratigraphical dislribulion of Sc (left) and Th (right) In shales and limeslones 
from the Oslo Region. Solid line shales and broken line limestones. 

Thorium (Th). - Some Th and U analyses have been carried out on samples 
from the Oslo Region by Bj0rlykke (1974a). In the present work, however, 
only Th determinations have been made. The stratigraphical distribution of 
Th in the Oslo Region, Fig. 17, shows an upward decreasing trend. Th is 
well correlated with K^O, 0.87, which means that Th, in this region too, 
is found in the clay fraction. 

Th-enrichments in stage 2e-3c and 4c-5b, Fig. 17, may be related to 
the stratigraphical unconformities in the Oslo Region, Bj0rlykke (1974a, 
Fig. 13). It is possible that there has been an increased reworking of sedi
ments in connection with the shallowing of the water at these times. 

The samples from the Oslo Region consist on the average of 8.0 ppm Th. 
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Conclusions 
In the H0londa-Horg area of the Trondheim Region both the chlorite and 
albite distributions in the sediments display a similar trend as in the vol
canics. This suggests that the mineral composition of the sediments is strongly 
influenced by volcanic rock debris. The maximum chlorite and albite con
centrations in the Krokstad shale correspond to a phase of uplift and ero-
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sion. In the younger sediments the chlorite and albite conient decrease,, indi
cating a decreasing influx of basaltic debris in the basin. 

Rates of sedimentation in the basin were high because of the influence 
of turbidity currents. In such environments also the trace elernents and 
the geochemical variations will follow mineralogical variations and reflect 
erosion of local source rocks. The analyzed elements and geochemical pa
rameters discussed do show close connection, between sediments and vol
canics. The element distributions in the sediments indicate a decreasing influx 
of basaltic material or an increasing influx of more acidic debris ,up-succes-
sion. This close relationship between sediments and volcanics is also indi
cated by calculations of the content of basaltic debris in the Krokstad shale,-
These estimates show that at least 2 0 ^ 0 % of these beds are made up of 
greenstone debris. 

In a southwestern part ol the Trondheim Region, samples from twp dif
ferent sections were analyzed, one from the Horg area and one from Lun
desokna. Comparison of geochemical variations, like those of the Ni/Go-
and K/Rb-ratios and of Cr and MnO, in the two sections, show that the 
Horg section contains more mature sediments, which were deposited during 
more ventilated condilions than those at the Lundesokna section. 

While the compositioh of the sediments from the.Trondheim Region can 
be a direct response to the local erosion of volcanic rocks, the sediments 
deposited in the epicontinental environments in the Oslo Region may also 
show some basic volcanic debris affinity. The appearance of chlorite together 
with an increased sodium content in the Oslo Region has been interpreted 
by Bj0rIykke (1974) as due to derivatibn Of sediment debris from a basic 
volcanic source in the northwest. Sc and Co enrichments in samples from 
stage 4aa and stage 8-9, also indicate the influx of probable greenstone 
derived material at that time, reflecting orogenic movements in the eugeosyn
dinal area in the: north-west. Except for these variations the samples from 
the Oslo Region seem to be more mature and with chemical variations 
more influenced by the physical-chemical conditions prevailing during de
position, than those from the SW Trondheim area. TTie higher Ni/Co-ratios 
and Gr-cOncentratiOns in the Oslo Region samples indicate that they re
present more reworked sediments, deposited during quiet, more, stagnant 
conditions than those in the SW Trondheim area. 

Some depositional similarities existed also for the Alum shales and Gula 
shales, being the oldest rocks studied in this work. In both regions there 
have been found shales with typical black shale characteristics. Those from 
the Gula Group, which contain inore 'ultrabasic elements' as Fe, Mg, Cr, 
and Go, have been studied in some detail in this paper. It is concluded that 
some of the samples-rnay consist of some serpentinitic debris and that the 
later metamorphism to the upper part of greenschist fatiies was not an iso
chemical one. 

It is of great importance to classify the basalts of the St0ren Group when 
trying to decide fhe tectonic environments more exactly. The classifications 
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do, however, lead to uncertain results, but in all classification systems used, 
the basalts display a tholeiitic affinity. The tholeiitic affinity of the St0ren 
basalts, and the occurrence of andesite and rhyolite and of thick, immature 
sediments deposited by turbidity currents higher up in the succession, sug
gest that the sediments were deposited in a back-arc environment and thus 
confirm the conclusion of Gale & Roberts (1974) for this part of their Trond
heim Supergroup. 
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sulphide mineralizations in Scandinavian Caledonides in general. Contribu
tions made so far in the field of ore geology relating to this deposit seem 
to be surprisingly few. As stated in his monograph on the geology of Sulit-
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jelma region, Th. Vogt (1927) had planned to write another monograph 
dealing with the ore geology of the Sulitjelma deposit, but this was un
fortunately never done owing to his sad and untimely deitiise. Ramdohr 
(1938) described the antimony-rich paragenesis from the Jakobsbakken ore 
body of the deposit. J. H. L. Vogt (1894), Th. Vogt (1927), and Kautsky 
(1953) presented their views regarding the geological setting of this famous 
deposit, as parts of their respective studies on the geology of the region. 
Recently, Wilson (1973) reviewed the present state of knowledge in this 
connection and gave his own assessment of the setting in the light of his 
detailed structural studies in the area. However, systematic and detailed 
studies covering many other aspects of the mineralization, particularly the 
geochemical studies, have been long awaited. 

It has been the author's contention that, in view of the highly complex 
geologic history of this deposit, the only way to throw light on the primary 
mode of sulphide genesis in this region is to undertake an exhaustive chemi
cal and geochemical study of its ores and the, associated geologic environ
ment. The present contribution represents but a test case of such a conten
tion. Accordingly, greater stress has been laid in this paper on the genetic 
evaluation and other implications of the geochemical study of the deposit, 
while the methods, procedures, and results thereof have only been sum
marized briefly. 

Geology of the deposit 
The metasedimentary environment of the ore deposit belongs to the lower 
part of the Caledonian (Ordovician) succession of eugeosyndinal rocks and 
comprises a varied sequence of calcareous and aluminous pelitic-schists, 
quartzites, amphibolites etc. All these rocks are intruded by a huge gabbroic 

^ 
['^i 

I . 
• . . ' • • • • ' ^ 

• % 

Fig. 1. Geological map of Sulitjelma mining district (northern part), Nordland, Nor
way. (Modified afler Fr. Carison, 1926-30). 
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Fig. 3 (A). Typical disseminated pyritic ore exhibiting layered structure. Hankabakken 
ore body, Level 361 west. 
Fig. 3 (B). Layers and bands of massive pyritic ore interstratified within Furulund 
mica schist, Giken ore body, Level-61 west. 

CO 
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mineralogic types of ores: the massive-pyrilic ore, disseminated ore, and the 
pyrrhotite-chalcopyrite ore. The three ore types tend to be assimilated or 
intermixed in widely variable proportions in the different ore bodies. Figs. 3 
and 4 exhibit some of the commonly observed physical and morphological 
characteristics of these ores in their subsurface expositions or in a repre
sentative hand specimen. 

The mineralogy of the ores is, in general, remarkably simple. Varying 
proportions of pyrite, pyrrhotite, chalcopyrite, and sphalerite constitute 
the bulk of the different ore types. A number of minor and rare minerals, 

Fig. 4. Specimen photograph of typical coarse-grained massive pyrilic ore from Giken 
ore body. Several lenlicles of sericile-schist may be seen interstratified within the ore. 



SULPHIDE MINERALIZATION AT SULITJELMA 365 

constituting hardly 2-3 % of the ore mass, are observed sparsely distributed 
in the ores; these include galena, arsenopyrite, tetrahedrite, molybdenite, 
mackinawite, bournonite, and many other sulpho-salts. The occurrence of 
a multitude of Cu-, Pb-, Ag-, As-, and Sb-sulphides and sulphosalts, and 
silver, gold, and antimony as native metals, was reported by Ramdohr (1938) 
from an antimony-rich paragenesis in Jakobsbakken ore body. The ob
served textures and structures in ores show that they have generally under
gone varied effects of high-grade regional metamorphism. 

Fur-ilund 

Method of study 
The geochemical investigation was carried out on the selected samples of 
ores and their constituent monomineralic sulphide-mineral fractions. The 
samples for the study were collected according to definite sampling schemes 
from four of the principal ore bodies of the deposit, namely Giken, Hanka
bakken, Charlotta, and Bursi. The ores from Jakobsbakken ore body lying 
in the now-abandoned southern part of the mining district have been studied 
only to a limited scale. 

Analytical work on major, minor, and trace elements in the ores/ore 
minerals and host rocks was accomplished principally by the atomic absorp
tion spectrophotometric method following well-tested techniques of Lang
myhr Sc Paus (1968, 1970) in their own laboratory at Kjemisk institutt, 
Universitetet i Oslo; Norway. A high degree of accuracy of results was 
ensured from numerous replicate analyses of selected samples and available 
international standards. 

Sulphur isotopic analyses were kindly undertaken by Prof. M. L. Jensen 
at Laboratory of Isotope Geology, University of Utah. A precision of ± 0.2 
permil in the analytical results was obtained. 

Results 
In the major-elemental composition of ores, it is principally the analytical 
results of copper and zinc and their varying ratios that seem to have signifi
cant genetic implications. These are presented in Figs. 5 & 6. 

The abundance of several minor and trace elements was determined in 
about 350 samples of different sulphide minerals from ores representing 
various ore types and ore bodies of the deposit. 

The elements that were looked for in the various typomorphic minerals 
of ores and were determined quantitatively included Co, Ni, Mn, Mo, Cr, 
Ti, V, Ga, Cd, Ag, and Pb. A few others, such as Zn, Cu & Fe, were de
termined in selected major mineral fractions as a final check on the purity 
of analysed samples. As, Sb, Bi, Sn, and Se were determined semi-quanti-
tatively. The results of all these analyses have already been presented earlier 
in detail (Rai 1971, 1972). Only a few critical results having significant 
genetic implications are presented in this paper. Fig. 7 depicts the distribu-
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tion of cobalt and nickel in the pyrite and pyrrhotite fractions of ores from 
Charlotta and Bursi ore bodies, while Figs. 8A and 8B bring out the patterns 
of cobalt-nickel relations in different ore types and ore bodies of the deposit. 
The abundance of different elements in pyrites from different ore types/ore 
bodies are summarized in Table 1, while Table 2 summarizes the distribu
tion-ratios of selected trace-elements among the typomorphic sulphide phases 
of various ore-types from different ore-bodies. Figs. 9 and 10 depict the 
patterns of partition-distribution of various trace-elements in different 
mineral pairs of the ores. 

The results of sulphur-isotopic study of the deposit are shown in Figs. 11 
and 12. 

! • ' 
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Discussion 
Major element composition of the ores 
The Sulitjelma ore, in general, represents a rich massive concentration of 
iron sulphides with subsidiary amounts of copper and zinc. All the olher 
metals, notably lead, arsenic, antimony, tin, gold, silver, etc.; tend to occur 
in minor to trace amounts. 

Marked differences are observed in the base-metal composition of ores 
from different ore bodies of the deposit. The relevant results in this connec
tion, as depicted in triangular diagram in Fig. 5A, show that a wide range 
of zinc-rich to zinc-poor ore bodies is represented in this deposit. No system
atic trend in the spatial distribution of such ores or ore bodies is, how
ever, discernible. Observed wide variations in base-metal composition of 
ores in different ore bodies of the deposit that are located so close lo each 
other in the same geologic environment appear difficult to explain by ob
servations made in the field. The distribution pattem of copper and zinc 
in the deposit (Fig. 5A) indicates some sort of progressive metal differentia
tion in the ore-forming fluids following different paths, most probably prior 
to the deposition of the ores itself. The observed pattem compares remark
ably well with that reported for the basic rocks (Fig. 5B) by Sandell & 
Goldich (1943). Following Wilson & Anderson (1959), such an observation 
may be suggestive of primarily basic igneous parentage of the ore-forming 
fluids referred to above. 

The various ore types show minor, yet distinctive, differences in their 
major metal values. The pyrrhotitic ores appear to be generally richer in 
base metals, particularly in copper, as compared to the massive-pyritic ores. 
The massive and disseminated pyritic ores, although differing markedly in 
their absolute content of copper and zinc, exhibit remarkably similar trends 
in their frequency distribution of Cu/(Cu + Zn) ratios (Fig. 6). This observa
tion seems to be in significant contrast to that noted by Wilson & Ander
son (1959) at Geco mine deposit of Canada, where the trends of Cu ; Zn 
ratios for massive and disseminated ores are distinctly opposed to each 
other and are attributed to different pulses of ore-forming fluids. The two 
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ot c o u n t r y - r o c k s 
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ore In d i f f e r e n t 
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Lead 
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• Basic rocks 
o Acidic rocks 

Lead Zinc 

Fig. 5 (A). Copper, zinc and lead ratios in average ores of different ore bodies of 
Sulitjelma deposit. 
Fig. 5 (B). Copper, zinc, and lead ratios in some igneous rocks. (After Sandell & 
Goldich 1943). 
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Fig. 6. Frequency dislribulion of copper: zinc raiios in the massive and disseminated 
ores of Sulitjelma deposit compared with that in Geco deposit, Canada. 

ore types at Sulitjelma, by comparison, appear to be closely related to each 
other belonging, by and large, to the same pulse of ore-forming fluids. 

Minor and trace-element composition of the ores 
Abundances and patterns of distribution of various minor and trace elements 
in the ores and their typomorphic sulphide minerals representing various 
ore types and ore bodies have been described and discussed earlier in detail 
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Table 1. Trace-elements in pyrite from different ore types and ore bodies of Sulitjelma 
deposit. All values given below are In parts per million (ppm). Ore-type A corresponds 
to massive pyritic-ore, B to disseminated ore and C to pyrrhotific-chalcopyrite ore. 

Orebody 
Ore-
type 

No. of 
samples Co Ni Co:Ni Mn Mo Ga Ag 

GIKEN 

GIKEN 

CHARLOTTA 

CHARLOTTA 

HANKABAKKEN 

STURRE 

BURSI 

JAKOBSBAKKEN 

A 
B 
C 

average 

A 
B 
C 

average 

average B 

B 

average B 

C-I 
C-II 

28 
16 
19 

63 

7 
15 
12 

34 

11 

2 

11 

1 
1 

302 
449 
943 

533 

1271 
1318 
1397 

1332 

711 

592 

1589 

1875 
4000 

104 
101 
90 

99 

123 
134 
119 

127 

117 

115 

89 

60 
90 

2.9 
4.5 

10.5 

5.6 

10.3 
9.8 

11.7 

10.5 

6.1 

5.2 

17.8 

31.2 
44.5 

16 
14 
14 

15 

12 
11 
10 

11 

13 

22 

9 

87 
38 

23 
20 
27 

23 

19 
10 
15 

15 

17 

7 

26 

5 
8 

17 
16 
17 

17 

16 
16 
15 

16 

17 

14 

14 

15 
20 

4.5 
4.3 
6.0 

5.0 

6.4 
5.2 
4.7 

5.2 

5.6 

5.0 

5.4 

8.5 
6.0 

(Rai 1971, 1972). Only the generalized observations of this study are pre
sented here. 

In general, the various types of ores exhibit much the same suite of minor 
and trace elements throughout their occurrence in the deposit. The abun
dance of a minor or trace element in a particular typomorphic- mineral 
generally displays almost regular and uniform pattern on the broad scale 
of the deposit. Elements like Ni, Mn, Ga, Ag, As, and Sb exhibit fairly 

C H A R LO T TA BURSI 

PYRITES 

PYRROTITES 

Fig. 7. Distribution of cobalt and nickel In pyrites and pyrrhotites from Charlotta and 
Bursi ore bodies. 
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Fig. 8 (A). Fields demarcating cobalt-nickel relations in pyrites belonging to various 
ore lypes of Giken ore body, Sulitjelma deposit. (A stands for massive pyritic, B for 
disseminated and C for pyrrhotitic ore types). 
Fig. 8 (B). Fields demarcating cobalt-nickel relations in pyrites belonging to the vari
ous ore bodies of Sulitjelma deposit. 1. Giken, 2. Hankabakken, 3. Charlotta, and 
4. Bursi. 

consistent behaviour (Table 1). The erratic behaviour of elements like cobalt 
may be attributed to its extraordinary sensitivity to post-depositional events 
such as metamorphism, recrystallization, and remobilization of the ores. 
General consistency of element concentration in a particular mineral phase 
is better pronounced on the scale of an individual ore body, and is further 
refined considering a particular ore type belonging to it (Table 1, Fig. 7). 
Extensive geochemical studies on the sulphide deposits of different modes 
of origin from the Westem and Little Carpathians and Other parts of the 
world by Cambel & Jarkovsky (1967,1968) have shown that the geochemical 
regularities of the type noted as above are generally diagnostic of primarily 
the sedimentary or volcanic-exhalative type of sulphide genesis. They are 
in distinct contrast to the abundance pattem of minor and trace elements in 
the typomorphic minerals of magmatic and hydrothermal deposits. The geo-
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chemical picture of the later type of deposits, according to them, is generally 
variable and irregular, the visible variance being caused by influences of 
wall-rocks, temperature of ore solutions, periodicity of mineralization, and 
several other factors. 

While the geochemical regularities, in a relatively broader sense, character
ize the Sulitjelma deposit in general, certain minor, yet appreciably char
acteristic differences among its different ore types and ore bodies appear 
noteworthy. Such differences, magnified to different scales by different ele
ments, are best represented by elements like cobalt and nickel. The geo
chemical data presented in Table 1 and Fig. 8 show this clearly. Other typo
morphic minerals - namely pyrrhotite, chalcopyrite and sphalerite - show 
exactly similar behaviour regarding their elemental abundances. It seems 
very significant to note that a particular ore type generally exhibits slightly, 
yet characteristically different levels of concentration of an element in a 
particular mineral in different ore bodies of the deposit, while exhibiting 
remarkable consistency in the abundance of that element in the mineral on 
the scale of an ore body. Such definite and consistent differences in the 
minor and trace element composition of ores in different ore bodies of the 
deposit, coupled with the kind of observed differences in their base metal 
composition (Fig. 5A), seemingly reflect primary differences in the overall 
composition of ores in different ore bodies of the deposit and are possibly 
explained by relatively small changes of genetic, thermodynamic, and other 
conditions of ore deposition in different ore bodies. 

It has been further observed that a particular ore type exhibits closer and 
rather interdependent geochemical relations with other ore types associated 
with it in the same ore body rather than with the same ore type in other 
ore bodies of the deposit. As evident from the data of Tables 1 and 2, this 
relationship is best displayed by massive pyritic and pyrrhotitic ore types 
and indicates an intimate genetic relation between them. The interdependence 
of the abundance patterns of different elements and of their distribution-
ratios in typomorphic minerals in these ore-types offers strong support to 
the idea of palingenetic mode of origin of pyrrhotitic ores as proposed 
earlier by several leading Scandinavian workers (Bugge 1948, 1954, Kautsky 
1958, Vokes 1962) for the Caledonian pyrrhotitic ores in general. 

Statistical studies on the distribution of different trace-elements among 
the various sulphide-mineral phases of the ores bring out fairly regular 
and meaningful patterns, particulariy for Co, Ni, Mn, and Ag. Average 
distribution ratios of these elements in pyrite, pyrrhotite, and chalcopyrite 
from the various ore types and ore bodies of the deposit are given in 
Table 2, while the patterns of distribution of various elements in different 
mineral pairs are shown by distribution diagrams in Figs. 9 and 10. On the 
whole, a good measure of regularity or uniformity seems discernible in the 
partitioning of an element among the three typomorphic sulphide minerals 
of ores on the scale of an ore body as well as on the deposit scale. This is 
bome out also by the definite trends towards linearity of distribution curves 
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Table 2. Distribution of elemenis in pyrile, pyrrhotite, and chalcopyrite of Sulitjelma 
ores. 
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Element 

COBALT 

NICKEL 

MANGANESE 

SILVER 

Ore-type 

Pyritic ore 

Pyrrholllic ore 

Pyrilic ore 

Pyrrholilic ore 

Pyrilic ore 

Pyrrhotitic ore 

Pyritic ore 

Pyrrholilic ore 

No. of 
samples 
averaged 

Py. 
Po. 

Cpy. 
D.Ralio 

Py. 
Po. 

Cpy. 
D.Ralio 

Py. 
Po. 

Cpy. 
D.Ralio 

Py. 
Po. 

Cpy. 
D.Ralio 

Py. 
Po. 

Cpy. 
D.Ratio 

Py. 
Po. 

Cpy. 
D.Ralio 

Py. 
Po. 

Cpy. 
D.Ratio 

Py. 
Po. 

Cpy. 
D.Ratio 

Giken 

Pyrilic 
oreClO)" 

Pyrrholilic 
ore (6) 

491 
107 
97 

4.6:1:0.90 

798 
149 
98 

5.3:1.0.65 

117 
385 
42 

0.63:1:0.23 

91 
186 
70 

0.49:1:0.37 

15 
93 
72 

0.16:1:0.77 

15 
109 
80 

0.14:1:0,74 

3.8 
55 

131 
0.07:1:2.38 

3.0 
53 

128 
0.06:1:2.40 

Charlotta 

Pyritic 
ore (10)* 

Pyrrhotitic 
ore (7) 

1229 
285 
111 

4.3:1:0.4 

1435 
272 
121 

5.3:1:0.44 

127 
350 
40 

0.36:1:0.12 

115 
438 

81 
0.39:1:0.18 

9 
134 
43 

0.07:1:0.33 

10 
112 
50 

0.11:1:0.44 

5.9 
40 
49 

0.15:1:1.21 

3.7 
42 
50 

0.09:1:1.19 

Bursi 

Pyritic 
ore (8)* 

Pyrrhotitic 
ore (4) 

1662 
213 
189 

7.8:0:0.89 

1596 
288 
178 

5.5:1:0.62 

84 
288 
41 

0.30:1:0.14 

101 
280 
40 

0,36:1:0,14 

7 
116 
64 

0.06:1:0.55 

9 
168 
71 

0.05:1:0.42 

5.1 
28 
55 

0.18:1:1.94 

5.7 
84 
66 

0.07:1.0.78 

" Numericals in the parentheses refer to the No. of samples averaged. 

in most of the distribution diagrams pertaining to both massive pyritic and 

pyrrhotitic ores. A detailed geochemical study on sphalerites belonging to 

these two prominent mineral paragcneses in this deposit (Rai 1977) also 

brings out a comparable regularity or uniformity of minor and trace-element 

partitioning between sphalerite and other associated minerals. However, 

it appears difficult to surmise the implications of these obserx-ations in the 
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Fig. 9 (a)-(d). Distribution of Co, Ni, Ag, and Mn between co-existing pyrite and 
pyrrhotite In pyritic ore. 
(e)-(f). Distribution of cobalt and manganese between co-existing pyrite and pyrrhotite 
in pyrrhotite-chalcopyrite ore. 

evaluation of equilibrium or disequilibrium of primary depositional condi
tions in view of the known involvement of the ores in high-grade regional 
metamorphism. 

Isotopic composition of sulphur 
The isotopic analyses of sulphur in pyrite fractions of different types of ores 
from the deposit exhibit an overall spread of 8.55 per mill of 6 S" values in 
the range of —0.1 permil to -1-8.44 permil with an average value of 
-1-3.57 permil (Fig. 11). Within this general range, it seems highly significant 
to find the massive ores (including both pyritic- and pyrrhotitic-types) dis
playing a much narrower spread of only about 3.5 permil in -l-l to -f 4.5 
permil range. 6 S" values outside this sub-range seem to correspond ex
clusively to the disseminated-pyritic ores. 
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Fig, 10(a)-(d). Distribution of Co, Ni, Ag, and Mn between co-exisimg pyrrhotite 
and chalcopyrite in massive ores. 

Notwithstanding these differences in patterns corresponding to different 
ore types, the overall spread of 6 S'* values seems to be rather narrow and 
close enough to the value of the meteorite, standard. A generalenrichment 
tendency of the heavier stable isotope (S") is clearly discernible. These ob
servations seem to be meaningful and characteristic enough to suggest es
sentially a single, almost uncomplex primary genetic process iii which the 
ore fluids might have been derived basically from an independent and fairly 
homogeneous deep-seated magmatic source. Observed close similarities of 
the distribution pattem and spread of 6 S" values in Sulitjelma deposit with 
those in some of the- type deposits of geosynclinal volcanic type — e,g. the 
Tertiary volcanic ores of Japan (Tatsumi 1965) arid the Cambrian ores of 
Mt. Lyeli, Tasmania (Solomon, Rafter & Jensen 1969) — seem to be strongly 
suggestive of an analogous mode of origin of-the deposit. 

Synthesis 

Thê  overall geochemical picture of the deposit emerging from the present 
study seems to be appreciably uniform with well-defined and meaningful geo
chemical characteristics of the ores. In detail, however, minor yet systematic 
and consistent'differences characterize the geochemistry of various ore types 
in different ore bpdies of the deposit. 
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Fig. 11. Pattern (jf sulphur-isotopic fractionation in pyrites from Sulitjelma. 

Studies on the distribution of major metals, particularly copper and zinc, 
in various ore types and ore bodies of the deposit, bring out certain im
portant aspects of metallogeny in the region. They suggest primarily a basic 
igneous parentage of the ores and indicate close genetic linkage between 
massive pyritic and disseminated type of ores, both of them belonging, pos.
sibly to the" same 'pulse of ore-fprming fluids. Some sort of base-metal dif
ferentiation in the ore fluids supplying ores to the different ore bpdies ap
pears- to have taken place. 

Detailed studies on the rriinor and trace elements in various typomorphic 
minerals of the ores bring out notable geochemical regularities on the scale 
of the deposit in general and that of individual ore bodies in particular. The 
palingenetic mode of origin of pyrrhotitic ores, presumably during regional 
metamorphism of the deposit, is supported by the study. Interpretation of 
the observed results of minor and trace element study in terms of primary 
genetic arid depositional conditions is circumscribed by the, unknown effects 
of metamorphism on the primary geochemistry of the ores. Minor, yet 
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Fig. 12. Sulphur-isotope distribution in Suliljelma ores compared with that in some 
typical deposits reported in • the literature. 

definite and eonsistent differences in the Gomposition of ores in different 
ore bodies of the deposit, however, seem, to be basically a primary feature 
of the- deposit, whieh seems difficult to explain by a simple sedimentary 
or hydrothermal concept of ore-genesis. Although derived primarily from a 
common source^ the ore-forming fluids seem.-to have iindergone some dif
ferentiation of their metallic content before., the final deposition of ores 
in different ore bodies. The possibility of existence of smalt tiihe-lags in the 
deposition of ores corresponding to the different ore bodies,, as- may be 
implied in distinct, Ihough slight differences in their relative, positions in 
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the mineralized zone, cannot be mled out. The overall observations may 
be best explained by the volcanic-exhalative mode of ore deposition in 
the region. 

Observations from the study on isotopic fractionation of sulphur in the 
deposit are characteristic and meaningful enough to suggest essentially a 
single, almost uncomplex primary genetic process in which the ore fluids 
were derived basically from an independent, deep-seated magmatic source. 
Such a source of ore material is compatible with the proposed volcanic-
exhalative mode of ore-deposition, which is favoured also by the comparison 
of the observed pattem of sulphur-isotopic fractionation in the deposit with 
that exhibited by typical massive sulphide deposits reported in the literature. 
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