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Abstract. The concentiration profiles of the trace ele-
ments. S, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Sr, and
Y bave been determined across a metasomatic vein
in peridotite. The introduced elements Ti, V, Sr, and
Y show specific enrichment in particular silicate
phases in accordance with the availability of suitable
latbee sites. In contrast, the other introduced trace
cements (Cu and S) behave more like the redistrib-
uted elements, Cr, Ni, Mn, and Co which do not
show concentration ‘fronts’ that can be simply related
to the silicate minerals. Concentration of pentlandite,
chalcopyrite, and Cr-magnetite near the boundary be-
tween the enstatite and anthophyllite zones gives rise
0 maxima in the Ni, Cu, S, and Cr distributions,
while in the chlorite zone significant concentrations
of Cr and Ni occur in the chlorite itself. Control
of the distribution of Ni, Cu, and Cr is ascribed to
the oxidation/reduction reactions involved in the for-
madon of pentlandite, chalcopyrite and Cr-magnetite,
together with the critical role of Alin limiting chlorite
formation during metasomatism.

Introduction

The mineralogy and major-element geochemistry of
4 complex assemblage of silicates in a vein cross-
iting a peridotite body at Kalskaret, Norway, have
Previously been reported in some detail (Carswell
tal, 1974). The symmetrically zoned sequence of
Vein mlnerals on either side of a fracture in the perido-
lite was concluded to have developed by the reaction
of the peridotite with supercritical hydrous fluids that
Uiginated from the acid gneiss country rocks. Each
Af of the sequence is around 10 cm thick with a
“mmon central zone of chlorite occupying the posi-
tion of the fracture and zones of tremolite, anthophyl-
le and enstatite between this and the peridotite on
tither side (Fig. 1).

“The sequence is believed to have formed at tem-
peratures of about 700°C and at a P, of greater than
6 kb."A later reaction episode was thought to account
for the presence on a smali 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

" of the particular chemical species from the fluid con-

trolling the growth of the mineral phase forming that
zone. In this way, the zone ‘front’ for chlorite was
determined by A1**, tremolite by Ca?*, anthophyllite
by H,0 and enstatite possibly by Si(OH)°,. With
progressive influx of fluids 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 et al. (1974)). Curtis
and Brown (1971) discussed trace-clement behaviour
in the zoned metasomatic bodies of Unst, Shetland
but, in case, the complete zonal sequence is rarely
seen.
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Fig.1a.and b. Chemical and mineralogical variations across the Kalskaret metasomatic vein. (a) shows (top) the variation in mujor
silicate mineral contents and the position of the sulphide concentration which accounts for up to 0.5% by volume of the rock. Ploned
below are the distributions of the various trace elements. (b) shows the corresponding critical variations in major element geochemistry

The same bulk samples from the Kalskaret vein
that were previously analysed for major elements were
used for the determination of trace elements 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 tracé-element contents are plot-
ted in Figure la together with values for Ti and S
determined by XRFS using a fusion sample prepara-
tion technique. A schematic representation of the
mineralogy of the sequence as determined by a combi-

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

Sources of the Trace-Elements

The following assumptions have been made in attempting to estab-
lish the sources of the various elements: )

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

(b) The original trace elements within the peridotite were ur
formly distributed on the scale of a hand specimen.

(c) Any volume changes as a result of the mctasomatism were
relatively small andfor uniformly distributed over the region
the peridotite affecied.
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yadie 1. Electron microprobe partial analyses of Kaliskaretsilicate
48 ovide phases

Zme Mineral wt% wt% wt% wi%
Cr*  Ni* FeO* AlLO,"
Oxide 33.29 0.13 4584 3.91
Enstatite 0.02 0.1t nd. n.d.
Anthophyllite 004 0.12 n.d. n.d.
Enscatite Chlorite A 216 nd. n.d o.d.
Chlorite B 1.96 nd. oud. n.d.
Chlorite C 1.64 0.23 3.25 15.35
Oxide 3438 0.11  36.85 7.21
Anthophyllite  0.03 0.11 n.d. n.d.
Amhoephyllite  Chiorite 1.55 0.20 3.37 15.40
Tremolite 0.03 0.10 nd. n.d.
Talc 0.03 0.18 nd. n.d.
Oxide 29.15 0.32 4540 7.18
Anthophyllite  0.03 0.11 n.d. n.d.
Tremolite Chlorite A 0.60 0.22 3.25 17.29
Chilorite B 0.72 0.18 nd. n.d.
- Tremolite 0.01 0.13 nd. n.d.
Chornite Chlorite 0.17 0.25 3.37 16.76

nd. =not determined

* ZAF correction factors derived from mineral compositions

aulated from bulk analyses except for oxide for which a spinel
enposition of similar Fe, Cr, and Al content was used

If these conditions are accepted it seems clear that elements
tecurring in much greater quantities overall in the zonal sequence
%an in the relatively unaltered peridotite must have been in-
toduced by the metasomatizing fluids. Components of this type
weTi, V,Sr, Y, Cu, and S, all of which occur in virtually negligible
Tantities in the peridotite and yet show a significant build-up
@ various parts of the vein sequence (see Fig. 1). By contrast,
c_° Mn, Cr, and Ni all occur in adequate quantities in the perido-
e 1o account for the amounts of these elements present in the
opes,

A sample of peridotite, T156 (90% olivine, 7% chlorite and
HO Opaque minerals), from an adjacent body unaffected by vein
Betasomatism 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 (T412A) which

0.25 wt % Ni and 0.26 wt % Cr.

T'iice-EIement Contents of the Minerals

l“‘C\fident from Figure 1 that there is only a limited correlation
Ween the distribution of the various trace elements and the
te phases forming the bulk of the metasomatic sequence. For
Sample, peaks in the Cr, Ni, and Cu distributions are located
€ the junction between the enstatite and anthophyllite zones.
particular trace elements do, however, show a strong correla-

B with the sulphur content, indicating that they may be in part
%"?ialed with phases other than the silicates. The mineralogical
f“,'"bmion of these trace elements has been ascertained by clectron
Toprobe analyses of both silicate and opaque phases. Sulphides

Table 2. Electron microprobe analyses of Kalskaret sulphide min-
erals

(a) Pentlundite

< @ o] =] Q
Samplef = > = = =
Analysis S S & & &
No. & £ £ hat £ &
wt % .
S 33.1 33.3 327 <327 35.0 32.81
Cu 0.0 0.0 0.14 0.0 0.0
Ni 326 34.5 32.7 33.1 28.6 35.12
Fe 33.6 32.7 34.8 33.0 34.3 29.48
Co n.d. n.d. n.d. 0.57 0.55 220
Total 99.30 100.50 100.34 99.37 98.45 99.61

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

(b} Chalcopyrite

Sample/ é §

Analysis & N

No. & £ (3

wt %

S 34.4 34.8 34.95
Cu 34.5 34.6 34.20
Ni 0.13 0.22

Fe 29.8 29.8 30.65
Co 0.04 0.05

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 1, 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 (sec Table 2). The oxide phases are identified as Cr-rich
magnctite (see Table 1), with 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.

[t is evident from Table | that, with the exception of chlorite,
the contents of the guantitatively important trace elements, Cr
and Ni, in the silicate phases show remarkably little variation
both between different grains of the same phase and between difTer-
ent phases. Average values for these silicates are:

eastatite 0.02 wt % Cr 0.11 wt % Ni
anthophyllite 0.03 wt % Cr 0.11 wt % Ni
tremolite 0.02 wt % Cr 0.12 wt % Ni

e
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Fig. 2. Variations in modal % chlorite (top), Cr content of chlorite
(determined by EMP analysis) (centre) and Cr: Al ratio (bottom)
across the vein

In contrast to the Ni content of the chlorite which shows a compar-
atively small variation (0.18-0.25 wt % Ni) the Cr content exhibits
a wide range (0.17-2.16 wt % Cr) and varies systematically across
the 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 of the various trace elements
and the silicate phases and this is due to the incorpo-
ration of significant quantities of some elements into
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 cntirely 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 in- the 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 fluid channel it is obvious that chlorite

becomes the most important host for Ni, with the
whole-rock Ni content of 0.18 wt % being in reasop.
able agreement with the microprobe value of 0.25
wt % Ni for chlorite in the chlorite zone. Apart from
the obvious peak corresponding to the concentratjg,
of pentlandite, the Ni distribution pattern close]y fol.
lows that of Mg (Fig. 1a and b).

This is not unexpected as Mg and Ni vary Sympa.
thetically in almost all rocks. It is clear that thep,
has been an overall loss of Mg, Ni and Fe frqp,
the metasomatic sequence rather than any influx,

The Co and Mn contents also show a gradug]
decrease towards the fluid channel with only Minor
irregularities.

The distribution pattern of Cr, like Ni, is very
irregular. Cr rises to a peak in sample T410A i,
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/anthophylliie
boundary to the tremolite zone, but then increases
again in samples T413A and T413B. This increage
is due to the progressively larger amounts of Cr-bear.
ing chlorite in this part of the vein (see Fig. 2) evep
though the chiorite 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 S$tandpoint,
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/ fluid’ channe] boundary in metaso-
matically zoned systems of the Kalskaret type may
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 from the
peridotite to the centre of the chlorite zone (see Fig. 2)
without any such discontinuity. There is therefore
no evidence, using Brady’s own criterion, to suppor
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 originally
occupied by granitic material. is consequently uaten:
able and in any case does not fit the observed field
relationships. ’

Of the undoubiedly introduced elements, V and
Ti have distributions that show a direct correlation
with chlorite content. Both elements apparently sub-
stitute for A1** in the chlorite. In contrast, the strik-
ing restrictions of Sr and Y to the tremolite zont
indicate that these elements have predictably subslt
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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 et al., 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 fluids 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
at 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
Tespectively.

. (d) In the chlorite zone most of the Ni occurs
in the chlorite itself, pentlandite being absent.

(¢) The Cr is mainly located in chlorite in which
the concentration of Cr varies systematically across
the sequence, and in chromiferous magnetite which
exhibits a maximum concentration in the ‘sulphide
Zone’,
~ () The Cr and Ni contents of the zonal sequence
‘Were derived from the original peridotite where the
Cf was located in the chromite and the Ni in the
°|lV|ne Cu and S were introduced via the incoming

uids.
‘Q It was previously suggested (Carswell et al., 1974)
% at the talc and serpentine were low temperature.

Raction products formed after the main zonal
*3%quence was established. In view of the correlation

ween the ‘sulphide zone” and the talc-oxide con-
“®ntration it is appropriate to consider here whether
the location of the Cr, Ni and Cu was related to
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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-

.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 % Cr,0,, 18.6
wt % Al,0,, 2.1 wt % Fe, 05, 19.7 wt % FeO, 10.0
wt % MgO) shows alteration to ferritchromit (42.0
wt % Cr,05, 3.1 wt % Al,O,, 22.4 wt % Fe,0;,
30.1 wt % FeO, 2.1 wt % MgO) and chlorite (1.5
wt % Cr,0;, 21.0 wt % AlL,O,, 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 % Cry0,, 6 wt % Al,0,, 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,0;. v

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).

[tis 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 fluid 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 Trommsdorfl and
Evans (1974) have observed the exact reverse of these
reactions in metamorphosed serpentinised peridotite
and associated the progressive reaction chiorite—
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) although 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 fluids as SO2~. Complimentary oxidations may
be involved in the formation of either the ferrit-
chromit or the magnetite.

The overall reaction may be expressed as:

SO}~ +8Fe0=S?" +4Fe,0,

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

3'FeO’+H,0=>Fe; 0, +H,

(In olivine (Magnctite)

or enstatite)

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

“ most likely that during the high-temperature reactio, &

olivine) must have been destroyed as a result of lhe
high-temperature reaction episode and because %
Ni contents of the high-temperature reaction 5“1Cale§ A
are inadequate to account for the released Ni, it seemg '?

episode a significant proportion of the Ni was re|q: ,z
cated in pentlandite where the conditions were favou,._ o
able, i.e., in the ‘sulphide zone’. o

Expenmc:nlal data from non-silicate systems sUg_ i
gest an upper stability limit for pentlandite of aboy
600°C (Kullerud, 1963) but evidence from Mg-rich '
silicate systems (e.g., Rajamani, 1976) indicates that’s,
it is possible for pentlandite to exist at much higher$
temperatures (c. 900° C). Thus experimental data ¢¢
not preclude the possibility of pentlandite formation .
in the Kalskaret vein during the high-temperatyre |
reaction episode. However, this requires that wiyy .°
the continued expansion of the zonal sequence, pent. )
landite breaks down to provide Ni for incorporatiog |
in the chlorite which is the sole Ni-bearing minera}
in the outer part of the sequence. Alternatively, Nj
could have been temporarily located in another hogt
(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: SIGNIFICANCE
FOR THE ORTHOPYROXENE ISOGRAD*

WILLIAM E. GLASSLEY**
Mincralogisk-Geologisk Museum, Sars Gate 1, Oslo 5, Norway

ABSTRACT. Amphibolite facies to granulite facics metamorphism of carbonate
bodics in the Lofoten-Vesterdlen region of northern Norway has resulied in the develop-
ment of a variety of mincral assemblages within cach carbonate hody and a mantle
wne of metasomatically dervived pyroxenite surrounding cach body. The mineral asscm-
blages in the core of the carbonate badics and the sequence of assemblages encountered
outward from the carbonate cores suggest that three different mineralogical sequences
can be recognized. All bodies in the castern and northeastern part of the study arca
(eastern province) have amphibole + diopside + dolomite % calcite as an assembluge
in the core of the carbonate bodies and forsterite -+ caleite in the outer pare of the
bodics. Just to the west (central provinee) the core assemblage becomes diopside -+
spincl + calcite + dolomite; the assembiage in the outer parts of the body includes
forsterite + calcite. In the western purt of the study area (western provinee) diopside
and dolomite do not coexist and arc superscded by the compositonally equivalent
mineral pair forsterite 4 calcite in the carbonate cores. Mineral compositions and the
phasc equilibria suggest that mineralogical zoning of the carbonate hodics vesults from
variation in the vapor composition in which pCQ, and the ratio HOfHF decrease out-
ward [rom the carbonate corve. Variation in the sodivm and potassium content of the
vapor phasc is also possible but is not required by the phase equilibria. The phase
equilibria and vapor composition variation are interpreted as indicating that the gradi-
ent in vapor composition is inherited, although the absolute vapor composition must
reflect modification of the inherited vapor composition through buffering reactions,
Variation in mincral composition, which could be atiribued 1o changes i metamorphic
grade, were not observed. The province boundaries strongly diverge from the ortho-
pyroxenc isograd and suggest that the thermal structure of the deep crust was complex.

INTRODUCTION

The purposce of the research reported in this paper is to examine and
model the phase relationships in silicate-bearing calcite~dolomite marbles
in a high grade metamorphic terrain. Of specific interest are the follow-
ing questions:

1. What phase relationships develop in siliccous marbles metamor-
phosed under granulite facics conditions?

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

3. Can the phase relationships in the carbonates be used to define
the thermal suructure of the lower crust and 1o evaluate the role of mixed
volatiles in the development of high grade metamorphic rocks?

Recent advances in studies of phase equilibria in mixed volatile
systems relevant to parageneses in marbles (Korzhinskii, 1957; Green-
wood, 1967; Vidale, 1964; Ryzhenko and Voikov, 1971; Skippen, 1971,
1974; Vidale and Hewit, 1973) allow critical evaluation of the rolc of
pressure, temperature, and vapor composition in the metamorphic proc-
ess. Jt was anticipated that the role of mixed volatiles in the development
of the solid phase assemblages in the marbles could be determined by

* Norwegian Geotvaverse Project Contribution 106.
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examining the mineral compositions and phase equilibria in the marhe,,
The results demonstrate that the vapor composition during metanyoy.
phism was a complex mixture of the components CO., H.0, Na,0, K.
and T, and that variations in the ratios of three of the components i,
adequate to describe most of the changes in phase equilibria exhibited
any given site.

Concerning the third question, it was anticipated that once the phise
relationships in the marbles were modelled, it would he possible to evily.
ate the influence of vapor composition on the development of granulite
facies gneisses. Of specific interest was the relative magnitude of (i
fugacity of H,O (f,,g(,) during mectamorphism of quartzo-feldspathic
gneisscs in the region. Progressive changes in phase equilibria and phase
chemisury argue cilectively that the development of granulite [acies rocks
is initiated through dehydration reactions involving biotite and horn.
blende (Binns, 1964, 1965; Buddington, 1939, 1963; Engel and Engcl.
1960, 1962a, b; de Waard, 1965, 1967). Such reactions are a function of
pressure, temperature, and fiy0; independent variation in these three
paramcters is sufficient to reconcile the range of estimated conditions for
the orthopyroxene isograd (see Buddington, 1963; Buddington and
Lindsley, 1964; Touret, 19714, b; Turner, 1968). However, in only two
published reports (Buddington, 1963; Tourct, 1971h) have investigators
documented the elfect of variable fy;, on mincral parageneses at the
amphibolite facies to granulite facies” transition. The results of the re-
search reported in this paper are consistent with several diflerent interpre-
tations. However, on the basis of supporting geological cvidence, the
most reasonable interpretation appears to be that, unlike the Adirondack
terrain and the Precambrian region of southern Norway, variation in the
fugacity of water was not of sufficient magnitude to cause the trend of the
orthopyroxene isograd to deviate significantly from the trend of iso-
thermal surfaces during mectamorphism, cven though the thermal struc
ture, based on the regional trend of several isograds, appears to have been
complex.

GENERAL GEOLOGY

The Lofoten-Vesterilen province is composed of intrusive rocks and
amphibolite facies and granulite facies gneisses of Precanbrian age which
have experienced a complex, polymetamorphic history (Devaraju, ms:
Heier, 1960; Griffin and Heier, 1969; Green and Jorde, 1971; Heier and
Thoresen, 1971; Griffin, personal commun., 1973; P. Taylor, personal
commun., 1973). The oldest petrographically recognizable event is a major
synkinematic amphibolite facies to granulite facies metamorphism of
1850 nry. (Rb=Sr whole rock age; P. Taylor, personal commun., 1973).
This event appears to have allected the entire province, and evidence of
it is well preserved. The amphibolite facies rocks consist mainly ol \\:Cll
foliated, compositionally banded gneisses and migmatites, with alternpatig
layers of mafic and felsic material. The felsic bands are composed ol
plagioclase, microcline, and quartz in a granoblastic fabric; biotite and
hornblende in a lepidoblastic fabric are the dominant minerals in the
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§ qafic bands. The amphibolite facies rocks grade into the granulite facies

meks along strike.

The transition from the amphibolite facies rocks into the granulite
ucies rocks in the northern half of the island of Langoy (fig. 1) is char-
saterized by several mineralogical changes. The most prominent change
is the development of orthopyroxenc at the expense of hornblende, bio-
ite, and quartz (Heier, 1960). Other mincralogical changes described by
Heier (1960) are (1) a continuous incrcase in the anorthite content of the
pl:xgiocl:xse, (2) an increase in the optic axial angle of the hornblende and
achange in color from green to brown (both variations correlating with
apparent increases in tetrahedrally coordinated aluminum and octa-
hedrally coordinated titanium), and (8) a change in the potassium feld-
spar symmetry expressed by the progression from microcline in the am-
phibolite facies rocks through orthoclase with undulose extinction in the
charnockite border series (see below) to orthoclase in the banded series
rocks (sec below). For optical and X-ray data pertaining to the change in
potassium [cldspar symmetry consult Heier (1960).

The granulite facies rocks in the northern part of the island of
Langby are subdivided into the “charnockite border series” and the
“banded series” (Heier, 1960). The charnockite border series is a distinctly
banded unit in which mafic and felsic layers can be readily distinguished.
Toward the west the bands become less distinet as the quartz and plagio-
case in the felsic hands become darker. The change in color muarks the
ansition to the banded series rocks. Because this transition is gradual,
the boundary between these two units is only approximate (fig. 1). The
granulite facies gneisses on Gimséy and Austvagdy are similar to the
banded scries rocks on Langdy.

In the southern part of the island of Langdy, the transition [rom
amphibolite facies to granulite lacics is less well defined. Ficeld and petro-
graphic data appear to indicate that the metamorphic transition is de-
fined by the mincralogical changes described above. However, the meta-
morphic transition also coincides with the transition from dioritic border
series gneiss to red augen gneiss rich in potassium feldspar and is thus
complicated by whole rock compositional contrasts. Details of the meta-
morphic transition in this region have yet to be understood.

A second metamorphic event (1100 m.y.; Rb-Sr whole rock age; P.
Taylor, personal commun., 1978) resulted in local isoclinal folding and
retrogression ol granulite facies rocks to amphibolite facies paragenescs.
The retrogression is accompanied 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 sequence of intrusive events involving granitic and man-
geritic magmas occurted between 1150 and 1850 m.y. (I". Taylor, personal
commumn., 1973). These intrusive episodes appear not to be genctically
related to the metamorphic events whose ages bracket them.

The carbonate bodices studied in this investigation occur throughout
the Lofoten-Vesterdlen province (fig. 1) as -pods and lenses, with dimen-

——t e e vty .

e —

Pty

Y

. 7"“4';.'.,.?. N AT




SRR

PPN

PR3 Uy

3 b Do 3o 5 Pt

'S

A

-

1136 | W. E. Glassley—High grade regional melamorphism of some

N

Amphibotite
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Border
Series Gneiss

Banded
Series Gneiss

Red Augen
Gneiss

Intrusives

Fig. 1. Geners rology .
arca. 'l&hc hc:n'\'c.ls‘(1):i(ftl?lll‘}i)&s ?ll:(-l l!]lc ln.c'?“.”ns of the carbonate. bodies in the stwly
the west of this line, and ampl ‘l‘ 0|'~' lepyroxenc isograd: granulite facies rocks occur to
linc, "T'he dashed li;l-L‘ is ‘lh [ \|.'.).“.l.“' L.“’"."s racks are restricted 1o the arveas cast of this
line is the castern limit of (Lh ‘\L\.l.(.“.{h""‘ of the castern province, and the dash-dot
the arvea between the (wo l"")lt _“ LI'\‘(”"_' brovince. The central provinee is restricted o
island of Hinnoy are based en lines. “The trends of the province boundaries on the

y are based on data supplied by E. Tveten (personal commun,, 1974).
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sions of a few tens of meters. These bodics are tmpure calcite-dolomite
marbles in which approximately 80 to 90 percent of the rock volume is
made up of carbonate material. The remainder of the body is made up
of silicates and spincl which occur as discrete grains 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 cvent. 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-

hosis, tend to parallel banding and foliation in the country rock gneiss

(fig. 2), and (2) minerals that occur in elongate (amphibole) or tabular
(phlogopite) form exhibit a strong prelerence to have the Jongest crystal
dimension parallel to the banding in the carbonates.

Immcdntcl) adjacent to all the carbonate bodies are mantles of’
cdinopyroxenite. These monomineralic mantles are massive, dark green
zones which vary in thickness from 50 to 200 cm. Away from the contact
with the carbonate bodies the mantles grade into strongly {oliated am-
phibole~phlogopite—clinopyroxene rocks which, in turn, grade into
quartzo-fcldspathic counuy rock gneisses (fig. 2). The foliation exhibited
by the amphibole-phlogopite—clinopyroxcne rock is purnllcl to that ex-
hibited by the enclosing country rocks, strongly sug gcsung that the mantle
zones and the gneissic country rocks developed duri ing the smne kinematic
metamorphosis.

PETROLOGY OF THE MANTLE ZONES

The zones mantling the carbonate bodies exhibit the following gen-
eralized sequence, from the margin of the carbonate bodics outward: (1)
a massive, granular inner regime of green clinopyroxene; (2) a banded
regime of phlogopite + clinopyroxene = amphibole in which lepido-

RSN

5  METERS
|

Fig. 2. Generalized diagram of the field aspect of the carbonate bodies. The bodics
are enclosed in gneiss (banded zoune avound the body) amd ave mantled by a metasomati-
cally altered zone of pyroxenite (heavy stipple) which grades into the enclosing gnciss.
Layering in the carbonate boadies (lightly stippled hands) is contorted and disrupted.
When possible, saniples were collected .\lunq traverses parailel and perpendicular to

the layering in the carbonate hodies.

&""h»__
o TV i o
SO il AT e mw (i i o4~ v L i Gl g

R S NP U

P =

e

f— —— e b

© e o e

- <t

e e

LA —yt——

- oy err—

£, T

g

v AN e Tt e 4 g e -

"> Arevmpr e -

T

Pt TS

2l B e

oy e

o~

A

%,
5
x

kol s

&y

LA
Gl

P

P



file:///Vhen

PPN R I TR

R o SeieRie L X A A A o 10 iy g

B N T R N Mo B ot R QDI o A% W, Obes .‘,—.'u., ey owe W o G e o CRLY sasxt
-
/ ~ :
B - AP e e AL el POREES SRESCCI I VoS 155 e —
3
E
§ o
3 0o
g c©
o
{
; 3
o TasLE 1 o
f) _Chemical analyses of mantle zone minerals in carbonate free assemblages )
?k Phlogopil;s Amphiboles Clinoproxenes 5
f D-6 D-7 F-2 H-9 J-10 D-4 D-6 H-9 J-10 D4 D-6 D-7. F-2 |
; SiO. 394 40.6 40.6 41.3 40.9 40.0 419 439 42.2 47.2 52.3 535 49.2 oy
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: S
g Total*** 96.78 98.16  97.68 99.33 97.15 99.26 97.49 08.82 98.96 100.48 10086  99.64 99.43 g
b *FcO = total iron. ** Na.O is less than 0.03. *** Totals corrected for fluovine, if F is in the analysis, . .y
£ nd. = not determined. Sample letter designation refers to location in figure 1; sample number refers to a specific samplc from a given ®
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carbonate bodics: significance for the orthopyroxenc isograd

plastic textures dominate (the banding in this regime is 1-10 mm wide);
3)a regime transitional to the country rock gneiss, with variable propor-
dons of clinopyroxene, phlogopite, plagioclase, orthoclase, quartz, biotite,
nornblende, and sphene. Away [rom the mantle zone the grain size in
the gneisses increases, and opaque minerals appear at the expense of
sphene. The width of cach of the above regimes varies from site to site.
The field relationships and the sequence of mineral assemblages
qrongly suggest that the mantles developed as a result of metasomatic
interchange across the carbonate-gneiss contact. If the massive pyroxenite
and the banded pyroxenite correspond, respectively, to metasomatically
altered carbonate and gneiss, the field relationships imply that large
volumes of both rock types have been altered. Based on the mineral com-
positions (table 1) and the average composition of the banded granulites
(Heier, 1960), it is evident that gross changes in initial bulk composition

have occurrcd (fig. 3).
The scquence ol assemblages in the mantle zones is similar to the

experimentally produced “calesilicate” hands of Vidale (1969). However,
differences in bulk composition and pressure-temperature history between
the experimental system and the natural system have resulted in some
differences in the assemblages that have developed. Direct application of
the experimental results wo this natural system is thus not justified. Even
so, the scquence of assemblages suggests that behavior ol cations in the
experimental system approximates the behavior of cations in the mantle

wones. By analogy to the expepimental system, the mctasomatisin involved
migration of Sit+, AP+, K+ (?), and Fe++ (7) toward the carbonate and
Ca*+ and Mg+t away from the carbonate. The element migration can

reasonably be attributed to chemical potential gradients that developed

Corbonate Gneis.s._.__ﬁ
! Maé;:e Banded Pyx. JTmns l
1 : Si0.
) ' e
' '
' ]
' ]
1 ]
- ! ' : :
) : | AI?_O3
10, — ] FeO
! - Ca0
1 1 1 *MgO

Fig. 3. Approximate changes in whole rock composition from the carbonate bodies,
through the mantle zones, and into the enclosing gneiss. Whole rock compositions are
deduced from mineral compositions and modes, ‘The weight percent scale (CO,-free
basis) on the Jeft hand side of the figure is approximate. The boxed arca in the upper
part of the figure represents the lithologic contrasts before (upper haif of box) and

after (lower halfl of box) metamorphism.
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1140 W. E. Glassley—High grade regional metamorphism of som,

as a result of compositional contrasts between the carbonate bodics 3,
the quartzo-feldspathic gneisses.

PETROGRAPHY OF THE CARBONATE ROCKS

Each carbonate body exhibits a variety of mineral assemblages ;.
ranged in a rcgular manner from the interior of the carhonate outwin)
The assemblages are limited to various {our-, five, and six-mineral oy,
binations of the phases calcite, dolomite, diopside, forsterite, pargasivis
harnblende, phlogopite, and spinel.

Primary textures and mineralogies are well preserved; retrograde
reactions have aflected less than 10 percent of the samples examined,
Primary assemblages are characterized by granoblastic or lepidoblawis
textures and a complete absence of reaction textures. The ubiquiton,
development of equilibrium textures, even in assemblages that contin
all mincrals of a‘reaction assemblage (reactions discussed below), prob.
ably results from rapid approach of the carbonate assemblages to chemi.
cal and wextural equilibrium, relative to the rate of change of the param.
eters controlling the metamorphism.

All the carbonate bodics, with the exception of site B, are mineralogi-
cally zoned. At any given site, the sequence of assemblages encountered
outward from the core of the carbonate body is restricted to one of three
types. Each sequence type is chavacterized by the mineral assemblage that
occurs in the core of the carbonate. On the basis of the geographical dis
tribution of the three sequence types, three provinces can be delineated
in the study arca. All bodies in the castern province contain the cove
assemblage pargasitic hornblende + calcite + dolomite, all bodies in the
central province contain the assemblage diopside - spinel + dolomite in
the carbonate core, and all bodics in the western province contain the
core assemblage forsterite + calcite % spinel. The systematic changes in
core mineralogy correspond to reaction relationships involving composi-
tionally similar assemblages (mincral compositions used in the reactions
are listed in wable 4; justification for the mineral compositions used is
presented in the section dealing with mineral chemistry):

pargasite + calcite + dolomite = diopside + spinel + vapor  (14)
diopside + dolomite = forsterite + calcite + CO.,. (16)

The boundartes in figure 1 thac define the limits of each province repre-
sent the apparent trace of the P=T=X surfaces to which reactions (14).and
(16) would correspond. These reactions, and the provinces associated with
them, are discussed in the following sections. All reaction numbers refer
to the reactions tabulated in table 4.

Diopside-spinel reaction (reaction 14).—At locations D, E, H, and ]
mineral assemblages in the core of the carbonate bodies contain p:u'g:lsilic
hornblende 4+ calcite + dolomite, but the same assemblage is totally Tack-
ing at sites A, B, G, F, G, and 1 (fig. 1). The compositionally cquivalent
mineral pair diopside + spinel 'occurs at all of the later sites but is never
found at sites D, E, H, and J.
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Complete absence of amphibole is not required beyond the eastern
one boundary, if either calcite or dolomite is absent. But the ubiquitous
prescnce of calcite and the common presence of dolomite, as well as the
qmall modal proportion of amphibole (always less than 2 percent), have
e practical consequence of forcing complcte reaction of the amphibole.
This reaction evolves a vapor phase that contains more than 80 mole
ercent of the components CO, and H,O. The temperature at which this
reaction will take place is dependent on the vapor composition that co-
exists with the amphibole + calcite + dolomite assemblage prior to re-
action.
Mineral assemnblages within the eastern province—All the carbonate
bodies in the eastern province (D, E, H, and J) have core assemblages
containing amphibole + diopside 4+ dolomite = calcite = phlogopite.
Outward from the core of the bodies 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:
diopside + dolomite + amphibole + vapor, = (12)

Sites H and ]
phlogopite + calcite + vapor,

Site | phlogopite + calcite 4+ dolomite + vapor, = 9)
forsterite + amphibole 4 vapor,

philogopite + dolomite 4 vapor, = (10)
forsterite 4 amphibole 4 spinel + vapor,

phlogopite + dolomite = forsterite -+ calcite + )
spinel < vapor.

For site ] the reactions are listed in order of increasing distance from the
carbonate interior. The precise vapor component ratios arc given in
table 4.
Assembluges that can be related by the reactions in table 4 can be
treated as compositionally equivalent, il it is assumed that a vapor phase
coexisted with the assemblages, and that the vapor contained the com-
ponents indicated in the reactions. In subsequent discussions of com posi-
tionally equivalent assemblages, the assumption is made that a composi-
tionally appropriate vapor phase coexisted with the assemblages. It need
not be assumed, however, that bulk rock compositions are the same for
rocks that contain assemblages related by a reaction; variation in bulk
rock composition will be expressed by the persistence of some (but not
all) minerals of the reactant assemblage in the product assemblage. The
compositional equivalence discussed here only requires that all minerals
of the reactant asscmblage and all minerals of the product assemblage be
present in adjacent assemblages.

Assemblages that cannot be related to adjacent assemblages by re-
action represent mineral combinations that are compositionally distinct
from the adjacent assemblages. Such assemblages are forsterite + spinel
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TABLE 2
Mineral assemblages within carbonate bodies of the eastern province’

Location Core of carbonate

Margin of carbonate
D Am-Di-Cc-Do

Fo~Phl-Cc~Do

Am-Dbi-Fo~Phl-Cc-No
(Invaviant point 1)

E Am-Di-Phl-Cc-Do

A ma g L b Soe el

Di~Fo~Phl-Cc-Do
_ (Reaction 12) . {Reaction 16)
12
H Am-Di-Phl-Do ¢——> Am-Di-Phl-Cc Fo-Sp~Cc-Do Di-Fo~Phl-Cc

(12)
J Am-Di-Cc-Do ¢—————> Di-Phl-Cc-Do — Am-Di-Fo-Phl-Cc~Do

(Invariant point 1)
Fo-Phl-Sp-Cc-Do
(Reaction 7)

Am-Fo-Phl-Cc-Do
(Reaction 9)
Am-Fo-Phl-Sp~-Do
(Reaction 10)
Double ¢nded arrvows indicate assemblages related by the noted reaction. Assemblages that are uuivariant or invariam in the model sys-
tem (sce text) are indicated by the reaction or invariant point number to which they correspond (table 4). The abbreviations are defined in
table 4.

Am-Fo-Phl-Sp-Cc-Do
(Invariant point 2)
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Fig. 4. Solid phase composition relations in the CaO-Mg0-8i0,-ALO, tetrahedron,
Phlogopite {PHL), forsterite (FO), and spinel (SP) plot on 1he 8i0~MgO-AlLO, face of
the tetrahedvon; diopside (DI, amphibole (AM), and dolamite (DO) fali within the
tetrahedron (open civeles)., Calcite hes a the CaQ apex. The solid dots are the phase
locations when projected from caleite oo the $Si0=MgO-ALO, fuce. The chemograph-
ic diagrams used in this paper wilive thar portion of the projection bounded by
dolomite-spinel-wmphibole-diopside. The chemographic relationships depicted in sub-
sequent diagrams pertain only o calciie-beaving assemblages which coexist with a

CO-H,O0-Nu,0-K.O-F vapor.

+ calcite + dolomite and diopside + forsterite 4 phlogopite 4- calcite at
site H. Compositional differences such as these are probably the result of
original compositional contrasts within the carbonate bodics.

At all sites within the province, the core assemblage contains the
mineral pair diopside + dolomite; away from the carbonate core forsterite
+ calcite-bearing assemblages occur. These mineral pairs are composi-
tional equivalents, and they demonstrate that the core of the carbonate
bodies probably coexisted with a morve COgrich vapor phase than the
outer portion of the carbonate bodies (Skippen, 1971, 1974), assuming
that the temperature was uniform throughout each body during meta-
morphism. The chemographic relationships' that represent the assem-
blage changes in the carbonate bodies are shown in figures 7 through 11.

! Chemographic relationships presented later are based on the projection in figure
4. Calcite and a CO~11,0-K.0-N:a,O-F vapor are present in all the assemblages de-

picted in the chemographic diagrins, The chemographic diagramns are developed from
the phase equilibring clectron microprobe manalyses and visual estimates of modes pro-
vided “evidence for the compositional equivalence of contrasting mineral assemblages.
There are insufficient duta avaikable to demonstrate any conipositional variation in the
solid phases as a function of P=T-X. Therefore, only single tie lines are used in the
chemographic relationships.
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1144 W. E. Glassley—High grade regional nic!amorphism of some

Mineral assemblages within the central province.—At site G y,.
stable coexistence of diopside + spincl + dolomite and the absenee |,
amphibole + calcite + dolomite (table 8) indicate that the core aey,
blage corresponds to the product assemblage of reaction (14). Thevely, .
the boundary beiween the eastern and central provinces must lie 1o g,
east of this site. The assemblage that occurs in the outer portion of 1)y,
body cannot be related to the core assemblage by any reaction. Meu,,
the two assemblages are compositionally distinct. However, as in 1,
eastern province, the core assemblage contains the mineral pair diopwid-
+ dolomite, whercas the outer assemblage contains the mineral pitis
forsterite + calcite. Thus, during metamorphism the core of the carbonute
body caexisted with a more CO.-vich vapor phase than did the outer por-
tion of the body. Variation in vapor composition at this site was, there.
fore, similar to that at sites in the castern province.

Mineral assemblages in the western province—At sites A, B, C. v,
and I diopside 4+ dolomite never occur as a mineral pair, although ciuch
mincral persists in assemblages in which the other mineral is absent. In.
stead, forsterite + calcite becomes the mineral pair in the core assem-
blages for compositions equivalent o diopside + dolomite. Hence, unlike
the castern and cemral provinees, forsterite 4+ calcite is not restricted 1
the outer portion of the carbonate bodies in this province.

Although reactions that relate mineral assemblages ac sites C and v
(table 3) can be written, the majority of assemblages at the sites within
this province are compositionally distinct from immediately adjacent as-
semblages. As in the castern and central provinees, these compositional
contrasts are believed to represent initial variations in the chemicai
characteristics of the carbonates. The reactions that relate compositionatly
equivalent but mineralogically distinct assemblages involve a mixed
volatile phase, thus suggesting that, as in the eastern and central prov-
inces, the phase cquilibria developed in response to vapor compositions
that were variable within a given carbonate body.

Summary.—~Within cach carbonate body specific mineral sequences
occur outward [rom the carbonate core. Although compositionally dis-
tinct asseniblages can be recognized in the carbonate bodies, reactions can
be written between a number of contrasting assemblages, thus demon-
strating compositional cquivalence. These reactions involve mixed vola-
tile phases and imply that the vapor composition systematically varied
within cach carbonate body. The distribution of the mineral pairs
diopside + dolomite and forsterite + calcite within the carbonate bodics
demonstrates that the variation in vapor composition was, at least in part,
a decrease in CO, partial pressure outward from the carbonate core.

MINERAL CHEMISTRY
Electron microprobe analyses of minerals in sclected samples (tables
5-8) demonstrate that only high magnesium, low iron compositions occur.
The analyses also demonstrate that there is no recognizable systematic
variation in mineral composition regionally; compositional contrasts at d

T B et L e L A A St it DN R A S

carbonate bodies: signij

Margin of carhonate

1 oeanion Gavg of cas honate



file:///villiiii

retamorphism of some

rovince.—Ae sjyo G
mite and the absence
cate that the core
reaction (lfl)."l‘hcr(:h.x_n
Jrovinces muse lie to 4.
the outer portion of Hin
by any reaction, Hene
ict. However, as in 1!,(
1c mineral pajr diopai
1tains the minery] paiy
-he core of the carbonye
than did the outer juy;.
1 at this site was, there.
*—At sites A, B, C F
ral pair, although ey,
r mineral is absent. n.
Rir in the core assein.
lolomite, Hence, unlif,
cite is not restricted 1
ovince.

Jlages at sites C and
ges at the sites withiy,
mediately adjacent .
3, these compositiona]
ions in the chemical
relate compositionally
8¢s involve a mixed
rnand central prov-
O vapor compositions

LESYUTH

fic mincral sequences

compositionally dis-
bodies, reactions can
iblages, thus demon-
involve mixed vola-
systematically varied
" the mineral pairs
he carbonate bodics
was, at least in part,
zarbonate core.

“ted samples (tables
compositions occur.
gnizable systematic
ional contrasts at a

il

- T b

carbonate bodies: significance for the

orthopyroxene isograd 1145

7l
=
= o]
8 2 a =
£ 3 89 9
e 7] ’
g d (&} 9 =
5 o ~ SE 9
T g g 1% %
:E " E 2 E-I'
£ :
=4 L.l
S n = A [a]
n |2
v | ™ [\
(9]
=]
=
>
o
[«9)
<]
i
9]
L
1743
5}
2
ee
e
<
—
[+}
By
L
=
-7}
L}
v
=
bt
V
bt |53 -~
S| i 428 1.
’a = g\fé ugun)‘
e = 293 ;
= S ‘Q'—'lr:c (3
38| S| TEig g
= = A, -~
< .0 < 55 = U‘é
ol | 323 |9
Pt < : & S
] & =
o
3]
D
St
~
(]
g
=1
=
z
]
&n
[}
&
E
[-5]
% -
1] N g
T & 1§ |E
S 18 g ghAmslE
2|2 = Q a9z yI5
o | = Q= i "—O:a
18 88 E O$ELES
“ | UG Bu Iéﬂéu
S Lg b AT SIS
v o4g 4 [5eis
(] — o QN
Q a (=] woQ %
<
: -
g il
.8 .
) <A O 2
18]
Q
..:
R il Toowy L + ot P 4 e WA e, L P «

- e

T T T o e P D Som g ety e —;

[ S

41— ——

- e

PP Y OO o

3

A e Pty




oo ‘

EE=R

o et et qq.;.,,“c,

vy

AN ol Tk v ngh e RS Y

A

" dAMokCUsA e

> A e

= S Femisra byt AN

heRr LI W)

.

5
41
74

3
[
3 o _ ‘ .
f 1146 W. E. Glassley—High grade regional metamorphism of some carbonate bodics: sig
. iyen site (compare ampl\ili
b ' those exhibited between siy
" in mincral composition th
(2 - S morphic gradf:.
! b ] 7 Systematic variations
. [79 [ R O Ls ] <
: o -+ = 2 = tions in the fluorine and h
¥ ot Q =9 e Z G atio for phlogopites at sit
£l . ~ e o
ZS, : ,;:_m o) i g crbonate-gneiss contact {5
, ot & ~ : < N o
! o 3 Q.Q.-i—%. My 2 ;he.co‘le q[ the Carbox.l.ng’
wtQo ¥+ C.Z'*+o~}? :‘:;. = yariation 18 suggested in ”?
‘ STmat e o B variation suggests that thej
- + a cally decreased away from |
: - 4 Partitioning of magui
1 3 and forsterite~phlogopitc:
1 LAY \fe between these phases i
1 A Mg e ph
121 72 in chemical cquxhbruun..
i g $h amphibole cxh.ilms greate
i 3] Lz pairs. Figurc 6, however,
§~ £2 tween phlogopitc and am!
% - xS to Mg + Fein the ampl
L2 - £ 4 e
1 I it coeMcicnt strongly sugges
] * E = $5 2 o 2& librium; the regular dlSll'{
; 2 £ teZlT4 supports this suggestion. }
- — - —_ A
< = g Za s
4 e o : = :i-i 8:
1 2| = 2 . MEE5S -
1 = 4~ == w2123
) .0 S TR 7 Qi+ |22
ba] - a0 = % ==
4 o 2Ol RY SR I AEES Ha 2t
X w2 "0 *y o =T~ N -t
J pqz c"\_'_‘}'[\_*_"c.""r'l —‘\—-?lol-!-“m Ui’a 90 L
- AT P - St L R T R
Jl ~wEP Scc~~8Fzc¢ S, | QLW
| BCzxE5sadty 07348872095
-:-hv‘_}_w_'*_t\—-ct_'{_“—-—_;—-rsi:hm #zQ
: A+ D T+ T+ Tk U T+ S 5 d 80l
EEZE cEEZEfEZEEELZZE RS PHLOGOPITE
ARApE SRR IR T CR JE c==
oo R Bavolacton—Sga | 52 Mg
Zne
. S_Z 0t
235 ERK
SE MO IO O~MNAF N0~ E’.\,:.
gE ) ppep il il g gl .:..O-Cj’
’ = 73 60 L
s 2l \
TEL
o, c 5=
@ yEE \
J @ o UEOC.E'—E - cut = o 25“; ‘
gz |8<LAEAZ e8GR RGRUTRZE [y
881686868 crl AREERGGE =
nEIAC2ARAZEAAASSEZAS <! £ ‘
Fig. 5. I\‘ig-distrih\gmm
and phlagopite-forsiente "
ALY atomws.

.k P o
it SRl R X W PO A I R B e ot -

Gea i i e s T T




morphism of som, ¢

diopside {CaMgsi,0,),

K.O
.0 +
S, Di =

+
1
#{(CO,

o2

)

a

{
H
ite (CaM
1 (MgAl

=3

Pt o R 1
Do+1Sp+1¢

(CaCQy), o
W OHF)Y, Sp o= sp

P-4
2

SO

3 Di

D Ce = caleite
Pie (KM My,

LOUE)),

Cc

t o=

5

O,

I

Phl +

o\l

LS ¥ B
l\

9
mposiy
AlSi

19

ons and o

Am, ro

g

B S

o 3

—
SR ek AR Ty

1147

carbonate bodices: significance for the orthopyroxene isograd

given site (compare amphibole analyses {rom site J, for example) exceed

those cxhibited between sites. It is thus not possible to recognize changes

in mineral composition that could be attributed to variations in meta-
morphic grade. '

Systematic variations in vapor composition are suggested by varia-
tions in the fluorine and hydroxyl content of hydrous phases. The OH/F
ratio for phlogopites at sites A and ] is lower for phlogopites near the
crbonate-gneiss contact (samples A-3, J-14, and J-17) than for samples in
the core of the carbonate bodies (samples A-1, J-6, and J-9). A similar
variation is suggested in the F content of the amphiboles. This chemical
variation suggests that the ratio of H,O to F in the vapor phase systemati-
cally decreased away from the core of the carbonate bodies.

Partitioning of magnesium bhetween coexisting diopside-phlogopite
and forsterite~phlogopite (fig. 5) demonstrates that the distribution of
Mg between these phases is regular, thus suggesting that these phases are
in chemical equilibrium. Partitioning of Mg between phlogopite and
amphibole exhibits greater variation than that for the above two mineral
pairs. Figure 6, however, demonstrates that the distribution of Mg be-
wween plilogopite and amphibole is a function of the atomic ratio of Ca
to Mg -+ Fe in the amphibole. The regulur change in the distribution
coefficient strongly suggests that these two phases are in chemical equi-
librium; the regular distribution of I between phlogopite and amphibole

supports this suggestion.

T T T L 4
/7
Je18 U6 . -6
.90 L p-1- l} E-I- ¥
E~t / A'S'l 3
/7 J'l?’l‘
/ B
80 L O oiopsiDE y fA
PHLOGOPITE 0 FORSTERITE /
Mo A AMPHIBOLE 7
70 / J
o
/
60| // |
s/
/
/
i 1 ] ) 1
60 .70 .80 90
Mineral
ng

Fig. 5. Mg-distribution diagram for phlogopite-amphibole, phlogopite~diopside,
and phlogopite~forsterite mineral pairs, Xy, = (Mg atoms)/ (Mg + Ti 4 Mn + Fe +

AlYY atoms.
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The chemical formulas of minerals used in the model system {see
table 4) are bascd on the compositional data in tables 5 through 8. n,.
cause the mole [raction of the Mg-end member in the pyroxenes, olivine,
and spinels excceds 0.85 and exhibits little variation [rom site to site, (le
pure Mg-cnd member formulas (thae is, CaMgSi,O,, Mg.SiO,, MgAl0)
were used in the reactions. The amphiboles .analyzed exhibit significau,
compositional variability, but they consistently contain a high proportion
of Na, Mg, Al and F. Compositionally, fluorine-bearing pargasite
(NaCa, Mg, Al(5i,AL)0O..(OHE)) provides a reasonably close approxinm.
tion to the amphibole in the natural system. The phlogopite analvses
demonstrate that, although the micas approach pure Mg compositions,
they deviate significantly from pure hydroxyl phlogopite compositions
because they contain a relatively large amount of fluorine. The mica in
the model system is therclore allocated one hydroxyl and one fluorine
(KMg.Si,AlO,(OHY).), in order to approximate the natural phlogopites,

ANALYSIS OF THE PHASE EQUILIBRIA

The changes in assemblages in each carbonate body that are atwribui-
able to reaction relationships must reflect variations in vapor composition
or total vapor pressurce: it is unreasonable to expect temperature or solid
pressure gradients in bodies with dimensions of a few tens of meters in
high grade, regionally metamorphosed tervains. The distribution of the
mineral paivs diopside + dolomite and forsterite 4 culaite in bodies in
the castern and central provinces suggests that {i,, was higher in the cores
of the hodics than in the rims. A similar vaviation in {i:n, for bodies in
the western provinee can be assumed. Variations ju the ratio liyo0/ by in
the vapor phase are suggested by compositions of phlogopites from bodics
in the castern and central provinces. The changes in phlogopite composi-

TasLe §
Electron microprobe analyses of phlogopites from carbonate assemblages®

Al A3 DI E-1 J6 JO J0 a4

Si0, 409 13.4 42.3 41.0 414 411 40.9 409 40.9
TiO, 1.02 0.70 0.17 0.43 0.18 0.38 0.13 0.57 0.44
ALO, 18.2 154 1.7 16.6 154 16.6 16.9 15.6 16.9
¥eO 1.70 1.84 2.82 1.51 1.1 141 1.00 1.30 1.0t
MnO ma. n.d. 0.04 0.00 0.02 0.01 0.03 0.03 n.d.
MgO 24.6 26.7 26.7 26.3 26.5 2G6.6 269 26.4 26.1

Na,O 0.46 0.98 0.47 0.44 0.47 0.50 0.54 0.51 0.49
K.O 9.03 9.37 9.42 9.63 9.68 945 9.26 951 9.5
F 1.04 1.99 1.74 1.49 2.19 2.17 2.06 217 241
Total 9651 9884 9711 9677 9626  97.34 9715 9608 9772
Xy 0830 0883 0918 0903 0937 0922 0925 0935 0870
log ([u._.n/fnr')*‘ '

48 45 46 4.7 4.4 4.4 45 4.2 43

v *Sce explanation for table 1.

#+ The fugieity vatio values are caleulated assuming T = 600°C, el unit activities
for the Mg-phlogopite component (Munoz and Ludington, 1974).

Catieav i Sl e 2 TR ST A

. carbonate bodi;

|

Electron miicroprobe;

'
D1 ’
$i0, 45 1
TiO. 0.40 ‘
ALO, 133
FeO 4.90 i
MnO n.d.
MgO 185
CaO 182
N0 278 !
K.0 043 ‘
F 1.9 '
Total 98.81 i
Xire 078 |

* See explanation fov t

Electron

|
A3 “

$i0, 556
110, 0.05
ALO, 0.30
FeO# 0.97
MuO 0.13
MgO 176 |
CaQ) 253
N1, 0 **
Total 9995 \
Xatg 0954 4

*, *+ §cc explanation I¢

Electron microproh‘;

{
Al F-2¢
Sio, 19 418
Tio, b.d. bl |
ALO, b.d. _l_).('l_: )
FeO# 4.16 1.91'
Mu0 0.25 052,
MgO 51.2 515 .
G0 b.d. nal.
Na.O bLud. bal.
Total l0051  10%AY
Xug 0.956 0.01%

h.d. = below (l\:(CCliUl{l 1
e explunation
*, ok See explanatic
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TABLE G f
Electron microprobe analyses of amphibloles from carbonate assemblages* R
:
D1 El J-6 19 37 J-10 J-14 ;
$i0, 4.5 44.5 44.5 46.5 475 42.2 43.6 Y
TiO, 040 0.69 0.80 0.70 0.9 1.10 0.60 K
ALO, 13.3 145 134 105 100 154 14.0 %
¥ecO 4.90 2.90 4.05 3.69 3.85 4.89 5.16 '
MnO nd. 0.06 n.d. 0.04 0.05 0.05 n.d. '
MO 185 194 185 20.7 20.4 18.5 18.6 H
Ca0O 13.2 18.7 13.0 13.7 135 135 13.7
Na,0 2.78 253 240 289 2.33 293 2.75 .
K, 0 0.43 0.72 0.71 0.37 0.38 0.39 0.49
F 1.39 1.04 1.53 1.51 n.d. n.d. 1.52 ;
Total 98.81 99.60 98.24 99.83 98.60 98.96 99.78 )
Xorg 0.78 0.80 0.78 0.86 0.83 0.77 0.77 ;
* Sce explanation for wable 1. f
TARLE 7
Llectron microprobe analyses of clinopyroxencs
(rom carbonate assemblages
A-3 D-1 E-l G-2 H-2 J-6
Si0, 55.6 56.2 548 54.4 555 56.2 Y
Ti0, 0.05 0.08 0.14 0.06 0.08 0.05 :
ALO, 0.30 0.13 2.09 1.73 0.94 0.21
FeO® 0.97 048 111 0.61 0.95 0.50
MuQ 0.13 0.05 0.03 0.06 0.06 0.00
MgO 17.6 18.4 17.7 18.6 17.5 18.6
CaQ 25.8 24.3 239 253 25.3 253
1\!;‘__‘() % L33 % *k L3 L 13 !
Total 99.95 100.09 99.77 100.76 100.33 100.86 ‘
Xirg 0.954 0968 0.965 0913 0920 0.979 ]
*, %% See explanation for table 1. l
TanLe 8 E
i}.
)

J1o J14 J7 Electron microprobe analyses of olivines and spinels from carbonate
40.9 40.9 40.9 and mantle zone assemblages i
043 057 044 - - '
16.9 15.6 16.9 Olivines Spincls R
")gg s 191 Al F-2t G2 J12 Ja7 Al F2t G2 b
. .0 n.d. :
26.9 2964 961 $i0, 419 418 422 420 412 0.01 0.01 0.04 i
0.54 051 049 TiO, b.d. h.d. bl bl b.d. 0.02 0.03 0.07 ~ 3
9.26 951 9.59 AlLO, b.d. b.d. b.d. b.d. b.d. 69.2 67.5 71.2 ‘
2.06 217 2.41 FeQ* 4.16 7.67 3.61 0.89 3.97 6.62 11.2 416 !
MnO 0.25 0.52 0.13% 0.03 0.07 0.25 0.37 0.09 '
97.15 96.08 97.72 AMgO 54.2 515 545 570 54.0 23.0 21.6 24.6 .
. - CaO b.d. n.d. n.d. 0.11 0.16 0.04 0.02 0.12
0.925 0.935 0.870 Na,0 bl b.l. b.d. n.d. n.d. 0.05 b, 0.01 2
45 " 4.2 4.3 Total 100.51 101.49 100.47 100.03 99.40 99.19 100.73  100.59 *
1
Xotg 0.956 0.918 0.963 0.991 0.960 0.856 0.769 0.906
10°C, and unit activitics b.d. = below detection limit.  § from mantle zone assemblages.
*, *x Sce explanation for table 1.
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Fig. 6. Distribution cocflicients (K,) versus the atomice vatio of Ca to Mg + Fe in
the amphiboles of coexisting phlogopite-amphibole pairs. Ky = Xy "™ [ X 2™

tions rellect an increase in the fugacity of HF by a factor of about 2
(Munoz and Ludington, 1974) outward from the carbonate core (table ).
Even so, the absolute amount of HF in the vapor phase is exceedingls
small. If the vapor phase was a pure mixture of the components H,O anid
F, the phlogopite compositions imply that it contained less than 0.1 mole
percent HF (Munoz and Eugster, 1969); if significant CO, were present
the mole perecent of HF would be even less (a constant temperature ol
600°C is assumed, simply for illustration).
A model for the observed changes in the mineral assemblages and
vapor compositions within the carbonate hodies can be described by the
components CaO-MgO-ALO,-5i0.-Na,O0-K,0-H,0-CO~F. These com-
ponents arc chosen on the basis of the mineral compositions. Reactions
in which pargasite is a reactant result in the liberation of Na,O. Since no
other solid phase has an appreciable sodium content, it is assumed thin
sodium was cvolved into the vapor phase as a result of amphibole reac-
tion. Similarly, since phlompitc is the only potassium-hearing phase
among the solid phases, it is assumed that K,O was a vapor plnsc com
ponent in reactions involving phlogopite. Of the other components in
this nin¢ component system, four will be treated as inert (CaO, MgO.
AlLQO,, and SiQy); the remainder (F, H,O, and CO.) will be d:s(maul
below.
The nine component system contains seven solid phascs (calcite.
diopsule, dolomite, forsterite, pargasite, phlogopite, and spinel). The re
actions for phlogopite- and amphibole-bearing assemblages pOssess five
degrees of freedom, and phlogopite or amphibole absent reactions posses
four degrees of frecdom, il the equilibrium parameters are pressurc, e

2 g ORI (SN A Fals B i ils ol oSl A KR SRR o (G S e T il N

y A

PHL+ CC
AM + D} +DO

(o]

o~

X

- - -
[\']

[

[&]

Yy ®

u
N
~
[
o
X
!

_la




onal metamorphism of some

1
J-i4
1-10 -l
!
.
HE-!
4
-
1
50
e Amph.

¢ atomic ratio of Ca to Mg + Fe in
:pairs. Ky = Ny ™ Xy 2™

of HEF by a factor of about 2
m the carbonate core (table ).
he vapor phase is excecdingly
re of the components H,O and
it comtained less than 0.1 mole
[ significant CO, were present
2ss (a constant temperature of

the mineral assemblages and
rodies can be described by the
K,O0-H.0-CO,-F. These com-
neral compositions. Reactions
e liberation of Na.Q. Since nw
m content, it is assumed that
s a result of amphibole reac:
mly potassium-bearing  phase

s,

The stippled area represents possible

R

PHL+ CC
AM + DI+ 00
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perature, and the chemical potentials of all the components. Pres
temperature can be assumed uniform for a given carbonate. b(r:lbsm‘c ol
:ills](r)nassun'lcd th‘:ft two o{ the vapor components are dcpcndenty.ul{ ‘; N
parameters, then all the reactions become univariant, : L
phlogopltf':- :m.d amphibole-absent reactions become ¢com )(;s't" 'l.ml the
generate, if spinel is absent. In the following treatment d\h (I)I'Olml.ly th-
to _be dependent; other vapor components will be discnﬁsse‘c:l' i ls‘a-s'm““.'!
or in groups of two and three. ndividuadiy

All the univariant reactions | oi hi ;

table 4. The topological rclntionsh)i]e)]so 2?131gcs;0r(lf2§ti;fsteam are disted in
pH,0-4CO, (fig. 7), uCO~uF (fig. 8), uH,O-uF (fig. 9), ,ﬁgﬁfﬁ"& ‘z,'”
2 2 1

—

@ PHL+ CC

Fig. 8. uCO,~uF chemi ial diagy ;
#COp ical potential diagvam. For explanation, sce figure 7.
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10), and pCO.—uK,O (fig. 11) diagrams (Korzhinskii, 1957). Only the
aable intersections of the reactions are shown. The stability of these in-

. ersections (isobaric-isothermal invariant points, for the chemical poten-

, sssemblages

iial conditions outlined above) is demonstrated by the existence of the
amphibole~diopside-forsterite-phlogopite-calcite-dolontite

‘ gites D and ], invariant point 1) and amphibole—forsterite~phlogopite-

e

[T

spinel~calcite-dolomite (site J, invariant point 2).
The topological 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 vapor component planes with respect to
. each other.

rtaton s demratiden S0

Changes in hydroxyl/fluorine ratios in hydrous minerals and the
changes in phase equilibria within single carbonate bodics require that
simultancous variation in the chemical potentials occur for at least three
of the vapor components. It is thus not possible to describe completely the
changes in phase relationships in the two-dimenstonal p—p diagrams. For

- example, diopside-phlogopite~calcite-spinel assemblages that occur at

e

sites F i 1 are not possible equilibrium assemblages in figures 8 and 9,
although figure 11 allows such assemblages. Even so, the chemical poten-
tial diagrams individually and collectively demonstrate the necessary
changes in the chemical potentials of the vapor components needed to
describe the changes in phase equilibria.

The changes in phase relationships that occur in bodies within the
eastern province can be completely deseribed by an increase in o1/ CO,
and a simultancous decrease in pCO, /[ H.O (figs. 7-9) outward from the
cores of the bodies. This conclusion is consistent with the independent
observations that (1) the distribution of diopside + dolomite and for-
sterite 4 calcite pairs requires a decrease in Peo,/Py,0 outwird from the
carbonate cores, and (2) the fluorine content of the hydrous phases sug-
gests that Py /Py, increases outward from the core of the bodies. Al-
though variation in ;K.O is also possible, it is not required by the phase
relationships; variation in ;CO,, pH.0, and pF are completely suflicient
to describe the phase refationships. Even though similar data are not
available for the central and western provinces, it can reasonably be in-
ferred that the changes in phase relationships within a given body in
these provinces result [rom variations in vapor composition similar 10 the
vapor composition variations in the eastern province.

It is clearly evident from figures 7 through 12, however, that although
the relative core to rim changes in the chemical potential ratios may be
similar for all bodies within the study area, the absolute values of the
chemical potentials ave strikingly different, from one province to another,
for the reactions that bound the observed phase relationships. For ex-
ample, the diopside -+ phlogopite + spincl-bearing assemblages that occur
at sites F and I in the western provinee are restricted to the region be-
tween reactions (1) and (3) in figure 10. This region in figure 10 corve-
sponds to a volume in figure 12 in which the lowest K., O values possible
are defined by line 6. In contrast, sites D, E, H, and J in the castern prov-
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Fig. 11, pCO~pK,0 chemical porential diagram. For explanation, see figure 10,

ince contain amphibole-bearing assemblages that are reswicted to pK.O
vitlues below that of line 6 (fig. 12). Examples of such assemblages are
amphibole 4 diopside 4+ phlogopite + calcite + dolomite 4 forsterite
(sites D and J) and amphibole + diopside + phlogopite 4 calcite + dolo-
mite (sites K, H, and J).

The above contrasts in chemical potential conditions almost certainly
developed as a result of the regional changes in pressure, temperature.
and for vapor composition that caused the progressive changes in mincral
assemblages in the counury rock gneiss; the chemical potentials of the
vapor phase components and the chemical potential conditions for the
reactions in the system are a function of pressure, temperature, and vapor
composition and would therefore change as P, T, and X changed re
gionally. The possible changes in the vapor phase component chemical
potentials and the chemical potential conditions for the reactions are
shown schematically by the plane in figure 12, If the changes in vipor
component chemical potentials were the dominant factors aflecting thic
phase equilibria as P, T, and/or X changed, the change in chemical po-
tential conditions would correspond to migration of the chemical potew
tials from the region where lines 1 and 2 picrce the plane (fig. 12) to the
region where line 6 pierces the plane. If, on the other hand, the chcmicsnl
potential conditions for the reactions changed more drastically than did
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DI AM PHL FO CC DO
SP AM PHL FO CC DO
DI SP PHL FO CC DO
DI AM SP FO CC DO
DI AM PHL FO SP DO
DI AM PHL FO CC SP
DI AM PHL SP CC 0O

~N OO D Wy -

/40,

Fig. 12, Three dimensional vepresentation of the pCOp H0-4 KO space. The
stable projections of fines 1, 2, and 4 and the metastable projecdons of lines 3 and 7
pierce the pCO~, 1.0 pline. Line 5 picrees the pCO~pK.O plane aud is paallel (o
the pCOp 1O plane. Line 6 intersects the gH.0-p K0 plane. See wext for explanation
of the stippled phane. The locations of the p-p sections are indicated by the lubelied

planies.

the chemical potentials of the vapor phasc components, as P, T, and/for X
varied, the changes in phase equilibria suggest that the net ol curves mi-
grated from the position shown in figure 12 (appropriate for the eastern
provincee) to a position in which line 6 would picree the plane in approxi-
mately the same Jocation as did Jines 1 and 2 belore vanslation of the
net. In fact, a weighted combination of both possibilities is most likely,
but the direction and degree of weighting is unknown.

Although the surface in figure 12 is shown as planar (the simplest
possible representation), the chemical potential surface can be cither
planar or nonplanar. The data available, however, are insufficient to de-
termine the geometry of the surface.

Single body T-X variations.—The chemical potential changes and
variations in phase equilibria within a single body are depicted in figures
7 through 12. These changes can be represented in a temperature-vapor
composition diagram if the following constraints are satisfied: (1) vapor
pressure remains constant, (2) only one vapor component varies inde-
pendently, (8) mineral compositions are constant, and (1) the extent to
which the vapor components behave ideally is known. If it is assumed
that a1l these constraints are met, figure 13 results,

The temperature-vapor composition diagram is constructed on the
assumption that, for a given body, the chemical potential variations de-
picted in figures 7 through 11 can be represented by a continuous line in
figure 12. Thus, for a given X*¢o,, the mole fr.'lgtions of the other vapor
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species are specified (X*¢q, is defined as the mole fraction of CO, in ti
vapor phase, divided by 0.75; see below).

Although the reactions diagrammed in figure 13 cannot be locaied
precisely with respect to tempcrature and vapor composition, houndayy
conditions can be placed on the system. W. L. Griffin, E. Krogh, and b,
Ormaasen (personal commun., 1974) have suggested that a pressure of
10 kb = 3 kb was attained during metamorphism. Extrapolation of
presented in figure 14 to pressures of 10 kb suggests a maximum tempera.
ture of about 650°C for reaction (16). If the reactions in the system arc
important controls on the vapor composition, CO, would not make up
more than 75 mole percent ol the vapor for many of the reactions in the
system. Although this percentage is approximate and is strictly applicable
ouly to those rcactions evolving vapor components in addition to CO,,
such a limiting approximation is necessary in order to construct a usable
T-X diagram for reactions evolving several components. If Pyyig = Py,
the maxinium temperature possible for reaction (16) is about 640°C, for
Peo, = 0.75 Py The remaining curves in figure 13 are placed schemati.
cally, such that they are consistent with the topological constraints ap-
plicable to the phase equilibria in the chemical potential diagrams,

The mineralogical sequences at all sites exeept H and | can be
duplicated in figure 13, il it is assumed that temperature was constant at
any given site. The sequence of assemblages at sites H and J cannot be
derived from figure 13 at a constamt pressure, thus implying variations in
vapor component ratios dilferent from those appropriate for the other

| 640°

- . ' 10
X ———
co,

Fig. 13, Vapor composition-temperature diagram for the conditions defined in_ lht_'
text. The stippled arca E encloses the approximate conditions for the eastern proviee
stippled arca W encloses the approximate conditions for the western province. T
arrows indicate budlering pathways at site J; arrows migrate toward carbonate rim.
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sites. The low fy,0/fnp ratio at site ] relative to the other sites, confirms
this.observation,

AN

It is evident: that for eight of the ten carbonate bodies. the phase:
pquilibria- in figure 13 Tepresent adcqmtely the sequence of assemblages
encountered, thus supporting the suggestion made previously that the
yapor component ratigs varied similarly at most bodies throughout the:
province. Although figure 13 suggests that a sngmflcant temperature; dif-
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1 - - |
400 600
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Fig. 14. The cflect of vanabk vipar, pressure, at'a fixed solid pressure; o readtion’
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ference between the eastern and western province js required by the Phise
equ:lnbna, the absénce of Pyq and Poyg data th not allow quantifey.
tion of the témpérature contrasts.

The. distribution of the assemblages within the carbonate bodieg

-strongly suggests that the vapor composition was ‘buffered during mgz.
‘morphism. At.site 1. for example, reaction dssr.mblagcs are syslemaucdn.,

distributed throughout the hody. Although such a variety of reaction
assemblages is lackm[; at other-sites, the common occurrence 6f univariang
assemblages supports the contention that vapor composition was buffered
at these-sites as well

’I'I’owever, the gradients in vapor composition -that existed at all sitey
cannot e cxpl(nnc(l sole i'y by Inilfering of the vapor composition by the
miteral dsseml;lagcs since it is wot passible for a closed system to develo;
vapor composition gradients if the initial mineral and vapor campasitions
were. constant throughout the bbody. These gradients must reflect either
compositional gradients imposed on the carbonates prior to metamor-
phism or slow diffusion of some vapor ¢components into or éut of the
carbonate system. The gradients currently reeovded in the rocks would
necessarily represerit modification of the mlposcd gradients by evolution
of volatiles during metimorphism.

INBPLICATIONS FOR GRANULITYE FAGIES TERRAINS

The assemblages that have developed in the earbonate bodies demon-
strate that the hulk. Lompmnmub of the hodies are similar. Thus, fhe zone
hm_msl.u ies (hg. 1¥ are isograils. THe most eastern isogr: 'lcl.w the diopsidle-
spincl i-;uz;m(l mmarks the first appeniance of the nineral pair diépsidc +
spinel in the core assemblages. The western isograd, the forsterite isograd,
marks the. Icpl wement of tlie mineral pair diopside + dolomite b}r the
compositignally uj:m.nlcm mineral pair forsterite + calciie, in the core
asserublages.

The (llO[)SIdC*‘\})H]{_l and forsterite isograds radically diverge from the
orthopyroxene isograd north of site G (fig. 1). Because. thc Lhrce isograds
tepresent phase equilibria invelving « mixed volafile ph'asc, there are
a number of possible. cwcpl mations for the divergence of the isograds.

1. The isograds pardieled isothicrms, thus implying radically diverg:
ing isother mal surfaces. .

2. Total vapor pressure or CQ. parfial pressure was Significamtly
higher at sites IF,-E, wnd I than at ghc other sites (assuming that the re-
gional isotherms paralleled the orthopyroxene isograd).

8. The partial pressurecof H.O in the country rock gneiss was lower
in the nofthern half of the ﬁl.md of Langoy than iiv the southern Wi
(aswmmg the. 1%1011 I isotherms lmnllc]ccl the diopside-spinet anel for-

" sterite isogr ;td‘\)

4, Thc trend of regional isotherms exiibits nio: necessary relationship
10 tlu‘: isggrads (a combination of £ and 3). ,
\[mcl al c:.)mpmmons in ¢ither the "ncmcs or the carbeonat¢
sy sl(,m:mc.lll} varied regionally.
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The results presented in this paper and by Heicr (1960) demonstraté
alequately that bulk rock compositional cofﬂr‘;’asiﬁ cannot explain theé is0-
gradl trends;, point 5 can thercfore be dismissed. Although points 1.
diwough 4 cannat be evaluated individually, géologieul ohservatiotis-sug-
gest- that point 1 is the most probable. The transition rém lorder series
gneiss to handed series gneiss is delincited by.a change in potassium feld-
spar symmetry (sce Heier, 1960, for obiiijuity data), which is a function
of temperaturc-alone (pressure effects are negligible), This transition can
be treated as the trace of an isothérmal surface. The transition from
amphibolite Tacies to granulite facies coincides with changes,in potassium
feldspar. symmetry and parallels trend surfaces that trace’ changes in
anorthite content in plagioclase and changes in the coordination of Al
and “T'i in amphibole. Althieugh a varicty of equilibrium, parameters can
explain thiese. phasé variations, temperature is tlie only equilibrium.
parameler il these clianges liave in common. It is reasonable to.suggest,
therefore, that the orthbpyroxene isofrad also traces .an 1sothermal
surface.

The. isograds defined on the basis of the carlionate assemblages
obliquely-cross the banded series-horder serits trnisition in the northemn
part of the island of Eangoy and parallel the orthopyrexene isograd in
the southern half of thé study aren. This suggests that the carbonate de-
rived isograds néarly pariliéled tlie trices of isatlicrsmal surfaees. The
parallclism may, in fact, He mere pronounced than is apparent [rom
figure 1. since the. Tocarions of all iodrads and the border series-banded
serics Lransition are Gnly locatedl approximately.

CANGLUSIONS

Pliase equilibria in-the carbonate bodies—"The phase relationships,
in the. earbonate hodics require the presenée of & multicomponent vapor
during mctamorphism: Systematic variations in the ratios. of threc of the
five vapor components are sulliciént to describie mast. of thé changes in
phase cquilibrin exhibiied at any given site. The, mingral compositions
and phase equilibria demonstrace. that. all the carbonate bodies experi=
enced gradients in ¥apor compaesition outwart from the carbonate cores;
in all instances where dagi ire available, a decrcasel in fuy, and in the
ratio Ty 0/ e Can bé documented. Cliangds in athex \-:lqu components
ave also possible. The gradiénts in.vapor composition wre probably relicts
of an inherited vapor phase, the composition ol which was medificd by
volatiles evolved during reaction. The rcaction relationships strongly
suggest that the carbonate hadies hehayed as nearly closed systems except,
perhaps, for those vapor phase components thirt were perfectly mobile
and at the carhonate—gneiss contact-where metasomatic processes domi-
nated the development ol the mineral assemblages.

Tlie behavier of vapor components during metamorphism cannot
be dehiied precisely, even though the general pattern of vapor conmposi-
tion variation can be recoguized. For example; aluminum exchange- he-
tween amphihbole and spincl could be expected in response to changes'in
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P-T conditions. Such exchange could effect changes in the sodium coy.
tent of the amphibole and, hence, would modify the sodium content of
the vapor phase. However, because the spinel generally contained exsoly.
tion phases, adequate compositional data [or coexisting amphibole—sl)in(-l
could not be obtained. Thereflore, controls on the sodium content of 1)y
vapor phasc could not he examined.

Systematic changes in mineral composition that would correlate witly
apparent changes in I' and T were not observed. This suggests that for
the range of conditions encountered in the study area, minor variations
in the bulk compositions of the carbonate bodies had a more profoun!
effect on mincral composition than did P and T. However, because of 4
lack of data for mineral pairs that include spinel, evidence for composi-
tional control by P and T on spinel-bearing assemblages is inconclusive,

Implications for high grade, regionally metamorphosed tevrains.—If
the three isograds discussed in this paper parallel the wend of isotherml
surfaces that developed during metamorphism, a complex thermal struc-
ture for the deep crust is implied. Also, unlike other high grade meu.
morphic terrains (for example, southern Norway (Touret, 1971a, b) and
the Adirondacks (Buddington, 1963)), there docs not appear to have been
a large regional variation in the fugacity of H.O during metamorphisn.

ACKNOWLEDGMENTS N

This research was supported by the G. Unger Vetlesen Foundation.
through a post-doctoral fellowship at the Mineralogisk-Geologisk Mu-
scum, Oslo. Sincere thanks are extended to the Toundation and to Proles-
sor Knut S. Heier and Dr. William L. Grillin of the muscum, for their
support. B. W. Evans, W. L. Griffin, and J. K. Winter provided useful
comments on an early draft of this manuscript. L. Milburn provided very
able field support during the course of this work, and her assistance is
gratefully acknowledged.

REFERENCES
Binns, R. A, 1964, Zones of progressive metamorphism in the Willyama complex,
Broken Hill district, New South Wales: Geol, Sve. Austratia, v. 11, p. 283-380.
1965, The mincvalogy of metamorphosad basic rocks from the Willyama
complex, Broken Hill district, New South Wales: Mincralog, Mag., v. 85, p. 561-387.
Buddington, A. F., 1939, Adirondack igncous rocks and their metamorphism: Geol. Soc.
Amcrica Mem. 7, 354 p.
1968, Isograds and the role of H.O in metamorphic facies of orthogneisses’
of the northwest Adirondack arca, New York: Guol. Soc. Amcrica Bull, v. 74,
p- 1155-1182,
Buddington, A. F,, and Lindstey, D, H,, 1964, Tron-titanium oxide minerals and syn-
thetic equivalents: Jour. Petrology, v. 5, p. 310-357,

Burnham, C. W., Holloway, ]. R.. i Davis, N. F., 1969, Thermodynamic propertics
_of water to 1000°C and 10,000 bars: Geol. Soc. America Spee. Paper 132, p. 1-96.
Devaraju, 1. C.. ms, 1971, Geology of north Langoy, Vesteralen: Oslo, Mineralog. Geol

Mus. Field Rept.
de Waard, Dirk, 1965, The occurrence of garnet in the granulite facies terrain of the
Adirondack Highlands: Jour. Pewvology, v. 6, p, 165-191,
1967, The occurrence of garnet in the granulite facies tervain of the
Adirondack Highlagids and_elsewhere, an amplification and a reply: Jour. Petrology,
v. 8, p. 210-232,

TS e e b M AL o L) TR T

-h
e

AR |
2 4 2 i

$0

>

‘z

carbonate by

gngel, AL E. ] and
the major pavia
America Bull . 7
e 196Y%, Py,
mountaing, New v
e 196%h, N,
olite, northwest A
p. 1499-1514. H
Green, T, M., and |4
Norges geol. unded
Greenwood, H. ], 14
Abclson, It M.,
Inc., p. 542-567.
criffin, W, L., and 11¢
Lofoten-Vesterilen
116. ;
Heicr, K. S.. 1960, Peqy
" rocks on Langov, ¢
Heier, K. S., and Thay
Lofoten-Vesteriben
Korzhinskii, . S., 143
Mincrals: New Yor
Munoz, |. L., and Eug
hydrothermal sysig
Munoz, J. L. and Lug
Jous. Sci, v. 21 p
Robie, R. A, and Wl
yelated substancest

wndd at higher temy
Ryzhenko, B N., and )
riange of temperasg
Skippen. G B, l‘.)ﬂ.J

Geology, v. 79, p.
1974 An ¢
dolomitic marble:}
Touret, Jacrjues, 19714
minéralogiques: 14
1971b, LL‘z

fluides: Lithos, v.
Turner, F. J.. 1968, 1
York, McGraw-Hil
Vidale, Rosumary, 16
cale-silicate bands:
Vidale, Roscmary, anc
.. of cale-silicate b

‘W'ﬂ


file:///Villyaiiia

al metamorphism of some

t changes in the sodium ¢,

10dify the sodium conteny (:{
el generally contained exsoly.
r coexisting amphibole~spine
on the sodium content of the

ion that would correlate wiy),
erved. This suggests thay for
study area, minor variations
bodies had a more profound
:ad' T. However, because of a
spincl, evidence for composx:-
assemblages is inconclusive,

melamorphosed terrvaing.— |
rallel the trend of isotherms|
m, a complex thermal siyye.
like other high grade met-
rway (Touret, 19714, b) and
loes not appear to have heen
H.O during mctamorphism.

'S

Ul.]g('l‘ Vetlesen Foundation,
.\Ilrncr:xlogisk-Ccologisk Mu-
¢ foundation and 1o Proles-
m of the museum, for their
K. Winter provided useful
it L. Milburn provided very
work, and her assistance xls

hism in the Willyama cmﬁplcx.
- Australia, v, 11, p- 283-330.
basic rocks from the Willyama
Mincralog, Mag, v. 35, p- 561-587.
t their metamorphism: Geol. Soc.

tathorphic facies of orthogneisses
Geol. Soc. America Bull., v. 7,

lanium oxide minerals and syn-

l.‘)(ﬁf), Thermodynamic propevties
leriea Spec. Paper 182, p. 1-96.

esteralen: Qslo, Mineralog. Geol.
m(g;ranulixc facies terrain of the
sranulite facies terrain of the
don and a reply: Jour. Petrology,

- L

e e AL 4ot e i e e e

A st 4 v gt T

»

carbonate bodics: significance for the orthopyroxene isograd 1168

Engel, A. E. ], and Engel, C. E., 1960, Progressive metamorphism and granitization of
the major paragneiss, northwest Adirondack mouniains, New York: Geol. Soc.
America Bull,, v. 71, p. 1.38.

——————— 19622, Progressive metamorphism of amphibolite, northwest Adirondack
mountains, New York: Geol. Soc. America, Buddiugton v., p. 37-82.

————— 1962D, Hornblendes formed during progressive metamorphism of amphib-
olite, northwest Adirondack mountains, New York: Geol. Soc. America Bull., v. 73,
p- 1499-1514.

Green, V. H., and Jorde, K., 1971, Geology of Moskeies, Lofoten, North Norway:
Norges geol. undersiklise, v, 270, p. 47-76.

Greenwood, H. ], 1967, Mineral cquilibria in the system MgO-SiO~H.0-CO,, in
Abelson, . H., ¢d., Rescarches in Geochemistry: New York, John Wiley & Sons,
Inic,, p. 542-567. ) Vo

Griffin, W. L., and Hecier, K. S., 1969, Parageneses of garnet in granulite facies rocks,
Lofowen-Vesterdlen, North Novway: Contr. Mincralogy and Petrology, v. 23, p. 89-
116.

Heicr, K. S., 1960, Petrology and geochemistry of high-grade metamorphic and igneous
rocks on Langoy, northern Norway: Norges geol. undersikelse, v. 207, p. 1-246.
Heicr, K. S., and Thoresen, K., 1971, Geachemistry of high-grade metamorphic rocks,
Lofoten-Vesterdilen, North Norway: Geochim. ¢t Cosinochim. Acta, v. 35, p. 89-99.
Rorzhinskii. D. 8., 1957, Physiochemical Basis of the Analysis of the Paragenesis of

Mincrals: New York, Consultams Bur. Inc, 142 p.

Munoz, J. L., and Fugster, H. P, 1969, Experimental control of fluorine veactions in
hydrothermal systerms: Am. Mincralogist, v. 54, p. 9438-050,

Munoz, J. L., and Ludiogton, S. D, 1871, Fluoride-hydroxyl exchange in biotite: Am.
Jour. Sci., v. 274, p. 396-113, . :

Robic, R. A, aud Waldbaunt, D. R, 168, Thermodynamic propertics of minerals and
velated substances wt 298.15K (25.0°C) and one aunosphere (1013 bars) pressuve
and at higher temperatures: US. Geol. Survey Bull, 1259, p. 1236,

Ryzhenko, BN and Volkov, V. P, 1971, Fugacity cocllicients of some gases in a broad
range of temperatures aud pressures: Geochenm, fiternat,, v. 8, p. 468181,

Skippen. Go B 1971, Experimental data for reactions in siliccous dolomites: Jour.
Geology, v. 79, p. 157181

1974, An experimental model for low pressure metamorphism of siliccous
dolomitic muavble: Am Jour, Scii, v. 274, p. AR7-500.

Touret, Jacques, 17 1a, Le faciés gramnlite en Norvege indridionale. 1. Les associations
mincralogiques: Lithos, vo 4, p. 280-200, .

1971h, Les facies granulite en Norvege méridionale. 110 Les
fluides: Lithos, v, p. 4284136,

Turner, F. J.. 1968, Mctamorphic Petvology: Mineralogicul and Field Aspects: New
York, McGraw-[{ill Co., p. 328,

Vidale, Rosemary, 1969, Metasomatism and a chemical gradient and the formation of
cale-silicate bands: Am. Jour, Sci., v. 267, p. 857-874.

Vidale, Rosemary, and Hewitt, Do AL 1973, “Mobile” componcents and the formation
of calesilicate bands: Am. Mincralogist, v. 58, p. 991-997.

inclusions

sarresren

S

vy

amae

e

.

g

Saale Sl a it ke Ll At ey et SRR A TR T

N i D i o

acaz ooy Coroy i

T et M e Terees o 3 vires e e n g e

SR N T L e Yeemmn e ey (v e —vvy

s ey e >

B A TRV P

b

-~ e e



g 3
& & P
P g 2 : L
¥ u L = ﬁ : % 2
e 3 1 o \?E'*’ e i -
i g e
i 4, 0y ;
= &
FC g 3 Rk ; 2
620 ¥ TR
il I

Mlcrommeralogy and geochemistry of sphalentes from
Sulitjelma mining district, Norway

KISHANLAL RAI

'

Rai, K. L.; Micromineralogy and geochemistry of sphalerites from Sulitjelma mining district: Norway.
Norsk Gedlogisk Tidsskrift, Vol. 58, pp. 17-31. Oslo 1978, ISSN 0029-196X.

A, wide tange of zinc-rich to zinc-poor ore bodies characierizes the famous Caledorian pyrific copper-
zinic ore deposit of Su[mclma It is, however, observed that, in general, the sphalerites from the two
main assemblage types of dres'in different ore bodies displdy remarkably analogous minor-and trace-
element geochemistry marked with comparable concentrations of individual eleménis. Thc dlsmbuimn

-of certain common minor ¢lements betwe
regular On 1heé crysta] .sCale - too,

considered..

K. L. Rai, Départment of Applied. Geology, Iidian School of Minés, Dianbad — 826004, Bitiar, India.

The Sulitjelma mining district, located at ca, 67°
. lat. in northern Norway, constitutes a small
yet important subpmvmce of the great Ca!edo-
nian metallegenetic province of Scandinavia. It
owes its economic mgmﬁcance to the occur-
rences of several pyriti¢ copper-zinc ore bodies
that have Sustained a mining and smelting
industry in this part of the country since the turn
of this century. By 1975, the district had-already
produced more than 19 million tons of raw ore,
the annual production in recénf years having
been about 380,000 tons of ore that yields about
20,000 tons of copper concentrates, 2000 tons of
zinc concentrates and 80,000 tons.of pyrite {1968
figures).
. The present study on sphalerites from this
important, and in many respects, representative
deposit of its type in the Scandinavian Caledo-
nides, was’ uridertaken 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 €valuate and

assess thé phiysical, mineralogical, and geochemi-
cal characteristics- of sphalerites. belonging to
various types of ores :and the -ore'bodies 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 féew sphalerite
samples from this deposit has, of course, been
available in certain earlier publications dealing
with broad-scale studies on-sphalerites from the
Norwegian/Scandinavian  sulphide.  deposits
{Oftedal 1940, Kullerud, Padget & Vakes 1953).

2-N. Genlogisk Tidsskr.

the sphalerues show no evidence of physical or chemical,
heterogencity, The implications of the- study in ‘géciphering equlhbmuon or re-equnhhrallon of .orés
during regional mctamnrphjsm and the probable optimum geobaroméiric. condifions have been

‘Bodies.occur well within a single struétural unit

.sulphide mineralization has received varied inter-
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en sphalerite and co-existing iron-sulphide minerals tends to be

The ore geology of the Sulitjelma
district

The Sulitjelma déposit ligs in the céntral Section
of the 1,300 km long Caledonian mountain belt
within a sequence of eugeosynclinal volcanic-
sedimentary rocks that constitute the ‘western
facies’ of the Caledonian geosyncline. Tectoni-
cally, these rocks belong to thé lower of the
two nappe units that have been distinguished in
Sulitjelma region. The rocks have, in general,
undergone d complex 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 availablé. in the ' pub-
lished literature (Sjogren 1900, Vogt 1927, Kaut-
sky 1933, Mason 1967, Nlchp]sqn & Ruiland
1969, Henley 1970, Wilson 1973).

Sulphide mineralization in the region consists
of a series of strata-bound, elongated. lenticilar
ore bodies that offen lie en-echelon with ‘their
longer axes running parallel to the preferred
orientation of the minor fold -axes and linéar
structures of the country rocks. These ore

of the aréa. (Wilson [973) at or near the lower
junction of the Sulitjelma amphibolites with the
undeelying Furulund Group metasediments [Fig
1). The ‘exact nature of the geologlc setting of

pretations”from earlier workers (J. H. L. Vogt
1894, "Th. Vogt 1927, Kautsky 1953, Wilson
1973).
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Fig. I. Geological map of northern part of Sulitiélma mining district, Norwa}.

Two commen pardgenetical types of massive
ores, namely pyritic and pyrrhotitic types,
whose general occurrence in the massive sul-
phide deposits of Norwegian Caledonides has
been highlighted by Vokes (1962), are also
observed in the Sulitielma. deposit in tlose
association and with widely variable prepor-
tions in its different ore bodies. The pyrrhotitic
ores represent distinctly a youngér mineraliza-
tion as they ‘clearly cut across the. massive
stratifortn pyritic ores at several places.

Mineralogically, the ores comprise. principally
pyfite; pyrrhotite, chalcopyrite, and sphalerite
that oftén constitute over 95.% of the ore mass.
Quantitative differencés in the mineralogy of
various ores relate largely: to the two iren-

sulphide minerals and to a lesser extent, to the:

two matrix base-meial sulphides. Other minerals
occurring in minor- to trace amounts.and rarely
exceeding 2 or 3 percent of the ore mdss include
galena, arsenopyrite, tetrahedrite, molybdenite,
machmawnte‘ bournenite, and many other sul-
phosalts. The.occurrence of a multitude of Cu-,
Pb-, Ag-, As-, and Sb- sutphides and sulphosalts
arid silver, gold, and antimony as native metals
was reported by -Ramdohr (1938).from an anti-
mony-rich paragenesis at’ Jakobsbakkén mine,
that had been abandoned about 30 yeéars ago.
The common gangue minerals observed ‘in the
ores are quartz; calcite, hornblende, kyanite,

féldspar, and anhydrite. The observéd textures
and microstructyres show thatthe ores have, in
general, undergone varied effects of high-grade
regional metamorphism.

Classification and micromineralogy
of sphalerites

Sphalerite occurs as ‘a common and important
matrix sulphide next only te chalcopyrite in the
Sutitjelma orés. Considérable variations, both of
qualitative as well as quanutatwe nature, how-
ever, characterize its occurrence in the different
ore. types and ore bedies constituting the de-
posit.

Vadriations in. guantifativer proportion of
sphalerite to other base-métil 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 didgram in Fig. 2, shows that a wide
range of zinc:rich to zint-poor ore bodies is
represented in the deposit. No systematic trend
in the geographic distribution of such ore bodi€s,
however, seems discernible. Abnormally high

Zite content of Jakobsbakken ores, for example,

prominently Contrasts with the zinc-poor ores of
Sagmo ore body which lies in an exactly similar
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Fig. 2. Triangular diagram showing base-metal composition of ores from different ore bodies of Sulitjelma deposit.

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 of the 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 types. Such ore, found usually
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Fig. 3A. Representative specimen photograph of massive pyritic ore at its contact with the wall rock. Sphalerite may be seen

infilling the interspaces of the pyrite crystal aggregates.

Fig. 3B. Specimen photograph displaying the contact of pyrrhotitic ore (Po-ore) with massive pyritic ore (Py ore).

Ll

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 briefly 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. [t commonly
shows yellowish and reddish internal reflections.
Lamellar twinning is exhibited by the mineral in
some of the sections (Fig. 4B).

Sphalerite commonly shows mutual boundary
relations with pyrite (Fig. SA). 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.

L 3
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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 X 100.

Fig. 5A. Photomicrograph displaying typical mutual boundary relations between sphalerite and pyrite of sphalerite-pyrite
assemblage. Magnification x 100.
Fig. 5B. Photomicrograph exhibiting large-scale fracturing of groundmass sphalerite and to a lesser extent of pyrite, both
belonging to sphalerite-pyrite assemblage. Magnification % 50.

Gréup B: Pyrrhotite—sphalerité 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.

v

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 of) sphalerite of this ore, possibly

I

-
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Fig. 64. Sphalerite {Sp); chalcopyriie (Cp), and pyrrhotite (Po) replacing earlier-generation porphyroblastic pyrite (Py) along its
fractures and cracks. Magaification x 50.

Fig. 68. Euhedral dnd undeformed crys(als of pyntc be]ongmg ta §phalerite-pyrrhotife assemblage, floating in pyrrhotite
groundmass. Magnification % 50.
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Fig. 74. Photomicrograph exhibiting mutual boundary refationship of pyrrhotite and pyfite in sphalerite-pyrrhotite assemblage,
Pyrrhotite contains exsolved laméllae of troilite. Magnification % 100,

Fig.:78. Photomicrograph displaying common textural relations of sphalente (Sp), pyrrhotite (Po),.pyrite (Py) and ‘chalcopyrite
{CP) in ores having sphalerite-pyrrhotite dssembiage. Magnification x 50.

F:g 84, Sphalcrite from remobilized-type chalcapyrite-Sphalerite ore exlﬂmmg coarse unmixing of chalcopyrite which ©CCUrs as
minuté blebs or spherical’ droplets' of varying shzpe and size in sphalemevbeanng layers. The conceatfation of chalcopymc
dzoplets all along the grzun-bonnd.mes of sphalerite. seems gpecifically nmable Magml‘ cation X 50.

Fig: 8B. Photomicrograph exhibiting cuspate intergrowth of silicates wlth ore minerals of sphaleritechalcopyrite.assemblage.
Minute blebs and shreds-of chalcopyrite.exsolved ra.ndom!y in:sphalerite may be seén. Magnification x (00,
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points to its complicated history. Ramdohr
(1969) has noted that he has not observed
chalcopyrite bodies of the 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 horn-
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 of the 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
Material studied

Field relationships of various ore types,
megascopic studies of their hand specimens, and
microscopic investigations on mineral associa-
tions, 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

Micromineralogy and geochemistry of sphalerites 23

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 1 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, namely
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
microanalysts of sphalerites from 12 selected
samples of different ore types from different ore
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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.

NORSK GEOLOGISK TIDSSKRIFT 1 (1978)

Ore body Speci- Atomic absorption Electron Microprobe X-ray diffraction results
men No.  spectrophotometric Results (in Mole %)
Results (in mole percent)
FeS MnS CdS Total FeS MnS Measured Apparent Calculat-
cell mole % ed cell
edge (A) FeS edge (A)
Giken G/ 12.3 0.38 0.31 1299 13.0 0.35 5.4180 16.4 5.4174
Giken G/107 17.3 0.14 0.15 17.59 13.5 0.14 5.4164 14.1 5.4165
Giken Gn7 15.8 0.04 0.14 1588 13.3 0.02 5.4170 15.6 5.4158
Giken G/39 13.7 0.10 0.19 13.99 16.3 0.08 5.4165 14.3 5.4157
Giken G/57 12.0 0.06 0.25 1231 12.0 0.05 5.4165 14.3 5.4157
Giken Gl54 9.9 0.12 0.16 10.18 1.5 0.09 5.4160 13.5 5.4154
Giken G/48 13.3 0.13 0.14 13.57 16.0 0.09 5.4175 16.3 5.4176
Charlotta G/102 129 0.14 0.21 13.25 14.0 0.13 5.4172 15.8 5.4176
Charlotta C/94 16.5 0.16 0.1 16.80 14.1 0.14 5.4170 15.6 5.4165
Bursi B/ 16.2 0.12 0.17 16.49 13.9 0.17 5.4165 14.3 5.4167
Bursi B2t 14.5 0.09 0.20 14.79 13.4 0.09 5.4176 16.5 5.4170
Hankabakken H/13 3.6 0.10 0.51 4.21 1.9 0.09 54116 43 5.4126

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 crosscheck 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 forskning in Oslo, with
the kind cooperation of Dr. W, I+Griffin, on an
A. R. L. EMX-Mode! 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
sulphidc 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 of the corresponding sphalerite samples.
For purposes of comparison, these results ex-
pressed as apparent FeS content are incorpo-
rated in Table | side by side with the results of
atomic absorption spectrophotometric and
microprobe analyses.

Comparative study of the analytical results

Comparative study of analytical results on the 12
selected samples which were analysed by all the
three methods mentioned above (Table 1) 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
dimensions of the sphalerite samples were calcu-
lated, wsing the atomic absorption spectrophoto-
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Micromineralogy and gegchemistry of sphalerites

Table 2. Cumposition of Group-A sphalerites.associated with pyrite only {pyirhotile béing dbsent),

Ore body and Speci- Fe§ MnS Cds Ga Co Ni Pb
mine level menNo, mole®%  mole % mole % ppm ppm ppm %.
Giken(-+100) G/lo9 13.9 0.08 0.18 7 60 20. .11
Giken(— 106} Gi37 15.7 0.04 0.14 8 50 15 0.08
Giken(- 142} G/38 3.4 0,09 0.15 6 55 20 0.01
Giken(—233) G4t 16:2 0.04 .23 8 25 15 0.1
Giken{—233) G157 120 6.06 0.25 5 25 20 0:01
Giken(—233} G4 13.7 0.06 0.14 5 40 15 0.02
Giken(—256) Glaz 43.9 0.09 0.15 10 50 20, 0.02
Giken(-—283) Gl43 4.1 0.10 0.19° 3 35 20. 0.03
Giken(-351) Gl 9.5 0.06 0.22 5 40 25 0:03
Charlotta(—233) Ciss 15.7 0.0% 0.15 15 120 35 0.02
Hankabakken H{20 .z 0.06 0.23 1% 15 20 0.20
Bursi B/7 6.2 0.12 0.17 12 130 15 0.02
Average {of 12 samples) 13.8 0.08 0.18 % 54 20 0:05
Standard deviation 19 0:02 0.04 3 33 5 0.03
Table 3. Composition of Group-B sphalerités associated pyrrhotite {with or witheut pyrite).

Ore body and Speci- FeS MnS Cds Ga Co Ni Pb
ming Jevel menNo. mole% mole% mole%  ppm ppm ppm %,
Giken{ + 127 GI110 13.4 0:06 017 10 70 22 0.15
Giken(+61) G/108 12.9 a.09 0.16 6 50 20 0.03
Giken(+61) G/L07 17.3 0.14 0.t5 15 15 30 0:05
Giken(-111) G319 13.7 0.10 0.19 7 40 25 0.10
Giken({—133) G351 9.9 0.11 0.17 5 75 25: g.01
Giken(—396) G4 14.5 0.16. 0.15 12 &0 12 0.01
‘Charlotta(+ 17} leliv] 12.9 0.14 0.21 10 110 15 0.0t
Charlotta(- 233} CiM 16.5 0.16 015 8 75 30. 0.01
Charloita(—285) Ci74 14.6 0.1% 0.15 18 95 30 0.01
Charlotta(—289) Ci9 17.1 0.08: 0.19 10 [ 20 0.0i
Charlotta{—325) C178 9.3 0.06 0.13 15 200 40 0.0
Buysi(+BIR} Bf3 14.5 0.10. 0.17 19 75 20 0.14
Bursi(+60R) B4 i8.2 0.06 020 10 120, 12 0.01
Bursi(— 5R) B/13 12:4 0.06 0.20 i 120 12 0.
Jakobsbakken iy 12.7 0.31 022 | 85 18 0.04
Jakobsbakken 112 15.7 0.21 0.19 ts T 15 0.05
Average {of 16-Samples) 147 0.12 047 ] 80 22 0.04
Standard deviation 2.4 0.06 0.02 4 38 7 0.04

metric results, from the following function after
Barton & Skinner (1967):

a,=5.4093 + 0.000456 x +0.00424 v +0.00202 z

were x, y,.and zrepresent the mole percent Fe§,
CdS, and MnS respectively. The results sa
obtained from calculations are placed side by
side with those of actual measurements in Table ;
1 for comparative dbservations. As may be seen, |
there is generally a good agreement between the !
measured and calculated cell dimensions, the |
differences (often + 0.0003) being well within |
the limits of tolerable error in the measurement. '

The observed agreémeént confirms that the iren,
manganese, and cadmium are the principal
elements affecting the cell dimensions of sphal-
erite. It also confirms that the contents.of these
clements,. as detected by atomic absorption
technique, largely represent their amount fixed
within the l4ttice of the respective sphalerites.
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Fig. 9. Composite histograms showing the distribution of analyses of (a) Sulitjelma sphalerites and (b) Giken sphalerites.

Results

Iron 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 pattern 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 exceelling 0.2 %.

Thg graphic evaluation of the iron-manganese
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Fig. 10. Graph showing relationship of iron- and manganese-contents in Group-A and Group-B sphalerites.

4

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 % to 0.19 % 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

IRON

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
coirelation 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
i the sphalerite samples of this study include
; gallium, cobalt, nickel, silver, arsenic, and anti-
» mony. The abundances of the first three of them,
; determinéd quantitatively, appear in Tables 2
"and 3. It is difficult to say how much of the

i
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and sphalerite in Sulitjelma ores.

Fig. 1]. (¢) and (d): Roozeboom diagram showing the distribution of manganese between (c) pyrite and sphalerite and (d)

pyrrhotite and sphalerite in Sulitjelma ores.
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-Table 4. Cheiical'composition of différent paris of selected sphalerite crystals.

Micromineralogy and geochemistry of sphalerites: 29

Sample Parl of the crystal Zn “Fe Mn 5
‘No. %. % % %
Glw Cenlial part (core} i 5702 879 013 M
Marginal part 2 56.14° B.31 011 3518
{1a) 086 015 0.00 LD
(2a) 085 015 080 1.0D
G{57 _Central part (core) 1) SE00 749 0.03 3399
Marginal part 2} 5805 717 003 34z
1) 087 013 000 1.60
(2b) 088 0.4 0.00 1.00

1{a) and E(a) and 1(b) and Z(b) represent no. -of atoms calculated from the
‘analyses:[ and 2. on thE basis*of 1(S).

observed abundances of these elements in the
analysed sphalerite samples should be ascribed
to the microcrystalline partitles or grains of

chalcopyrite, galena etc. that may be occurring.

as minute, invisible, and inseparable inclusions
in sphalerite, or to the copper possibly presentin
solid selution 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
sphalerite samples, thus indicating minimal con:
tamination.

The abundances of the above-méntidned

microglements. in ‘the analysed sphalerités, in
general, fall within appreciably narrow ranges.
It is, therefore, surmised that the observed
abundances of the trace elements by and large
represént the amount fixed within the lattice of
sphalerite itself; and the tontributions of the
impurities, if any, are almost negligible.
* Unlike iron, manganese, and cadmium, none
of the trace elements mentioned above exhibit

any dependence upon the paragenetic grouping:

of sphalerites. The ranges of abundance of the
Vvarious trace elements corresponding t6 the two
paragenetic groups of sphalerites-are found to be
characteristically narrow and almost overlapp-
ing for 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 margiral {rim) portions
of several sphalerite crystais in about a dozen
selectéd .samples of thé. two principal types of
ores were camed out to ‘examine the homo-
geneity/heterogeneity of:sphalerite composition

zoning in them and almost hamogeneous chemi:

‘erite and pyrite, as well as between sphalerite

on the crystal scale. Representative results of
this study referring to two typical samples;
summarised in Table 4, exhibit nearly identical
composifion in the core and rim portions of the
crystals thereby indicating total absence of

cal constitution of the-sphalerites.

Following suggestions of Scott & Barnes
{1971}, microprobe fraverses across a féw sphal-
erite grains in thrée polishéd 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-
Iysed sphalerites.

Element distribution between sphalerite
and dssociated iron-sulphidé minerals

The pariitioning of some common minor ele-
ments, particularly manganese and cobalt be-
tween sphalerite and pyrite of pyritic ores onthe
one hand, and sphalerite and pyrrhotite of
pyirhotitic ores on the other, was studied on a
limited scale. Thé résults of this study are
presented graphically as ‘Roozeboom diagrams’
in Fig. 11. As may be seen the-study brings out:
fairly distinct and meaningful distribution pat-
terns. The distribution of .cobalt between sphal-

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 fowards consistency of distributional
relationship. The magpitude of deviations, of
course, appears relatively more but is still within
reasonable limit-of error.
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While it may be desirable to have many more
analytical results to study partitioning of ele-
ments, the aforesaid study possibly succeeds
within its limitations to focus upon the discerni-
ble trend towards regularity of element parti-
tioning m the typomorphic mineral pairs repre-
senting the two ore- -ty pes.

Synthesis and discussion

The overall observations of the present study
confirm the classification of sphalerite-bearing
ores of Sulitielma deposit into thrée typomor-
phic groups that have distinguishable modes of
accurrence, mineral associations, and micro-
mineralogic and peochémical characteristics of
sphalerites. This fact is, in itself, suggestive of
the polycyclic nature:and complicatéd history of
sulphide- mineralization in the région.

The first two proups of sphalerite-bearing
ores, représentéd by pyrite-chalcopyrite-sphal-
erite 'and pyrrhotite-chalcopyrite-sphalerite as-
semblages, constitute over 90 % of the ore mass
in the deposit. They vary ¢onsiderably not only
in their own relative proportion in. the dverage
ore mass, but also in their average chemical
composition from one ore body to another. A big
range of zinc-rich to zinc-poor ore bodies having
no definite pattern in their setting is conse-
quéntly represented in the deposit. This observa-
tion has a significant bearing-on the problem of
‘ore genesis in thé region (Rai 1972, 1977).

In contrast to the above-mentioned picture
regarding their-average chemical compasition,
the two groups of ores exhibit only minor
differences, essentially of quantitative nature, in
the minor- and’ trace-clement .geochemistry of
their sphalerites. The ranges of variation in the
content of an element in sphalerites of the two
groups of ores are overlapping for the large part
of their spreads in the case of minor elements

like ron and manganese and cadmium .and are

generally quite narrow and indistinguis_hab]c.fo'r
trace elements like gallium, cobalt,. nickel, etc.

‘Similarities in the pattern and trend of diétribq~

tion of analytical results of iron in the two proups
of sphalerites are also striking~and ‘significarit.
All these observations seem to be suggestive of
final crystallization or recrystallization of the
two groups-of sphalerites and related ores under
almost identical physico-chemical conditions cor-
responding- possibly to the isofacial high-grade
metamerphism of ores and the country rocks.

NORSK GEOQLOGISK TIDSSKRIFT | (1978}

In the Giken ore body, the sphalerites of
pyritic assemblage exhibit a tendency to be
slightly richer in iron as compared to the
sphalerites of the pyrrhotitic assemblage. While.
this significant observition needs to be strength-
ened with a larger data base covéring the -entire
deposit, it may be mentioned that a similar
pattern and trend of sphalerite composition has
been agbseérvéd recently in the massive lead-zinic
deposit of Sullivan in Brifish Columbia, Canada
(Barton pers. comm. 1975). It is difficult to say if
‘observations of this sort can be explained simply
by high {tota!} 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
Timited re-equﬂlbrallon wherein the pyrite was
inert. ‘The possibility of interactions between
some phases while others remained inért or
sluggish as temperatures and pressures fell has,
accordingly, to be considéred. The medifying
role of lower temperature phetiomena which are
capable of clouding or even desiroying the
records of melastable stages also needs proper
evaluation in this connection.

“The present ‘study on sphalerites also has an
important bearing on the problem related to
¢qitilibrium control of ore formation in the
deposit. The observed-textural relations of sphal-
erite and associated iron-sulphide minerals-n the
two ore types indicate ésdentially the co-existing
nature of the sulphide minerals concerned, The
homogeneity of sphalerite. compositién on the
crystal scale, as brought out by the macroprobe
studies, seems tobe 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 Gf certain minor elements, parncularly
manganesé.and cobalt, between sphalerite’ and
associated iron-stlphide minerals.in the two ore-
types: The study on minor- and trace-element
composition of sphalerités further brings out a
close approach to compositional uniformity of
sphalerites; of each group on the scale of an ore
body as well as thé ore deposit in general. All
these; micro-, macro- and mega-scale observi-
tions suggest a good degree of equilibrinm
control of ore formation in thé deposit under
study.

As shown by Scott & Barnés (1971) and Scott
{1973), sphalérité co-existing with pyrrhotite and
pyrite may beé used confidently: as a geobaro-
meter in.most of the. geologic environments. In

e -

= S

v ———_

fuﬂlmin! f
Hentey's
per Himit of W
countey f:':&%
swmably
isofnclal asdil
country Iﬁli[
The ¢us
375°=424C ilﬁ
tion of Nﬁ
The ﬁ‘ﬁlﬂ
with F)ﬁ ‘ﬁ
l"ll‘lh(.‘ uf ll\
study, 7
I:c mlﬁﬁ
the gmﬂ'ﬁahﬁ
(1971) indicé
the L‘C[“\““‘ “‘1
ll\"i.ly h wp
composie® «
p.ll'.ti:l, nrﬂfé i
the ur““““

durmb"'




NORSK GEOLOGESK TIDSSKRIFT. | (1978}

regionally metamorphased sulphide deposits,
accordmg to them, this geobarometer is most
likély to succeed bccausc the duration and
extent of [he metamorphic event offers optimuin
conditions for equilibration and homogenization
of mineral -assemblages. Accgrd;ng]y, in the
Sulitjelma deposit, where the equilibration of
minéral assemblages on all scalés has already
been surmised and is presumably am effect of the
regional metamorphism, the sphalerite geobarg-
meter seems to be best:suited for deciphering
the pressure conditions of deposition .and meta-
morphism of ores. Paucity of adequate data
regarding the 'temperature conditions of ore
formation, howevér, circumscribes the effective
application of this geobarometer, Meanwhile,
some provisional estimates regarding the pres-
suré conditions may be made on the basis of the
following-avaitable data:

Henley's (1970b} éstimites regarding the up-
per limit of temperature of recrystallization of
country rocks at 550°C-600°C, this being pre-
sumably applicable also to the orcs in the light of
isofacial nature of regional metamorphism uf
country recks and the ore deposit.

The. estimates. of minimum temperatures’ in
375°—425°C range, as obtamed from the applica-
tion of pyrrhotite geothermometer.

The composition of sphalerites co-existing

with pyrchatiter and pyrite commonly in the

rangé of 12 to 17 mole % FeS, as observed 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 presenting this estimate tenta-

-tively, it may be empha:;lzed that theé eXisting

composition of sphalerites in both the major
paragenetical groups of ores represents at best
the optimum conditions undergone by them
during regional metamorphism and not necessari-

ly the primary conditions of ore-fofmation in the:

deposit.
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The geochemistry of meta-igneous rocks from the
amphibolite facies terrain of south Norway
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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.

Element diffusion trends typical of high-grade metamorphism, particularly those involving K and
related elements, contrast with those observed in the 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
affected adjacent granulite and granitic terrains.
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The Songe-Ubergsmoen area of south Norway is
in the Bamble 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 [971, 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 basiq

1 ~N. Geologisk Tidsskr. | q‘?%

p—

-during granitisation or K-feldspathisation proc-

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

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 ryeta-igneo_us rocks consist typically of
quartz, plagioclase, biotite, and hornblende. The
hornblende is normally restricted to the in-
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Fig. 1. Location map of the 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-plagioclase 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 congsisting of only plagioclase and
hornblende. Banding of leucocratic and mela-
nocratic layers occurs, commonly with a pre-
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dominance of the former. The individual layers
vary from 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-
{gneous 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 of the features of the 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 (069 %) 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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Table 1. Meta-igneous rocks, Songe-Ubergsmoen area: sum-
mary statistics. Major elements in oxide percentages, trace
elements in ppm (n=50)

Element Mean Standard MaximumMinimum Crustal
deviation average

Si0, 66.12 7.87 78.19 47.62 60.3

Al O, 14.63 2.15 21.32  10.51 15.6
TiO, 0.73 0.44 2.13 0.17 1.0
Fe, 04 2.50 2.02 8.20 0.29 7.2
FeO 2.67 1.85 8.97 0.43

MgO 2.40 2.47 13.14 0.14 3.9
Ca0 3.9 1.85 8.17 0.2} 58
Na,O 3.2 1.50 8.46 0.30 3.2
K0 1.83 1.19 5.62 0.14 2.5
MnO 0.07 0.07 0.20 0.01 0.10
PO, 0.17 0.12 0.52 0.02 0.1
S 292 458 30U 7 260
Ci 358 318 1302 25 130
Sc 14 9 45 2 22
v 127 85 523 13 135
Cr 27 35 149 0* 100
Co 20 12 53 0* 25
Ni 17 23 86 0* 75
Cu 25 30 198 1 55
Zn 76 47 216 6 70
Ga 21 4 34 12 15
Rb 65 45 215 0* 90
Sr 254 138 587 13 375
Y 35 38 188 0* »
Zr 294 197 1754 70 165
Sn 1 4 23 0* 2
Ba 860 335 1886 276 425
La 29 24 100 | 30
Ce 88 53 261 24 60
Pr 21 3 45 1* 8
Nd 26 15 74 7 28
Sm H 6 28 3 6
Pb 14 10 52 3 K]
Th 9 9 35 0* 10

U 1 1 4 0 3

(1) From Taylor (1964)
* indicates, value below the 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
hornblende content of the rock. Commonly the
hormnblende is xenoblastic or elongate xeno-
blastic, although it is also often prismatic.
Quartz, plagioclase, apatite and opaque minerals
occur as inclusions in the hornblende.

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

NORSK GEOLOGISK TIDSSKRIFT t (1978)

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 !l 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 1). 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 SiO,, ALLO;, and
Ga have normal distributions. The distributions
of Ca0Q, Na,O, 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 (Sighinoifi 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 associations. 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 form (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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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 of the 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 Sc/Y ratio is a
guide to igneous fractionation. The Sc/Y ratio
shows two individual and distinct decreasing
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trends with increasing SiO, (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 of the granulite facies transition south of the
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
of the 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 Kléa ratios for the meta-igneous
rocks and metamorphic rocks from elsewhere in the world.

1 2 3 4 5 6 7 8 9 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).

S. Sub-acid gneisses, Musgrave Range, Australia (Lambert &
Heter 1968).

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

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

8. Crustal average (Taylor 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 I1), 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 concentia-
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
& 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 sodiunt’ group (Na, Ca, Sr, Al and Cl): the
elements of this association are variably located
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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 hornblende 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.

| 2 3 4 5
Th 9 21 20 10 17
U 1 3 5 2 5
K 1.52 L .09 2.58 3.79
ThiU 5.86 9.05 5.2 3.5
Th/k (E4) 6.06 8.55 6.7 39
U/K (E4) 1.00 1.45 LS 0.95 1.2

AN

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 hornblende (Fig. 7b). Only
two samples which contain less than 3 % Ca also
contain hornblende. At the higher abundances of
Ca (>9%) and modal hornblende (>40 %),
plagioclase and hornblende are the main constitu-
ents and their linear relationship noted above is
disturbed.

Sr correlates with both CaO and Na,O 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 horn-
blende causes strong positive correlations be-
tween the former and the elements of the Fe and
Mg associations. Al has a similar behaviour
pattern to both Ca and Na, giving correlations at




U, oY 3 e 3 Mk CITS oo™ o TR
A - * "y e : 2 o y
: R s v T e TP S S e
-7 T ok o e VO PRt SR T S U DA N L
& A .ﬁ‘ ey S A ¥ : P . T o
S i s ot St : N
: . e B ST R T ST *
. - ot e e oy o o o
“ ‘ e o T L E T R
: g >~ e = T,
NORSK GEOLOGISK TIDSSKRIFT 1 (1978) Geochemistry of meta-igneous rocks 9
L]
804
o
60+ ° ° .
+ % .
o o
. © " 9 %
e .« 3 o
g ) ° M
3 +
% e Q + .
5 40 . o} . * 0
b4
€
-
® ° .
¢’ [ ] [
o
20 +t
-
[ ]
a
L]
L]
(o]
0 H ) ) 8 . 10
% Nao

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 hornblende. 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.

The Co/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. Hornblende-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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metamorphic rocks in Brazil, and is common in
both igneous (e.g. Gruza 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 ratios Ti/Fe?*
and Sc/Fe?* both decrease. The Mn/Fe?* ratio is

normally constant during igneous fractionation.

(e.g. Putman & Burnham 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
1965).

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

ppm Cr

-are barely correlated here. This is the converse

(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 of this 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 V3* and should enter
Fe®* position in the later stages of igneous
fractionation in igneous rocks, but V and Fe?*

of the findings of Field & Elliott (1974), who
established a complimentary increase of these
two elements in the amphibolitisation of basic
rocks in the 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 other lithologies' of previously
determined origin, e.g. the .mefasedimentary
gneisses which contain meta-graywackes,
-pelites; 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 cheimical con-
tinuum from bastc ‘amphibolitic’ rocks to rocks
containing: up to 78 % silica. The continuum is
reflected in the observed mineralogy, in which
the four essential minerals — quartz, plagioclase,
biotite and hornbiende ~ all have a wide varia-

tion in modal abundance which is controlled by
the mdjor element chemistry (see above).

The mean values of the major elements in the
meta-igneous rocks are comparable with those
of intermediate and acid rocks compiled by
Nockeolds (1954). As the meta-igneous rocks
havé a wide'compositional range it is difficult to
make direct comparisons, but dacites and quartz-

diorites have similar compositions (Table4). The

Na,0 + KO contents of meta-igneous rocks:are
simtlar in relation to Sl(}2 for the majority of acid
and intermedidte volcanic rocks (Fig. 10).

In contrast, metasedimentary gneisses from
the Songe-Ubergsmoen area have values dis-
similar to igneous rocks, particularly for MgO,
Ca0 and Na,O (Table 4). In addition, major and
trace elements show fractionation trends charac-
teristic of known igneous models, e.g. Na,O +
K,0, S¢fY, TifZr, CrfFe?t, TifF et and MnfFe?t,

Affinities of the meta-igneous rocks

The -geochemistry of the meta-igneous rocks
suggests that' the element. concentrations have
undergone little modtﬁcatlon during the high-
grade mc[amorphlsm Consequently compari-
sons can be made with modern equivalenis with
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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
1968) 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
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Table 4. Comparison of the major-element compositions of
meta-igneous rocks (1) 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).

1 2 3 4 5
SiO, 66.12 70.05 68.35 63.58 66.15
Al O, 14.63 13.07 13.83 16.67 15.56
TiO, 0.73 0.74 0.53 0.64 0.62
Fe,Oy 2.50 1.37 6.01 224 1.36
FeO 2.67 3.61 3.00 3.42
MgO 2.40 2.7 1.90 2.12 1.94
Ca0 3.99 2.44 3.64 5.53 4.65
Na,0O . 2.03 4.67 3.98 3.90
K0 1.83 2.57 0.47 1.40 1.42
MnO 0.07 0.06 0.09 0.11 0.08
PO, 0.17 0.15 0.12 0.17 0.21

THOLE!ITE
FIELD

a reference against which the rocks of adjacént
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

\
_ CALC - ALKALINE
.. FIELD

~n
e

$0 53 €0

635 70 7

% Si02

Fig. 10. Percentage (Na,0 +K,;0O) versus SiO, for the meta-igneous rocks (after Kuno 1968). Represented are the fields of the
tholeitic series of the Scottish Tertiary Province (dashed line) and geosynclinal d€posits from Japan (dotted line). The mean values
for the igneous rock types compiled by Nockolds (1954) are given as diamonds: | - diorite, 2 - andesite, 3 - dacite, 4 - rhyodacite,

5 - rhyolite, 6 - quartz diorite;
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Fig. 11. ACF diagram for the amphibolite facies showing the composition of the meta-igneous rocks (after Winkler 1967).

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
northern hemisphere. However, the rapakivi
intrusives are Rb-rich with relatively low K/Rb
ratios, whereas the charnockitic gneisses and the
metasigneous 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 crust. 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 ratios, 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 0,3x90,6 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 speclgograph. 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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INTRODUCTION

Two LARGE Precambriitn granites, the Fli and ldde-
fjord, located in southcast Norway were investigdied
to determine their Th, U. and K concentrations by
gamma-ray spectrometry. The FIa granite. situated to
the northwest of the Oslo region, is a large clliptical
body covering approximatcly 700 km®. Geological
stadies and gravity investigations of the Fla granite
have been discussed in detail by SMiTison (1963). The
Iddefjord granite, located to the southeast of the Oslo
region, covers an arca of about 900 km?*. The geology
of the 1ddcfjord granite has been bricfly described in
HovLvEpas. (1960). Gravity interpretations have been
made by RaMBerG and Smituson (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 clongate granite which
stretches southward down the Swedish coast, covering
an arca of 1500 km®. The Bobus granitc is generally
conceded to represent the same granite body as the
Iddefjord, separated only by a thin band of gneissic
country rock ncar the Norwegian-Swedish border.
The geology of the Bohus granite has been described
in MaGNUSSON ¢t al. (1960), and gravity interpre-
tations have been given by Lino (1967). The geologi-
cal environment of these 3 granites is shown in Fig.
1. The 3 granites lie on a line which sirikes roughly

* Contribution no. 105 in the Norwegian .geotraverse
project. .
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Abstract—The Precambrian Fla, [ddefjord. and Bohus granites lie along a line striking roughly north-
west which crosses the Permian Oslo Province to the southwest of Oslo. Radioclement investigations
in the three bodics show they all contain abnormally high thorium and uranium concentrations relative
to the published literature on average radioclement contents of granitic rocks. Trend surface analysis
of the radioclement distribution in the Iddefjord granite suggests there was relative movement of
uranium to the cast with respect to thorium, possibly as the result of Permian activity in the adjacent
rocks. Geological considerations. radiometric evidence and published gravimetric data suggest that
the 3 granites represent a continuous belt enriched in thorium and uranium during the Sveconorwegian
orogeny. A portion of the belt was later involved in the Permian igneous activity which produced
the igncous Oslo Province. There is some evidence that the Permian Drammen and Finnemarka
granites represent that part of the belt which was modified in Permian time.

northwest, crossing the Permian rocks of the Oslo
region. through the large Drammen granite (arca, ap-
proximately 600 km?) and the Finnemarka granite
of about 150 km?2. The length of this zone from the
northern tip of the Fla granite where it appears [rom

g

ot

Fig. 1. Locations of some granitic hodics in southeastern
Norway showing the Fli-lddeford-Bohus granitic belt
cutting across the plutonic rocks of the Oslo region.
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beneath Palcozoic rocks to the southern border of
the lddefjord granite is 210km with an additional
90 km being added by the Bohus granitc which Sample no.

Table 1. Rb/Sr data for the Fli and Iddcfjord grani, i gouble the mean T,h i
11963) and by CLARK et ai

T ! 7 s The incan U content 15 5

. stretches southwards to, the town of Lysekil in Fld granite. Rb/Sr St/ jhe granite averages g);’c:'
Sweden. The possibility of the existence of a semi- Fi3 106 0-74922 wistograms of an.;. 2 h"-m-
continuous belt of cogenetic rocks which includes all F16 134 0-75903 {he mear, but that the “;
3 of these granites is indicated by the radiometric F15 163 0-76954 The mean K cor(mc.'::mr'ux;"
results and other evidence. There is also some evi- ;‘:2 :g‘; g;‘g;gz the raﬂge'qf alkal.l Eran:
dence that the two abovc-mentioned large Permian Age =913 + 28 my. The sslrpﬂsmgly t}‘:g 'mﬁ
granites of the Oslo region may represent a complete Ri = 0:70933 the W‘df’ spread s 0.“,“ .m‘
remelting of a portion of this belt, with consequent fddefjord possibility that ox1dauo‘.
dilution of Th and U by material of lower Th and n7 ;g(s) 37‘21408 migraﬁfm of U at IS(O"gt—
U content arising from the Upper Mantle or lower B; 449 0272& 1 the increase in K ¥
crust. This belt is enriched in Th and U relative to 1106 335 083167 . SMITHSON (1963}. lomf:
average granitic rocks and may represent a Th and 1132 1-51 0-76618 hecause when U 18 P Olltﬂz
U province analogous to the Rum Jungle complex Age = 900 + 35 m.y. line through the points h
in Australia (HeiR and RHODES, 1966). Ri = 07098

a slight decrease in U as
Th/U ratio aguinst K she

Analytical technique—gamma-ray spectrometry T o a5 s
tion. The mean Th/K ra
Hrier and ROGERS (196:
mean U/K ratio. howeve
granite given by these aut
ation of both U and K er
cranites, yet maintaining
a super-enrichment of Ti
abnormally high Th/U a
not appear 10 be any pa
radiometric resulis and t!
center of the Hedal gram

The analysis of Th, U and K concentrations was done ~ &ranite are presented in Tuble 2. Histograms showing

by gamma-ray spectrometry. a stundurd technique which  the range in concentration and clement ratios are
has been described by Apasts and Gasparing (1970) with

! illustrated in Fig. 2. The results, map coordinates and
respect to analysis of rocks. The faboratory apparatus con- oper staistics for individual samples which contrib-
sisted of a 400 channcl gummu-ray spectrometer with a e S S

5 x 5 in. Nal(T1) detector. Samples averaged over 700 g Ul€ to mcan values discussed in this paper can be
in weight, and counting times were adjusted to maintain  obtained from tables listed in Kinteen and HEER (in
results within the following limits of sccuracy: + 5% for  press). Unusually high thorium concentrations are

U, + 37 for Th, and & 17, for K. Morc details on the  foynd in the Fla granite. For comparison, Table 3
laboratory equipment, its calibrution, and the analytical

precision have been given by RAADE (1973) and by KiLt.een lists some granitic and upper crustal average radioele-
and Heuk (in press). ment contents. The mean Th content is more than

The Fla granite

FLA GRANITE oh g values
The geology and gravimetric work on the Fli granite High and ‘?W Fl’:l rav
by SsmiTHsoN (1963) is bricfly summarized here. The granite l[]ﬂ ) throughout the Fid & \,‘
is composed of a Jarge northern body referred 10 as the h ) % % S o produced the existing ‘
Hedal granite, and a smaller adjacent body called the Adal Thepm and their ratios for the :
granite. The granite is primarily porphyric with a fine- ) the 1ddefjord and Bohus
grained centre in the Hedal granite. The composition of discussed belov
the granite falls within the range of quartz monzonites. . these are Cise |
The granite is gcngru'lly concordant with gradational corn- v » The 1ddefjord granite |
tacts with the gneissic country rocks. Gravity data indi- s knowled)
cates it is 4 thin plate with a thickness of from 1-7 to ] . 5 1 To the autho_rs‘ st
a maximum of 25 km with a possible extension plunging Uppm ey ! detailed geologicul ‘w’\
southeast under the gnvisses. A combined anatectic origin, » Iddeford granite. Sm‘n“ "
modificd by metasomatism. appeirs to be indicated. The . ) granite rescmbles ~‘,“ 4 o
neighbouring gneisses and the mineral assemblages in the appearance, shape. :m'um‘(
granite are middle amphibolite facics. w 10 fiord granite was mentt -
(1963) as being medium-&
Rb/Sr whole rock age determinations e _ Si0,. They pointed oul thi
Reconnaissance Rb/Sr whole rock isochron ages obtained z i S ? ¢ e |
on the FlA and lddefjord granites showed them to be of ' 3 . o ns
identical age and initial *7Sr;"Sr ratios. The analytical N Table 2. Arithmetic met
data are given in Table }. The ages (2 = 1139 x 107 Tyr~ 1) g
and initial ratios obtained were 913 £ 28 muy(20), Ri = zm '———-‘—‘—“"‘:Fh"
0-7093 for the FIA granite and 900 £ 35(20). Ri = (-7098 3 a
for the Iddefjord granite. & Granite op
! . _—_——————_-_—/
o . . 10 2 10 15 o R 457
Th, U and K distribution in the Fld granite "E i Fla 502
. . ) L. Fig. 2. Histograms showing the distribution of the three Iddefjord ‘_3
The arithmetic means and standard deviations for  rudioclements. their ratios. and heat production for 52 Bohus 6
the results of the analysis of 52 samples of the Fla

samplcs from the FE granite.
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souble the mean Th given by Heier and RoOGERs
1463) and by CLARK et al. (1966) for average granites.
(he mean U content is more than 20%, greater than
e granite averages given by the above authors. The
intograms of Fig. 2 illustrate the wide spread about
:he mean, but that the mean is close to the median.
the mean K concentration puts the FId granitc in
e range of alkali granites of CLARK er al. (1966).
The surprisingly high mean Th/U ratio coupled with
the wide spread shown in the histogram indicates the
pogibility that oxidation of U has occurred with
migration of U at some time. This may be related
1o the increase in K by metasomatism invoked by
SyitHsoN  (1963). Some  evidence for this exists
tecause 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 ratio against K shows a positive relation since
the Th against K plot has the normal positive rcla-
tion. 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 thesc authors. Thus we have the situ-
ation of both U and K cnrichment relative to average
granites, yct 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 particular correlation between
radiometric results and the finc-grained granite at the
center of the Hedul granite, or with the Adal granite.
High and low values are randomly distributed
throughout the Fli granite. Some clucs as to what
produced the cxisting values for the radioclements
and their ratios for the Fli granite are found when
the Iddefjord and Bohus granites ire investigated, and
these are discussed below.

The Iddefjord granite

To the authors’ knowledge. at present there is no single
detailed geologicu! investigution published concerning the
Iddefjord granite. SmrTisoN (1963, p. 177) stated “The Fli
granite rescmbles the Iddefjord granite in megascopic
appearance, shape, and contact phenomena™. The Idde-
fjord granitc was mentioned bricfly by BArTH and RErvaN
(1963) as being muedium-grained and containing 71-75%
$i0,. They pointed ouf that it is considered as equivalent
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to the Bohus granite in Sweden which has been discussed
in greater detail. Gravity interpretation by RaMsiRG and
Smitnson (1971) indicated it is 4 “floored platclike body
emplaced in a dome™. They showed it can be “represented
by a stab 3-5km. thick that thickens to the cast and
plunges under the gneisses there™. It is also suggested that
the granite plunges under the gneisses to the north and
reappears in small domes. Formation by anatexis is indi-
cated.

Th. U and K distribution in the lddefjord granite

The Iddefjord granitc 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 thc mean close
to the mode, similar to the Fla granitc. The mean
K content is in the range of alkali granites given by
CLARK ¢t al. (1966), and only slightly lower than the
mean K content of the FId granite.

The most significant difference between the Fla and
Iddefjord granites is the relatively higher mean U
content of the Iddcjord granite. The mean Th/U ratio
is then stightly less than the Fl& granite. and the U/K
ratio is slightly higher. The Th/K ratio is stiil very
high similar to the Fla granite.

Thus it appears that both the Fla and 1ddcefjord
granites arc cxceptionally high in Th. yet the Fla
granitc has only a 20% U cnrichment rather than
the 1007 U cnrichment over average granites shown
by the Iddefjord granite. Why docs the Iddefjord
granitc contain a greater amount of uranium? Some
evidence as to the bchaviour of Th and U within
the large 1ddefjord granite can be seen in the follow-
ing trend surface analyses.

Trend swrface analysis—Iddefjord granite

Before presenting the results of trend surface analy-
sis, a bricl discussion of the technique and method
of sclection of best trend surface will be given.

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

Table 2. Arithmetic means of radiometric results for 52 samples of Fli granite, 134.samples of Iddefjord granite and
5 samples of Bohus granite

Th U K Th/U Th/K U/K Heat production
Granite (ppm) {ppm) (%) x 10* x 10° {calfem? scc x 1071%)
Fla 457 57 4-70 102 98 12 124
Iddefjord 50-2 99 452" 69 112 22 157
Bohus 635 55 514 12:7 12-4 11 154
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Table 3. Average Th, U and K contents of continental crust and granitic rocks

Th ppm U ppm K% HP*
Contincntal 114 30 — — ADAMS et al. (1959)
Crust (surface) . 100 28 2:6 404 HEler and RoGexs (1963)
’ 9-6 27 209 378 TavLOR (1964)

Canadian 103 245 2:58 3-86 SHaw (1967)
Shield 130 2 268 413 Eapt and FaHRIG (1971)
Archaean shield

crust 45 07 15 Lameert and Heer (1968)
Paleozoic crust 7 13 17 LamairT and Heier (1968)
Granitic _ 475 379 6-76 Heier and ROGERS (1963)
Rocks 1736 - 347 669 Hewr and ROGERS (1963)
Granodiorite 93 26 2:55 378 CLARK et al. (1966)
Siticic + 200 47 426 7-29 CLARK et al. (19606)
Igneous (alkali granite)
Rocks
Granitic Th/K x 10°% ratio = 4:9 Heier and Rocers (1963)
Rocks U/K x 10 ratio = 1:2 Heer and ROGERS (1963)
Canadian U/K x 10% ratio = 0:95 Suaw (1967)

Shicld

* H.P. (Heal production) in units of 10™'* calfem?/sec {assuming specific gravity = 2:67 g/em?®). All values computed
from given Th, U. K values using: H.P. = 0-62 U ppm + 017 Th ppm + 023 K%,

squares technique to all of the available data and its
cocflicients determined. Then this polynomial is the
equation of a surface through the data, and it can
be used to compute thorium conceptrations between
and around the measured 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 the true
trends in the thorium concentration, 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 lincar, quadratic, cubic, etc., surface
depending on whether it has lincar terms. quadratic
terms, cubic terms. ctc, in the equation. As higher
degree terms are added to the polynomial. the closer
the trend surface will fit the data since the surface
is ablc to twist and turn to mcet the measured data
points. The lincar trend surface is simply a plane fit-
ted through the data. This does not mean that the
highest degree trend surface is the best, unfortunately.
since in fuct the closer it fits the data, the more it
hides the trends. On the other hand. the lineur sur-

facc may not be the best to use-since the trend surface

could be convex (or concave) with a central maximum

(or minimum). or some other more complex shape.

Determining which surfuce is the best is partially a

subjective decision. made by comparing the data to

the trend surface contours, In an cffort to help make

the decision more objective, the coellicicnt of deter-
mination (herealter refeered to as c.d.) was developed.

Its mcaning and usage has been described by ALLex
and KruMseIN (1962). The cd. is simply the fraction
of the total variation in the data which can be
explained by the variation in the trend surface. When
the ¢d. equals 1-0 it is a perfect fit and. as mentioned
above. there is no trend left. Howawrte (1967
attempted to determine what would be considered u
‘good” value for the c.d. by computing trend surfaces
for random data. Since it was random data theoreti-
cally it contained no ‘trend’ and therefore the cd.
for cach surface should be the lowest possible value.
His work suggested that if the c.d. were below 0-06.
0-12, and 0-162 for lincar, quadratic, and cubic sur-
faccs, respectively, the data distribution could be con-
sidered close to not being significantly different from
random. But thesc valucs still cannot be considered
as proof that there is no trend. He also pointed out
that the mean value of the dependent variable in the
data will affect the value of the c.d. As SincLAIR (1967)
has indicated, where there is a tendency for data to
have a large standard deviation. there will be a tend-
ency “for calculated trend surfices to have a wide
scatter of true values and a poor statistical fit even
where a definite trend exists”. Thus the subjective
approach may have to be used. One indication that
a trend surface is statistically significant is given whett
several related variables show similar trends, even
though the c.d. is low. It is unlikely that similar trends
could be generated from completely random distribu-
tions.
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Fig. 3. Histograms showing the distribution of the three

radioelements. their ratios, and heat production for 134

samples from the Tddefjord granite (white) and 5 samples
from the northern part of the Bohus granite (black).

All trend surface analyses in this investigation were
carried out using a modificd version of a computer
program by O’Leary ¢t al. (1960). The main modifica-
tion was a logarithmic transformation of the data.
Lincar to sixth degree surfaces were computed for
all variables, and based upon the factors discussed
above, the fourth degree surface was chosen as best
representing the trends in the distribution. The wide
spread in radioclement values mcasured in the ldde-
fiord granite (large standard deviation) which are
casily scen in the histograms of Fig. 3 produce a low
¢d. for the trend surfaces. Geological considerations
and the simifarity beiween related trend surfaces indi-
cate the trends are definite and significant. The distri-
bution of the 134 sample locations which were the
basis of the trend surface analysis are given in Fig.
4. The fourth degree trend surlace (cd. = Ot7) for
potassium s given in Fig. 5. The relatively uniform
spread in K values about the mean of 4:3% is evident.
Howewer, there is a slight tendency for the lower con-
centrations (42-4-4%; K) to be located on the cast

K R S R R
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Fig. 4. Saumplc localitics within the Iddefjord granite used
as a basis for the trend surfice anadysis of the rudioclement
distribution.

side of the body. and values greater than 467, to
be located on the southwest or northwest sides of
the body. The trend surfuce (c.d. = 0-12) of uranium
distribution in Fig. 6 shows a strong increasing trend
from west 1o cast, with a tendency for some high U
vilues in the northwest corner of the body. Thus the
slightly negative refation between U and K found for
the Fla granite is also indicated here. The lower K
contents of the cast side ol the body are associated

IDDEFJORD GRANITE
K%
<™ DEGREE TREND

Q S 10
Km

Fig. 5. Fourth degree trend surface of K("5) for the Idde-
fjord granite.
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Fig. 6. Fourth degree trend surface of U (ppm) for the
Iddefjord granite.

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

The thorium trend surface {cd. = 0:29) in Fig. 7
shows the rather interesting result of high values in
the west and lowest values to the cast, exactly the
opposite trend shown by uranivm. This obviously
points to relative movement of uranium and thorium,

The trend surface for Th/U ratios (not shown) is
almost identical in shape to the uranium trend sur-
face, with Th/U ratios of greater than 7 in the west
grading to less than 4 in the cast.

IDDEFJORD GRANITE
Thppm
4™ DEGREE TREND

2 3 0
en

Fig. 7. Fourth degree trend surfuce of Th (ppm) for the
lddeflord granite.
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Fig. 8. Fourth degree trend surface of heat production
(calfem®/sec x 107 '3) for the Iddefjord granite.

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

The U/K x 10* trend surface resembles the U
trend surface and ranges from 16 and less on the
west to 26 or greater on the cast.

The trend surface for heat production (c.d. = 0-08)
which is a combination of the cffect of all 3 radioele-
ments, is given in Fig. 8. The greater part of the body
lics between 14 and 16 hpu. (I hpu = 107 calf
em?/sec) with a tendency to increase to 18 h.pu. to
the northwest. Thus the west side of the [ddefjord
granite resembles the FIA granite 1o a greater extent
than the cast side. The west side of the Iddefjord

granite has similar Th, U, and K contents and Th/U.
Th/K. and U/K ratios to the Fla granite. It appears
that cither the west side of the lddefjord granite and
the FI3 granite were depleted in U, or that the cast
side of the Iddefjord granite was enriched in U by
some process. It is interesting to note here that the
Fla granite is relatively thin, and that the lddefjord
granitc is thinnest in the west, and thickens to the
east as it plunges under the gncisses (RaMnErG and
Ssmrruson, 1971). Before ‘coming to any final conclu-

sions the results for the Bohus granite will be dis-
cussed.

The Bohus granite

The geology of the Bohus granite has been described
by ASKLUND (1947), and a summary by Grner (1963) indi-
cates it is a flar facolith. MaGaussoN (1960) reported K-As
ages of 920 m.y. and 1010 m.y. for 2 samples of Bohus
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.ong under the gneisses that is indicated by RAMBERG
L Switison (1971) for the lddefjord granite. He also

_laws a feeder stalk beneath the body.
o U and K results for the Bohus granite
he mean radioclement concentrations and their

sws for the Bohus granite are given in Table 2.

ihe extremely high mcan Th is remarkable, being

* . 3 times the average granite values of Table 3.

tne mean U is about equal to the mean U measured
wr the Fla granitc. The mean K content is slightly
scher than for either the Fld or Iddcfjord granites
nut closest to the K content of the Fld granite. The
mean Th/U ratio is very high. again similar to the
114 granite. The mean Th/K ratio is also only slightly
kigher than for either the FIA or lddcfiord granites.
fhe mean U/K ratio is similar to the Fli granite value
nd the values found on the west side of the Iddefjord
granite. It must be remembered that these are the
means of only 5 sumples, and it is only meant to
e a quick check on the radioclement contents of the
Hohus granitc to confirm the present beliel that the
Hohus and Iddcfjord granites arc onc body. The stan-
dard error of the mean is fairly high but our purpose
was accomplished.

DISCUSSION

The overall picture of the radioclement contents
of the 3 granites is the following:

(1} all 3 granites are cnriched in thorium relative
to granitic averages by at least a factor of two. The
thorium concentration increases southward from the
FI4, to 1ddefjord to Bohus granite.

{2) All 3 granites are enriched in uranium relative
to granitic averages, but only the lddefiord granite
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 Iddefjord granite shows
that the enrichment is on the cast side of the body.,
and the west side rcsembles the FId and Bohus
granites in uranium contents.

AMBERG and
inal concly-
will be dis-

LY

n described
(1963} indi-
orted K-~Ar
s of Bohus

{(4) All 3 granites arc high in potassium (alkali
granites), with the concentrations being stightly higher
in the FI3 and Bohus granites than in the Iddefjord
granite. I the slight enrichment in potassium on the
west side of the lddefjord (relative to cast side) granite
is considered, the pattern is increasing potassium
from 479 in ‘the Fl3 granite o §1Y% in the Bohus
granite.

Thus the picture is one of a belt of granitic rocks
about 300 km long with similarly high thorium and

eaL
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potassium contents increasing from northwest to
scutheast. Uranium, however, is approximately con-
stant from the Fla granite to the west side of the
Iddefjord granite to the Bohus granite. The displaced
high U content (which produces the mean of twice
granitic averages for Iddefjord) must be related to
some event which could cause oxidation and relative
movement of U with respect to the Th high. The fact
that the west side which is depleted in U is in contact
with the Permian igneous racks of the Oslo region,
and is also the thinnest side scems to indicate that
Permian volcanism may have heated the lddefjord
granite on the west side causing oxidation and
migration of U. The Bohus granite lies fairly close
to the southern cxtension of the Oslo region into the
Skagerrak. The FIa granite lics at about the same
distance as the Bohus granite from thc Permian Oslo
region. It is possible that sulficient heating occurred
to cause U migration. This can be done without reset-
ting of the Rb-Sr radiomutric clocks as in the casc
of the Levang granite gneiss domie in south Norway
(KiLeeeN and Hier, 1975).

Thus it is proposed that the entire belt had its U
content modificd by the Permian Oslo cvent, but
otherwise the belt is unchanged. The migration of U
is mcomplete in the lddefjord grunite possible duc
to its greater thickness towards the cast and perhaps
its greater width, than the other two granites.

The other alternative is that the belt, though
obviously enriched in Th is only enriched in U to
about 20% above granite averages, and the Iddefjord
granite is a specially cnriched part of the belt. Yet
why this enrichment is on the cast side of the ldde-
flord granite nearcst the gneisses is unknown, This,
and other radioclement investigations by the authors
appears to indicate that a U/K x 10* ratio of about
-2 is a stable ratio and any increase n U which
increases this ratio represents U which is easily lost
and contained in a substantially dilferent mode in the
rock than the stable U, It is likely that there are a
himited number of vacancics for U, and these are filled
when U/K x 10* = 1-2, and any additional U is held
very looscly. This could explain the observed con-
centrations in the 3 graniices, the observed distribution
in the Iddefjord granite, and in addition the ease with
which the Permian Oslo region’s igncous activity
could have induced migration of the excess U in all
J granites.

Previously reported K/Ar dates ranged as low as
776 m.y. for the Iddefjord granitc (Broch, 1964).
When this is compared with the data in Table 1. and
the K/Ar data on the Bohus granite reported above
it could indicate loss of argon which possibly
occurred as a result of heating by adjacent Permian
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igneous activity, as is suggested here for the uranium

movement.

The Fla, Iddefjord and Bokus granites as a Th-U pro-

vince

The similar geology, ages, initial Sr®7/Sr®¢ ratios,
and gravitationally detcrmined shape, indicate the
granites belong to one continuous Or scmi-continuous
belt of rocks 300km long, and about 25km wide
(area approximately 7500 km? = 3000 square miles)

originating in a structurally favorable zone, The simi-
farly high radioclement concentrations which differ
considerably {rom most other Norwegian granites
(KiLLkeN and HEIER, in press) also tend to confirm the
fact that they have a related genesis.
The mcan Th contents of this belt arc similar to
the concentrations reported by Heigr and RHODES
(1966) for the granites of the Rum Jungle Complex
of Australia. The Rum Jungle granites have mean Th
and U contents of 457 and 103 ppm, respectively,
They designated the Rum Jungle Complex and sur-
rounding arca a thorium-uranium province because
of this ‘enrichment above crustal averages. TREMBLAY
(1972) reported average uranium contents of 54 ppm
in granites in the Beaverlodge area of Saskatchewan,
Canada, and EADE and FauriG (1971) reported mean
Th and U contents of 357 and 81 ppm. respectively,
for the Bear Province of Canada represented by 92
granite samples collected in the Hardisty Lake area
{approximately 3750 km?). Both of these areas are
uranium mining arcas (LANG et al.. 1962) and as such
can be considered U and Th provinces analogous to
the Rum Jungle Complex. Puair and GOTTERIED
{1964) described the Colorado Front Range (arca ap-
proximately 18,000 km?) as a uranium and thorium
province with mean U and Th contents of 4:6 and
22:7 ppm, respectively. In the Canadian Shicld three
radioactive belts outlined by airborne gamma-ray
spectrometry contain mean U and Th contents of 6
and 334 ppm. respectively (DarNLEY et al.. 1971,
1972; RicHARDSON et al., in press). The belts are
approximately 240-280 km long and 70-80 km wide.
The Th and U concentrations represent more than
twice the average for the Cunadian Shicld given in
Table 3 (Suaw, 1967; Eabt and FanwriG, 1971).

P. G. KiLLeen and K. S. HEIER

The Fla-Iddefjord-Bohus granitic belt is of ¢y,
parable dimensions to these arcas with mean radioy),.
ment concentrations which equal or exceed the aho,,
concentrations, and as such could bc considereq |
uraniyum and thorium province.

Roscoe (1966) has indicated that most of
world’s low cost uranium is derived from non-marip,
sedimentary rocks. Areas favorable for uraniug
cxploration would be sedimentary geologic sctling,
in the vicinity ol crystalline provenance rocks which
arc enriched in the radioelements. The Th-U pro.
vinces could provide such cnriched source rocks for
sedimentary-type uranium deposits.

The Drammen granite and Finnemarka granite as o
Permian portion of the Th-U province

The radioclement concentrations of the Permiun
rocks of the Oslo province have been studied in detail
by Raant: (1973) and the mean values for 109 samples
of the Drammen granite. and 22 samples of the Finne-
marka granite shown in Fig. | arce reproduced in
Table 4.

Also included in Table 4 are the mcan values for
the entire Oslo region compiled by Raani: {1973). He
was able 10 subdivide the plutonic rocks of the Oslo
province into two main groups on the basis of their
Th/U ratios. His group | has relatively constant ThiU
ratios with fow mcan values (Th/U = 3-5-4-5) while
Group 2 has high mecan values (Th/U = 4-5-63)
which are very variable {ic. have high stundard devia-
tions). He suggests “this clear division of the plutonic

rocks undoubtedly reflects a profound difference in
origin and/or differentiation history of the 2 main
groups™. Group 2 comprises the Nordmarkite, Ekerite
and biotite granites.

Raapg (1973) accounts for the group with variable
ratios by postulating a process of contamination {rom
overlying Precambrian rocks. He also suggests that
selective loss of U by oxidation due to higher oxygen
fugacity in the upper crust could explain the highly
variable Th/U ratios. :

The Precambrian rocks which were part of the pos-
tulated contamination could very likely include that
portion of the Fli-lddchord belt which is missing

Table 4. Arithmetic means of radiometric results for two Permian granites and means for the entire igncous Oslo
Province {(taken from Raaot. 1973)

~Th U K Th/U Th/K U/K Heat production
Granite (ppm) (ppm) (VA x 10* x 104 {calfem® scc x 10719)
Drammen 271 47 426 619 643 1-10 §-48
Finnemarka 211 46 386 513 548 1-20 736
Oslo Province 19-1 43 40 —

— — 688
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| is interesting to note that the Fla-Iddefjord belt
s granitic rocks is parallel to and about 150 km

uthwest of a belt of granitic rocks of similar dimen-

. ns. This other belt stretches from Lake Vanern (in
«seden) in the southeast to the Trysil district in Nor-

ay in the northwest wherc it disappears bencath the
)';kozoxc rocks, as does the Fli-Iddcfjord belt.

The granitic rocks of the Trysil arca have been
Lited by PRIEM et al. (1970) and KiLLeen and HEIER
wn press). It appears to be in the range of 1500-1600
m.y. The radioclement contents determined by KiL-
uiy and HEER (in press) shows the Trysil granite to
nave mean Th and U concentrations lower than for
average granites.

It is too carly 1o speculate on any relationship
hetween the two belts since therc is at present. insuffi-
dent information  regarding  radioclement  con-
centrations in the casternmost belt. and the gneiss
region between them.,
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MINERALOGICAL AND GEOCHEMICAL
STUDIES OF LOWER PALAEOZOIC ROCKS
FROM THE TRONDHEIM AND

OSLO REGIONS, NORWAY

HENNING DYPVIK

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

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

In the eugeosynclinal 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 the
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, Institutt 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 eugeosynclinal 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 (Bjgrlykke 1974 a, b, Bjgrlykke & Dypvik ‘1975, Dypvik & Brunfelt
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.

Geology

It is now assumed that the typical eugeosynclinal 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 extension of the Scandinavian Caledonides.

gion (Fig. 1) represent epicontinental foreland sediments (Stgrmer 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 Hglonda-Horg area (Fig. 1) of
the Trondheim Region (Fig. 2) was established by Th. Vogt (1945). The se-
quence is typical of eugeosynclinal 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.

The Gula 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 Stgren (Fig. 1)
serpentinitic bodies are often found in the group (I. Rui, pers. comm. 1974).
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The Stgren Group, comprising a thick sequence of spilitic greenstones,
mainly pillow lavas, is considered to lie stratigraphically above the Gula
Group. In the Stgren Group intercalated jasper layers are often found.

THE OSLO REGION

10
Upper
THE TRONDHEIM REGION Silurian 8-9
Ta-Tc
Horg  Group qugr
lyngestein corglorrerate Siturian 6a-6¢
Hovin sandstone
Volla conglomerate
. Upper
Dicranograptus shale Ordovi
vic. Lc-5b
Krokstad sandstone
Krokstad shale )
Holonda limestone Middle Laf-4b
Venna conglomerate Orcbvic. L ad
3b-3c
Stéren Group Lower
Gula Group Ordovic. 2e-3a
Upper
Cambr. 2a-2d
Middle
Carrbr. te¢-1d
ower
Cambr.

Fig. 2. Stratigraphy of Lower Palaeozoic sediments in the Hglonda — Horg area of the
Trondheim Region and in the Oslo Region. The stratigraphy of the Oslo Region is sub-
divided into stages (etasjer).
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A polymictic poorly sorted conglomerate, the Venna conglomerate, lies
directly above the Stgren 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 (Holtedahi 1920, Bjgr-
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 Hglonda area, graded bedding and slumping
structures have been observed (Chadwick et al. 1962), and they are probably
formed by turbidity currents. Fossils from the Hglonda limestone, a lime-
stone unit in this group, indicate a late Arenig to early Llanvirn 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 Helonda andesite, of about Krokstad shale age, and the Hareklett rhyoli-
tic tuff, which is situated between Krokstad sandstone and Dicranograptus
shale.

At the base of the Upper Hovin Group lies the polymictic Volia 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 1o
be of Lower Silurian age, while the Horg Group was supposed to have been
formed in Upper Ordovician time. In this work I have followed the strati-
graphical usage of Vogt (1945).

Most of the rocks investigated from the Hglonda-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 Bjgriykke
(1974 a, b).

Rocks of Middle Cambrian age (stage 1c-1d) 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 1mm/1000 years. The younger Ordovician sediments con-
sist of alternating shale and limestone beds, showing a successive increase
in sedimentation rates (Bjgrlykke 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 (Bjgrlykke 1974a).

Sampling and analytical techniques

35 samples from the Hplonda-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. Bjgrlykke.

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 Bjgrlykke (1974a,b), Bjgrlykke & 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 Miiller (1967) and Skaar (1972). The same instrument was
used for determinations of 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 1013 nfcm? sec in a JEEP-II reactor at Kjeller,
Norway. y-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 diffractograms.

Stratigrashical oni No. of Chlorite lllite  Albite Quartz Calcite Dolomite Actinolite Fepl‘:,‘:s:r

tratigraphical unit analyses  7A 10A 319A 426A 303A 288A  842A 326 A&
The Lundesokna profile

Silurian Horg Group 4 15.6 11.5 31.8 17.8 223 1.0 - -
Lyngestein conglomerate i 18.9 8.5 10.2 18.0 27.7 16.7 - -
Hovin sandstone 2 16.3 6.7 149 19.0 25.6 17.5 - -
Dicranograptus shale 3. 218 5.0 43.9 21.2 8.1 - - -

Ordovician Krokstad sandstone 4 27.6 52 45.8 17.1 43 - - -
Krokstad shale 4 374 14.0 278 15.4 5.4 - - -
Venna conglomerate 2 278 9.9 38.7 17.3 6.3 - - -
Stgren greenstone 1 34.1 2.0 48.5 0.7 - - 14.7 -

Cambrian Gula Group 2 24.7 100 - 217 26.8 11.8 - - 5.0

L The Horg profile

Silurian ~ Horg Group 4 228 123 456 132 44 17 - -
Lyngestein congiomerate 1 143 4.2 8.2 12.7 60.6 - - -
Hovin sandstone 3 18.5 10.2 119 17.0 21.8 20.6 - -
Dicranograptus shale 3 20.5 5.4 30.6 14.1 294 - - -

Ordovician Krokstad sandstone 3 34.4 8.3 374 15.6 43 - - -
Krokstad shale 2 38.7 10.1 36.4 14.8 - - - -
Venna conglomerate 1 18.8 142 18.2 18.6 30.2 - - -
Stgren greenstone 4 26.9 11 41.5 2.9 11.8 - 15.8 -

Cambrian Gula Group 3 29.7 16.5 25.2 18.8 58 4.0 - -
Hglonda andesite 1 11.0 6.8 69.2 7.8 2.7 - 2.5 -

1 53 11.7 30.1 20.1 328 - - -

Hareklett rhyolitic tuf€
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Table 2. Mineralogical analyses of Lower Palaeozoic shales and limestones from the Oslo Region. Qata as relative precentages from 1)
X-ray diffractograms. Shale < 10 % CaO, Limestone > 10 % CaO. 0
bl

Potash (03

Stratieraphical unit No.of  Chlorite  lllite Albite Fe;’ds;ar Quartz  Calcite Dolomite =

tratigraphical unit analyses TA 10A 319A 321 A 426 A 303 A 2.88 A :’

. Pl

10 shale 1 11.7 5.4 32.0 - 45.7 52 - 4

8-9 shale 2 25.7 17.7 14.9 - 17.9 17.0 6.8 .

Silurian limestone 1 0.6 1.2 0.8 - 2.2 93.1 2.1 T
7a-7c limestone 2 47 3.5 2.1 1.4 5.6 80.9 1.8 m

6a~6¢ shale 2 15.3 10.7 8.7 4.9 323 277 0.4 .

4c-Sb  shale 2 6.6 19.9 15.0 1.7 24.8 17.8 142 0

limestone s 28 1.2 29 3.1 16.8 73.2 - g

4af—4b shale 2 179 23.8 10.3 1.0 12.2 258 9.0 T

Ordovici ; limestone 1 1.6 2.8 37 - 5.4 80.5 - m
rdovician 4aa shale 2 29.7 24.7 10.4 - 15.5 14.0 5.7 Z
3b-3c¢ shale 3 9.2 < 199 23.0 17.3 229 - 7.7 »

limestone 2 1.9 4.6 1.8 - 5.0 76.9 9.8 z

2e-3a shale 4 - 38.4 13.9 15.9 27.0 - 48 o

2a-2d shale 4 - 46.7 11.3 15.7 220 - - FeS, 43 8

. limestone 2 - 1.1 - - 2.6 93.4 2.9 i 2
Cambrian le-1d shale 2 6.5 513 95 = 62 23.0 23 - °
limestone 2 - - - - 2.0 98.0 1.2 r’:

Q

o]

Z

17

11z
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Table 3. Major element analyses of Lower Palaeozoic sediments

’ ; “"“.‘ s 3 3
T

and volcanics from the Trondheim Region.

All concentrations in percent. Ign. loss = ignition loss.
. . . No.of SiO, TiO, Al,O, Fe,0, MnO MgO CaO Na,0 K, 0 P, O, Ign. Total
Stratigraphical unit analyses % % % % % % % % % % los% %
The Lundesokna profile
Siluri Horg Group 4 584 061 167 41 006 260 660 211 331 0.12 581 100.42
tunian Lyngestein conglomerate 1 563 0.58 106 4.6 006 502 951 112 251 0.1 11.00  101.41
Hovin sandstone 2 558 0.50 102 . 39 005 550 993 1.28 207 0.14 1209  101.46
Dicranograptus shale 3 65.1 0.69 143 6.1 007 283 266 312 186 0.10 3.61 100.44
Ordovician Krokstad sandstone 4 623 096 14.6 86 0.08 411 296 300 153 0.15 329 101.58
Krokstad shale 4 552 103 164 89 010 439 240 236 3.09 021 487 98.95
Venna conglomerate 2 627 091 138 81 009 350 249 283 218 0.8 352  100.30
. Stgren greenstone 1 454 140 167 109 015 880 1079 249 061 012 341 10077
Cambrian Gula Group 2 659 096 109 7.1 010 325 3.12 158 271 015 435 10011
o The Horg profile )
Silurian Horg Group 4 581 0.74 175 62 009 352 477 281 286 013 437 10109
Lyngestein conglomerate 1 602 052 106 42 006 4.09 977 127 145 012 921  101.49
Hovin sandstone 3 611 059 11.0 43 005 4.60 728 106 212 0.11 9.15 10136
L. Dicranograptus shale 3 513 066 120 64 014 352 1258 198 1.18 0.16 10.78 100.70
Ordovician Krokstad sandstone 3 583 091 161 88 0.10 428 3.03 250 209 018 378  100.07
Krokstad shale 2 572 099 160 89 011 472 345 261 192 022 404  100.16
Venna conglomerate 1 565 051 128 70 0.09 232 9.09 140 138 008 966  100.83
Stgren grecnstone 4 467 157 156 100 0.15 692 1245 252 028 019 433  100.71
Cambrian Gula Group 3 583 088 157 70 006 436 282 1.67 233 013 508 98.33
Hglonda andesite 1 563 093 180 64 009 222 631 334 301 034 263 99.57
Hareklett rhyolitic tuff 1 589 052 147 24 008 126 864 173 3.03 009 6.13 97.48
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Table 4. Major element analyses of Lower Palaeozoic shales and limestones from the Oslo Region. All concentrations in percentages.
Shale < 10 % CaO, Limestone > 10 % CaO. Data from Bjgrlykke (1974a). Ign. loss = Ignition loss.

No.of Si0O, TiO, Al,0, Fe,0O, MnO MgO Ca0 Na,0 K,0 PO, Tgn. Total

Stratigraphical unit analyses % % % % % % o, % % %  Loss % %

10 shale 1 796 040 84 27 004 156 199 195 149 012 268 10093
8-9 shale 2 537 075 146 66 009 466 597 143 335 015 889  100.19
Siturian limestone 1 1.1 016 31 17 005 203 4363 027 098 001 3581 9884
7a~7c  limestone 2 241 034 66 29 012 200 3350 045 163 004 2760  99.28
6a~6c  shale 2 651 058 103 47 007 296 593 076 243 007 732 . 10022 :
4c-5b  shale 2 617 072 121 47 006 243 632 100 316 015 706  99.40 !
limestone 5 333 020 35 15 005 167 3138 054 104 001 2568  98.87 ‘
4aB—4b  shale 2 496 067 162 68 006 501 749 091 338 009 1047  100.68
- limestone 1 259 032 74 40 029 274 3032 06! 157 018 2581  99.14 L
Ordovician 4aa shale 2 514 077 182 84 008 403 421 100 392 0.2 781  99.94 I
3b-3c  shale 3 574 092 173 41 003 222 271 097 448 020 562 9595 |
limestone 2 196 028 51 28 013 193 3625 025 140 026 3131  99.31 ;
2e-3a  shale 4 503 100 188 36 001 142 055 08 545 014 620 9735
2a-2d  shale 4 555 089 164 40 001 110 018 072 464 007 1656  100.07 ! :
Cambrian limestone 2 78 007 15 12 009 239 4769 008 025 039 3782  99.8 ;
lc-1d  shale 2 599 105 191 48 004 173 033 016 537 007 645  99.00 :
limestone 2 59 006 15 06 015 134 5066 004 015 021 3933 9994 '
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214 H.DYPVIK

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 diffractograms (Tables 1 and 2). Figs.
3 and 4 summarize the mineralogy in the samples from the two regions.

The Gula Group

The samples from the Gula 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
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OSLO REGION
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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.

TRONDHEIM REGION
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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 Palaecozoic sediments and volcanics from the Trondheim Region. All concentrations in ppm,
except for organic carbon which is given in percent. Not determined = n. d.

No. of Ba Rb Sr v Ni Zn Sc Cr Co Th U Core.

Stratigraphical unit analyses ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm %

AIAdAd 'H

The Lundesokna profile

Silurian Horg Group 4 615 150 433 69 22 75 139 29 13 14.1 n. d. n. d.
Lyngestein conglomerate 1 435 100 255 54 43 76 9.5 63 11 8.7 n.d. n.d.
Hovin sandstone 2 379 93 209 52 50 65 9.1 65 12 7.9 n.d. n.d.
Dicranograptus shale 3 1068 63 251 121 71 260 205 68 16 5.1 n.d. n.d.
Ordovician Krokstad sandstone 4 564 72 191 127 97 83 221 112 28 6.9 n.d. n.d.
Krokstad shale 4 538 125 143 143 98 107 22.9 82 25 13.2 n. d. n.d.
Venna conglomerate 2 445 72 92 124 88 137 18.7 98 20 5.8 n. d. n.d.
—  Stgren greenstone 1 63 2 116 181 167 62 38.1 166 51 0 n.d. n.d
Cambrian Gula Group 2 420 80 189 106 121 78 13.2 228 19 8.0 n. d. n.d.

The Horg profile

Siturian Horg Group 4 748 144 388 92 26 80 162 61 19 116 36 075
Lyngestein conglomerate 1 335 75 231 59 24 58 9.7 147 11 8.5 23 0.67

Hovin sandstone 3 424 107 187 66 54 60 10.7 164 14 104 24 0.83

Ordovici Dicranograptus shale 3 475 49 275 99 52 89 18.3 96 22 6.1 24 0.99
ican Krokstad sandstone 3 529 95 203 136 91 104 231 125 26 9.8 27 063
Krokstad shale 2 458 90 258 147 83 109 223 128 26 8.6 2.7 0.63

Venna conglomerate 1 395 53 431 105 34 66 16.8 101 18 3.1 1.0 0.63

- Stgren greenstone 4 64 3 238 201 168 77 353 178 44 0.4 03 0.55
Cambrian Gula Group 3 590 122 137 121 93 96 19.7 120 26 9.2 24 1.07
Hglonda andesite 1 941 131 802 81 0 73 10.8 24 9 22.7 5.7 1.02

Hareklett rhyolitic tuff 1 519 179 725 47 28 35 7.6 157 15 12.7 4.4 0.66
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Hglonda andesite

Hareklett rhyotlitic tuff

1

941 131
519 179

802
725

81
47

0
28

73
35

- 108
7.6

24
157

9
15

22.7
12.7 4.4

5.7

102
0.66

Table 6. Trace element analyses of Lower Palacozoic shales and limestones from the Oslo Region. All values in ppm. Ba, Rb, V, Ni, and Zn values

from Bjgrlykke (1974a). Sc, Cr, Co, and Th have been determined by the author. Shale < 10 % CaO, Limestone > 10 % CaO.

No. of

Ba

Strati hical unit Rb Sr \% Ni Zn Sc Cr Co Th
tratigraphical um .analyses ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm
10 shale 1 319 61 142 98 68 28 5.4 50 6 5.7
89 shalc 2 448 153 148 182 110 127 14.5 82 20 77
Silurian limestone - 1 314 31 951 36 35 40 3.1 10 s 3.1
7a-Tc  limestone 2 253 84 585 7 44 53 7.1 27 9 62
6a-6c  shale 2 786 181 279 232 119 61 9.4 421 13 6.8
4c-5b  shale 2 1310 126 133 175 9 111 112 664 18 1.3
limestone 5 140 47 1410 49 82 42 4.1 154 7 2.5
4aB—4b  shale 2 835 154 289 213 242 120 19.0 409 29 9.2
Ordovici limestone 1 759 61 627 108 96 69 8.4 144 20 35
rdovictan daa shale 2 991 146 264 249 112 142 24.2 179 33 9.3
3b-3c  shale 3 33227 130 350 180 60 107 15.1 76 11 153
limestone 2 324 90 700 100 37 54 5.7 15 7 5.4
2e-3a  shale 4 25775 168 163 589 62 89 14.4 88 6 15.1
2a-2d  shale 4 2457 159 73 775 114 65 10.9 56 10 9.0
Cambrian limestone 2 337 25 677 41 42 161 133 1 4 1.6
le-1d  shale 2 1024 234 25 393 67 151 15.9 72 13 143
limestone 2 69 28 210 21 36 39 1.9 8 4 22
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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.

The Krokstad sandstone

This group also consists of shales and greywackes. Chlorite and albite arc
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 sandstone are generally calcare-
ous. They also consist of chlorite, illite, quartz, and small amounts of albite.
Some rounded quartiz- and rock fragments of about 0.5 mm in diameter are
usually found in thin section. Dolomite has been detected in X-ray diffracto-
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 dolomite 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 diffractograms,
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 Stgren Group or basalts akin to these (Table
1). The decreasing chlorite content 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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Horg  Gr. 7
lyng. cgl. T
Hovin  sst. T
Dicr. sh. 7T
Krok. sst., T
Krok. sh. T

Venna cgl. T

Gulda  Gr., T
T T T I
] 2 3 Z.. 5 8
TA/ 10 A —»

Fig. 5. Stratigraphical variation in the 7 A/10 A ratio in the Trondheim Region. Values
from X-ray diffractometer analyses. 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 aIways 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 rtatios.
This result confirms the conclusion of Bjgrlykke (1974b) that the chlorite
found in samples from the Oslé Region is probably derived from eugeo-

" synclinal 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 Stpren 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 incréases, which may be due
to authigenic albite formation, calcite dilution effects in the Hovin sand-

stone, and Lyngestein conglomerate or renewed influx 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 (C,,.)
for the Oslo Region sediments from Bjgriykke (1974a). Not determined = n. d.

Gula Gula

Group Group Stgren Alum

greenst, shale

Oslo Trondheim

Region Region er. A gr. B
SiO, % 41.4 57.0 61.6 53.1 . 45.7 57.0
TiO, % 0.55 0.82 091 0.85 1.47 094
AlLO, % 10.7 14.2 13.7 15.0 15.8 173
Fe,0, % 35 7.4 7.0 11.4 10.1 43
MnO Do 0.06 0.10 0.07 0.22 - 0.15 0.02
MgO % 2.16 4.16 392 6.71 7.17 1.31
Ca0o % 18.58 6.40 2.94 3.04 13.05 023
Na,0 % 0.63 2.08 1.64 0.78 2.74 053
K,O Do 2.77 2.21 2.48 4.39 0.25 488
PO, % 0.12 0.16 0.14 0.31 0.17 0.07
Ign. loss % 18.66 5.87 4.79 3.75 4.16 13.19
Ba ppm 583 527 522 842 37 1979
Rb ppm 113 93 105 140 2 184
Sr  ppm 466 250 158 68 229 57
V  ppm 248 117 115 232 190 648
Ni  ppm 83 93 104 345 187 98
Zn ppm 83 103 89 256 60 94
Sc  ppm 10.7 18.9 171 19.8 356 12.6
Cr ppm 140 121 163 327 187 61
Co ppm 11 23 23 38 47 11
Th ppm 8.0 8.6 8.7 9.1 0.3 10.8 .
U  ppm n. d. 2.5 24 5.7 n. d. n. d.
Corg. % n. d. n. d. 1.07 1.72 0.36 7.6
Number of
samples 39 42 5 4 5 8
GEOCHEMISTRY

The Gula Group

The samples from the Gula 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 Fe, O3, MnO, MgO, K,0, P,0,, V, Ni,
Zn, Co, U and C,;., depleted in Na,O 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.

Si0,, TiO,, Al,0,, Fe,0,, MnO, Ca0, K,0, Rb, Sr, V & Ba + 1%
MgO, P,0, +3%
Ni, Zn + 4%
Th + 5%
Co +10%
Na, Cr, Sc + 2%

show differences in primary composition or chemical variations due to meta-
morphic reactions. The Cyg., 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 P,O; 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 Gula 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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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 both 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,O,
and MgO.

The high amount of K,O 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.

r. 108

The samples from group B are depleted in Sr, and have ]ower—'E—
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.
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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 rcpresents 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,O. 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 C,,. enrichments and Fe,O,, MnO, MgO,
Ca0, Na,0, P,O;, 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,0O,;, 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, P,0;, 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,O
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 (Bjgr-
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 Stgren 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 Hplonda andesite and Hareklett rhyolitic tuff are found. The
mineralogy of the samples is shown in Table 1.

Dewey (1969) maintained that the Stgren 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, Jakés & 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 (m), 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).

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 Stgren 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 Stgren greenstones. The samples were found to possess typical
tholeiitic patterns, but it appeared difficult using 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 100x MgO/MgO +FeO+

F5203+Na O+K;0, after Schilling & Winchester (1960). The average Stgren green-
stone is plotted in the figure.

& Haskin (1964) and Frey et al. (1968). Sample-H-1 displays an island arc
tholeiitic pattern, while H-4 and-H-5 seem to be more akin to ocean-floor
tholeiites,

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

Pearce et al. (1975) published a TiO, ~ K,O — P,0, diagram which could
discriminate between oceanic and non-oceanic basalts. This:diagram is shown
in Fig. 10, where the analysed samples from the Stgren greenstone are
plotted. They all plot in the field of gceanic 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 tholéiites define
their own trends. The spilites from the Stgren 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 Stgren greenstones are plotted in the
figure. The right figure is a Ti0,-K,0-P,O, 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 ratio typical for island-arc
tholeiites, H-5 and E-22 have oceanic tholeiitic ratios, and H-4 display an
intermediate affinity.

8 -
7 | sland arc tholeiite
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Fig. 11. Comparison plot after 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-5 are samples from the Stgren greenstones.
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Seawater alteration does lead to changes in the concentrations of the in-
compatible elements (Hact 1969, Philpotts et al. 1969). An increasing potds-
sium content and a decreasing K/Rb ratio have been found to be the result
of such a process 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 $pilitisation may give téxtural, minéraiogical,
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 métamor-
phic grade could be.regarded as closed systems.

By supposing that the lavas have undergone little seawater alteration,

that an isochemical metamorphism has occurred, and that samples are large

eriough (about 500 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 basalts. Fig. 11 is from Jahn et al. (1974) and
shows the different trends for various kinds of tholeiites. The samples are
norrnalized 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 Jakss & White (1972).

The low Rb values ébtained for the Stgren greenstories are uncertain.
By ignoring these values, it is seen in Fig: 11 that E-22 will be classified as
an island-arc tholeiite and H-1 .and H-5 a$ oceanic tholeiites. Sample H-4
has a distribution akin to low potassium tholeiites (island-arc tholeiites,
Jahn et al- 1974).

In Table © the Ni and Cr content for island-arc tholeiites and oceanic
tholeiites is compared with the Ni and Cr concentrations determined in the

greenstones. The Stgren greenstones have Ni and Cr values similar to those.

in the. Gceanic tholeiiles, .

‘Hglonda andesite and Hareklett rhyolitic tuff are enriched in Ba, Rb,
St, Th, U and REE, while they are depleted in V, Ni, Sc, Cr, ard Co
relative to the St@ren gréenstones (Table 5 and Dypvik & Bruafelt 1976).

Table' 9. The Ni and Cr content in different tholeiites and samples from the Stgren
greenstoné. Values for the tholeiites from Hart et al. (1970) and Jakds & White (1972).

SAMPLE Ni Cr

Island aré tholeiite 030 ppm ' 0-50 ppm
Qceanic tholeiite 30-200 ppm 200-400 ppm
E-22 167 ppm 166 ppm
H-1 85 ppm 145 ppm
H4 85 ppm 139 ppm.

H-5 417 ppm 299 ppm
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Discussion. — The different methods. of classification used classify the lavas
from the Stgren Groups as tholeiites. A further subdivision, however, appears
to give divergent results, '

REE pa‘ltém comparisons classify H-1 as island-arc tholeiite and H=4
and H-5 dre grouped together with bceanic tholeiités,

La/Sm ratios classify H-1 as an island-arc tholeiite, E-22 and H-5 as
ooceanic 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-1 and H-5 have concentrations more akin to oceanic tholeiites.

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

Based on the few executed analyses and the ‘classifications used here, it
seems very difficult {0 decide whether the basalts in the Stgren Group rep-
resent island-arc tholeiites or oceanic tholeiites. This can be due to chem-
ical seawater alterations, metamorphism, or spilitisation. The classification
problem may also be connected with the extension of the principle of ac-
tuality on which these classifications are based.

Gale & Roberts (1972, 1974) presented several trace-element analyses of
Lower Ordovician basaliic rocks from different areas in the Nofwegian
Calédonides. 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 Lgkken and Grong areas. In 1974, Hart et al. showed that
seawater alteration may lead to some changes in TiO, and Zr content and
that the Y concentrations were not changed. The process of spilitisation has
been shown to lead to notable changes'in the TiO,, Zr, and Y contents (Val-
lance 1974). Combining these results with the ‘geochemical data presented
above, it s¢éems doubtful if the tholeiites can be é]assificd. and intérpreted to
the extent done by Gale & Roberts (1974).

Sedimenits overlying thé Sigren.greenstone

Vanadium, scandium, nickel, cobalt, manganese, and titanium (V, Sc¢, Ni,
Co, MnO and TiQy). — As mentoned earlier, TiO,, MnO, V, Sc, Nj, and Co
are enriched in the Stgren greenstones, while the younger more acidic vol-
canics, the Hglonda andesite, and the Hareklett rhyolite. contain smaller
quantities of these elements (Tables 3 and 5, Fig. 12).

In the sediments also the TiQ,, MnO, V, S¢, 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-
canics and sediments in the Trondheim Région indicate a relationship be-
tween these deposits,

Fig. 12. Stratigraphical distributions-6f TiO, (the upper figure), Ba (the middle figure),
and St {the Jower figure) in sediments and volcanics from the Trendheim Region. Solid
line the Horg profile, dotted line the-Lundesckna profile, and broken line volcanic rocks.
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There exists positive correlation between TiO, and minerals enriched in
the Stgren greenstones such as: TiO,—Chlorite (0.55) and TiO,~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), TiO, (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,,.. and V for samples from the Horg profile, indicate that
minor amounts of V are enriched with organic material, and that TiO,, 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 Stgren greenstone it is possible to estimate the minimum content of vol-
canic Stgren 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
times as much Ba as those from the other profile. Correlation beween Ba
and Al O, (0.54) and K,O (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 modern sedi-
ments it is usual to find joint enrichments of organic material and Ba (Bo-
strgm et al. 1973). The mean content 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-

Sr- 103

saltic debris than the one from the Horg area ( = 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 Jow Sr-CaO correlation.
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The samples from the Trondheim Region consist, of 250 ppm St 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 top of the profile there is a decrease in
the Zn concentration. The volcanics display a similar trend. Some cor-
relation between Zn and Fe Qg P,O,, 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
andfor Fe in the octahédral layers.

The samples from the-Dicranograptus shale in the Lundesokna area con-
tain much organic carbon, as described earlier. Zh enrichments in this héri-
zon may be a result of reducing environments and organic activity. Zn may

be concentrated in sulphides and organic material (Vine & Tourtelot 1970). -

Much Zn is also detected in magnetites and chromites from other areas
(Dissanayake & Vincent 1972, Pearre & Heul 1960). Variations in these
minerals would thérefore 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, thorium, and organic carbon (U, Tk and Corg.l. — U and Th
display a stratigraphical distzibution which is akin to those of the volcanic
rocks, with enrichments in the youngest layers (Fig. 13), while Cr,. in the
Horg profile does not display any spécific pattern except for peak values in
the Gula Group and in the Dicranograptus shale (Table 5).

Good correlations between U and Th (0.91), U and K,O (0.85), and Th
and K,;0 (0.88) probably mean that U and Th are associatéd 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: valugs are smaller than those for
average shale which consists 6f 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 § (Fig. 14),
which is typical of partly weathered and leached rock material (Adams &
Weaver 1958).

Increasing ThfU ratios up-succession from the Venna conglomcrate 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. Stratigraphical 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; dotted line the Lundesckna profile, and broken line-volcani¢ rocks.
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Fig. 14. Stratigraphical distribution of the Th/U ratio (left) and the Ni/Co ratio (right)
in sediments and volcanics from the Trondheim Region. Solid line the Horg profile,
dotted line the Lundesokna profile, and broken line volcanic rocks.

the C,rg. 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 ThfU.
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 from 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 MnO, 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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1f 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 oceani¢ sediments, and also in older rocks, the Cr distribu-
tions afe controlled to a great extent by detritic material and not so much
by the. physical-chemical. characteristics of the depositional environment
(Turekian & Tmbrie 1966, Cronan 1969, Chester et al, 1970, Curtis 1969,
Bj@rlykke 1974b). 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 ultrabasic ‘debris or Tepresent ‘more winnowed deposits .
than those from the Lundesokna profile,
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Fig. 15. Stratigraphical variation of the K/Rb ratio in sediments-from the Trondhelm
Region and shales from the Oslo Region. Solid line the Horg profile, broken line the
Lundesokna profile, and dotted line shales from the Oslo Region.
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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 Stgren 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 4af—4b and
one in the interval stage 8-9 (Fig. 16). The sulphide-rich beds from 1c 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.

Bjgrlykke (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 (1c-1d), 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—6¢ and
10, Fig. 16. As seen in the beds 4af—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




g

T

S pe A A e o e ey Sy

T T

NP

TR A S e p A R A e

S ey

[
>

e,
o, iy

(0"

PR WP

PLRTURT

.2,
ot IR

(R Rl

(..,
T

e
 pore Hme,
IR

ot are B oy
l s e,
NETPRUNN
” (N
L. H3ay
Omn oy
t

41 gt

ARCTE
g p:.
et

VMY

-
A TR N
TR

A

et
‘I (OO EE

236 H. DYPVIK

ftoge
ST

8 -9
Ta-Tc 1
ba-6c
Le-5by
LaB34b
Law
3b-3c
2e-3a
2a-2d
1c-1d |

0 10 20 3035 3456789100 12

ppm Co — Ni/Co —

Fig. 16. Stratigraphical distribution of Co (left) and stratigraphical variation in the
Ni/Co ratio (right) in shales and limestones from the Oslo Region. Solid line shales and

broken line limestones.

Region, and this reflects the more stagnant conditions that dominated the
epicontinential foreland, compared with the quicker sedimentation of coarser,
less altered material in the Trondheim Region. In both arcas 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
4au and 8-9 are rich in Sc; these beds were carlier shown to possess peak
values of chlorite and Co. This, together with the fact that Sc is correlated
with TiO,, AlQ,, Fe,O; 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 eugeosynclinal and the epi-
continental basins.

The shales from the Osio Region consist on the average of 10.7 ppm Sc.
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Fig. 17. Stratigraphical distribution of Sc (left) and Th (right) in shales and limestones
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 Bjgrlykke (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¢c-5b, Fig. 17, may be related to
ihe stratigraphical unconformities in the Oslo Region, Bjgrlykke (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.

Conclusions

In the Hglonda-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 content decrease, indi-
cating a decreasing influx of basaltic debris in the basin.
Rates of sedimeéntation in the basin weére high because of the influence
of turbidity currents, In such environments also the trace elements and
‘ the geochemical variations will follow mineralogical variations and reflect

(e erosion of local source rocks. The analyzed elemeénts and geochemical pa-
sy rameters discussed do show close connection. between sediments and vol-
s canics. The-element distributions in the sediments indicate a decreasing influx
“EF: of basaltic material or an increasing influx of more. acidic debris up-succes-
'Il il sion. This close relationship between sediments and volcanics is also indi-
u:;dt: cated by calculations of the content of basaltic debris in the Krokstad shale.
Eg’!_‘ These estimates show that at least 2040 % of these beds are made up of
#t vty greenstone debris.
o v R In a southwestern part of the Trondheim Region, samples from two dif-
‘m-“"-' férent sections were analyzed, one from the Horg area and one from Lun:
.::':@ dcsqkzna. Comparison of geochemical variations, like those of the’Ni[Go-
o and K/Rb-ratios and of Cr and MnO, in the two sections, show that the
b mm, Horg section contains more mature sediments, which were deposited during’
;lé‘;:‘ more ventilated conditions than those at the Lundesokna section.
Yy While the composition of the sediments from the Trondheim Region can
o] be a direct response to the Jocal erosion of volcanic rocks, the sediments
..t!::. deposited in the epicontinental environments in the Oslo Region may also
|||::[:..i show some basic volcanic debris affinity. The appearance of chlorite together
] with an increased sodium content in the Osle Region has been interpreted
e by Bjgriykke (1974) as due to derivation of sediment debris from a basic
:::1 volcanic source in the northwest. Sc¢ and Co enrichments in samples from
il“.";l stage 4ag ancll stage 8—?, also indi.cate tht? i.nf]ux of prop.abi‘e\ greenstone
?”E;g‘! derived material at that time, reflecting orogenic movements in the eugeosyn-

clinal areain the: north-west. Except for these variations the samples from
the Oslo Region seem lo 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. The higher Ni/Co-ratios
and Cr-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 more ‘ultrabasic elements’ as Fe, Mg, Cr,
and Co, have been studied in some detail in this paper. It is concluded that
some of the samples. may consist of some serpentinitic debris and that the
Jater metamorphism to the upper part of greenschist facies was not an iso-
chemical one.

It is of great importance to classify the basalts of the Stgren Group when
trying to decide the tectonic envirgnments 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 Stgren
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 Sulitjeima deposit, but this was un-
fortunately never done owing to his sad and untimely demise. 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 eugeosynclinal rocks and
comprises a varied sequence of calcareous and aluminous pelitic-schists,
quartzites, amphibolites etc. All these rocks are intruded by a huge gabbroic
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Fig. 1. Geological map of Sulitjelma mining district (northern part), Nordland, Nor-
way. (Modified after Fr. Carlson, 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.

mineralogic types of ores: the massive-pyritic 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 pyritic ore from Giken
ore body. Several lenticles of sericite-schist may be seen interstratified within the ore.
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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.

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 & 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.

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 other
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 Jocated so close to each
other in the same geologic environment appear difficult to explain by ob-
servations made in the field. The distribution pattern 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 pattern 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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o Massive ore
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Fig. 5 (A). Copper, zinc and lead ratios in average ores of different ore bodics 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 distribution of copper: zinc ratios 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 pyrrhotitic-chalcopyrite ore.

Ore- No. of . N
Orebody type samples Co Ni Co:Ni Mn Mo Ga Ag
GIKEN A 28 302 104 29 16 23 17 45
B 16 449 101 45 14 20 16 43
C 19 943 90 1035 14 27 17 6.0
GIKEN average 63 533 99 56 15 23 17 5.0
CHARLOTTA A 7 1271 123 103 12 19 16 64
B 15 1318 134 98 11 10 16 5.2
:- C 12 1397 119 117 10 15 15 47
. CHARLOTTA average 34 1332 127 105 11 15 16 5.2
HANKABAKKEN average B 11 711 117 61 13 17 17 56
STURRE B 2 592 115 52 22 7 14 50
BURSI average B 11 1589 89 178 9 26 14 54
JAKOBSBAKKEN C-I 1 1875 60 312 87 5 15 85
C-1IL 1 4000 90 445 38 8 20 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
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i d
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Fig. 8 (A). Fields demarcating cobalt-nickel relations in pyrites belonging to various
ore types 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 ongin from the Western 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 pattern 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. SA), 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 meaningfu’l patterns, particularly 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
borme out also by the definite trends towards linearity of distribution curves
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Table 2. Distribution of elements in pyrite, pyrrhotite, and chalcopyrite of Sulitjelma
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Giken Charlotta Bursi
No. of Pyritic Pyritic Pyritic
Element Ore-type samples ore (10)* ore (10)* ore (8)”
averaged  pyrrhotitic  Pyrrhotitic  Pyrrhotitic
ore (6) ore(7) ore (4)
Pyritic ore Py. 491 1229 1662
Po. 107 285 213
Cpy. 97 111 189
" D.Ratio 4.6:1:090  4.3:1:04  7.8:0:0.89
COBALT
Pyrrhotitic ore Py. 798 1435 1596
Po. 149 272 288
Cpy. 98 121 178
D.Ratio 5.3:1:0.65 5.3:1:0.44 5.5:1:0.62
Pyritic ore Py. 117 127 84
Po. 185 350 288
Cpy. 42 40 41
D.Ratio 0.63:1:0.23 0.36:1:0.12 0.30:1:0.14
NICKEL
Pyrrhotitic ore Py. 91 115 101
Po. 186 438 280
Cpy. 70 81 40
D.Ratio 0.49:1:0.37 0.39:1:0.18 0.36:1:0.14
Pyritic ore Py. 15 9 7
Po. 93 134 116
Cpy. 72 43 64
D.Ratio 0.16:1:0.77 0.07:1:033 0.06:1:0.55
MANGANESE
Pyrrhotitic ore Py. 15 10 9
Po. 109 112 168
Cpy. 80 50 7
D.Ratio 0.14:1:0.74 0.11:1:0.44 0.05:1:0.42
Pyritic ore Py. 38 5.9 5.1
Po. 55 40 28
Cpy. 131 49 55
D.Ratio 0.07:1:2.38 0.15:1:1.21 0.18:1:1.94
SILVER
Pyrrhotitic ore Py. 3.0 37 5.7
Po. 53 42 84
Cpy. 128 50 66
D.Ratio 0.06:1:2.40 0.09:1:1.19 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 parageneses 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 observations 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 § S* values in
the range of —0.1 permil to +8.44 permil with an average value of
+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 +1 to +4.5
permil range. § 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 Ca, Ni, Apg, and Mn beétween cg-existing pyrrhotite
and chalcopyrite in massive ores,

Notwithstanding these differences in patterns corresponding to different
ore types, the overall spread of § $* values seems to be rather narrow and
close enough to the value of the meteorite standard. A general enrichment
tendency of the heavier stable isolope (S*) is clearly discernible. These ob-
servations seem to be meaningful and characteristic enough to supgest es-
sentially a single, almost uncomplex primary geénetic process in 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 paitcm and spread of & §* values in Sulitjelma deposit -with
those in some of the-type deposits of geosynelinal volcanic type — e.g. the
Tertiary volcanic ores of Japan (Tatsumi 1965) and the Cambrian ores of
Mt. Lyell, Tasmania (Solomon, Rafter & Jensen 1969) — seem to be strongly
suggestive of an analogous mode of-origin of the deposit.

Synthesis

The overall geochemical picture of the deposit émerging 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 bodies of the deposit.
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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 betweea
massive pyritic and disseminated type of orés, both of them belonging, pos-
sibly to the' same 'pulse of ore-forming fluids. Some sort of base-metal dif-
ferentiation in the ore fluids supplying ores to the different ore bodies ap-
pears. to have taken place.

Detailed studies on the minor and trace elements in various typomorphit

minerals of the ores bring out notable geochemical regulacities 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 and depositional conditions is circumscribed by the unknown effects
of metamorphism on thé primary geochemistry of the ores. Minor, yet




376 K.L.RAl
“— My
+50 440 #30 420 410 0 ~10 <20 -3 =40 =30
T T T LI T T T L
<4~ Sulphidas from metecrites
L sulphides from mafic ignoous rocks
—»—{ BSulphidas from acid ignacus rocks
. - 8° of volcanic origin . :[
S Magmatic sulpkides ‘ M
Lol Hydrotharmal sulphides
i O ssdimentary sulphidaa — ]
1 !
Pjuc —pt Sulitjslma doposit(presant study)
* ﬁ; — 4 Jakobsbakken ore body (Angaz;1968)
ji —# | Japasness cre daposita({Tatgumi,1965)
- = | wairaket fumaroiic smslphides
! Cj? {Steinar and Raftas;1966)
;:ﬂ -Lr Butts, Montana
:‘;——ﬂ I
m Hngmtlc-hy;ilrot}mml {
N R depoaits L o i
¢ {Jensen & Dechow;1962) i -}~ Tinctic alstrict, Utah
» % - Buchana, Newfoundland,
‘: : . — 1 a i —_ I L i — i
Fig. 12. Sulphur-isotope distribution in Sulitjelma ores compared with that in some
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definite and consistent differences in the composition of ores in different
ore bodies of the deposit, however, seem. to be basically a primary feature
of the deposit, which 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 undergone some dif+
0 feréntiation of their metallic content before. the final deposition of ores u
A in different ore bodies. The possibility of existence of small time-lags in the |
depasition of ores corresponding to the different ore bodies, as- may be

implied in distinct, though s’lig}it differences in their relativé. positions in
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the mineralized zone, cannot be ruled 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 pattern of sulphur-isotopic fractionation in the deposit with
that exhibited by typical massive sulphide deposits reported in the literature.
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