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The Sokli carbonatite complex is the westernmost deposit in the
Kola alkaline rock province. The complex comprises a fenite aureole
and a carbonatite massif with three parts: a transition zone of
metasomatites, a metacarbonatite area and a magmatic core. The
evolution of the complex started with an ultramafic instrusion that
led to the crystallization of magnetite olivinite and pyroxenite. After-
wards the ultramafites were slightly altered during a peaceful
episode. This was succeeded by an intense and intricate stage of
alkali metasomatism. As a result highly complicated rock types that,
however, exhibit a certain mineralogical and chemical regularity
developed. Carbonatization has produced metasomatic carbonatites.
The multi-stage carbonatite intrusion completed the evolution of the
complex. The magmatic carbonatites crystallized during two main
phases separated by a pneumatolytic-hydrothermal phase. The rocks
formed in five stages. The magmatic carbonatites differ from the
metasomatic carbonatites in petrography and in their higher average
contents of Nb (and U, Ta, Th) and Sr.

Mineralogical studies show that the olivine in carbonatites usually
has lower Ni (< 0.05 °%0) and higher MnO (0.5 to 1.25 %) than the
MgO-rich olivines in the other magmatic rocks. The primary pyroxene
was diopside that may have altered into aegirine through Na
metasomatism. Abundant richterite characterizes the Sokli massif.

The bulk chemical composition of the magmatic carbonatites is
rather close to the »typical» composition of carbonatites. The
crystallization order of the magmatic carbonatites falls on a curve
in the silicate + opagues — calcite — dolomite triangular diagram
constructed on the basis of petrochemistry. In the U + Ta—Th—
Nb/5 triangular diagram the crystallization curve of the magmatic
carbonatites runs from the U + Ta corner towards the Nb/5 corner.
During the metasomatic alterations in the ultramafites the rocks
received Na, K, CO2 and P from an external source and became
depleted in Si, Mg, Fe, Ti and Mn.
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INTRODUCTION

For several years after the discovery in
1967 of the Sokli complex (Fig. 1) by the steel
company Rautaruukki Oy, the main objects
of prospecting were the apatite—francolite
regolith and the weathered crust of the car-
bonatite. In 1976 it was decided to step up
geological investigation at Sokli and to start

pilot plant tests of the apatite—francolite re-
golith. A comprehensive inventory of the
ore regolith was carried out in 1976—1979,
and the exploration diamond drilling of a
pyrochlore mineralization in hard rock was
intensified (Fig. 4, p. 8). Supplementary and
detailed geophysics were also conducted. Thus

BROOK ( SOKLI i
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Fig. 1. Location of the Sokli carbonatite massif in Northern Finland and general
geological map of the Sokli area.
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a wealth of material was gathered for a de-
tailed study of the Sokli massif.

The Sokli complex consists of a carbonatite
massif and a fenite aureole (Fig. 1). The
fenite aureole has earlier been described in
detail and the surrounding country rocks
briefly (Vartiainen and Woolley, 1976). The
present paper contains some references to
the olivinite of Tulppio (Fig. 1), a massif that
is composed mainly of metaolivinite (90 %)
and subordinately of olivinite (6 °/0) and other
rocks. The olivinite is a dark green, granular
and medium grained rock that is chiefly com-
posed of olivine (85—95 vol-%o).

The location of the Sokli complex in the
alkaline rock province of the Kola Peninsula
has been discussed by Vartiainen and Woolley
(1974). It has been suggested that the empla-
cement of the complex was controlled by the
long and active Kandalaksha deep fracture.
The structure of the complex has been dis-
cussed on the basis of the geological and geo-
physical data (Vartiainen and Paarma, 1979).
Dates for the carbonatite range from 334 to
378 Ma (Kononova et al., 1973; Vartiainen and
Woolley, 1974).

Earlier papers on the Sokli complex in-
clude a brief general account by Paarma
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Fig. 2. Ground magnetic map of the Sokli carbonatite massif.



(1970) and by Vartiainen and Vuotovesi
(1980); an interpretation of air photographs
(Paarma et al., 1968, 1977); an account of geo-
chemical surveys on the Sokli complex (Nuu-
tilainen, 1973); a brief description of the
apatite—francolite regolith and its drilling
(Vartiainen, 1975); an account of heavy min-
eral prospecting in stream beds (Vartiainen,
1976); a description of sulphur isotopes of
magmatic carbonatites (M&keld and Vartiai-
nen, 1978); an apatite fluid inclusion study
(Haapala, 1978, 1980); a description of the
alkaline lamprophyres (Vartiainen et al.,
1978); a pyrochlore study (Lindqvist and Reh-
tijarvi, 1979); and an account of remote sens-
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ing and geobotanical prospecting (Talvitie,
1979).

Wiyllie (1966 a, p. 351) has stated: »Recon-
struction of the history of each carbonatite
complex is the responsibility of the geologists
studying them in the field, and the function
of the experimental petrologists is to provide
a foundation of reasonable possibilities for
sound reconstruction, and to test where poss-
ible, the hypotheses which are made.» The
purpose of this paper is to satisfy the former
requirement in respect of the carbonatite
massif of Sokli and to give a petrograhical,
mineralogical and petrochemical description
of its rocks.
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Fig. 3. Geological map of the Sokli carbonatite massif.
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PETROGRAPHY

Meth

The Sokli carbonatite massif is totally cov-
ered by glacial drift and its top is almost
wholly weathered. Hence, the geophysical
data especially magnetic mapping (Fig. 2)
has been important in compiling the geologi-
cal map in Fig. 3. Observation for compiling
on and description of petrographical features
and relations on the rocks had to be made
from drill hole cores (about 200 drill holes,
average length 200 m). The locations of the
drill holes are shown in Fig. 4. The drill

ods

holes whose analytical data are given in the
various tables and which are referred to in
the petrographical description are numbered
in Fig. 4. All the chemical and mineralogical
determinations were conducted on unweath-
ered drill hole material. Some photographs
were taken from the pits the location of which
are shown in Fig. 4.

A »type sample suite» was collected for
the descriptions of the main rock varieties.
At least 500 points were counted per thin
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Fig. 4. The positions of the diamond drill holes, dry drilling holes and test pits used in compiling

the geological map of the massif.

The numbers of the diamond drill holes and the pits referred to

in the text are indicated.



section; the corresponding samples were as-
sayed by XRF, and the apatite, magnetite,
carbonate and sulphide contents were calcu-
lated from the analytical data. The varia-
tions in mineral compositions were, however,
larger than suggested by the mineral com-
positions given in the appropriate tables.
Rock alterations were studied with the aid
of sample series collected from the altera-
tion zones, which are seldom more than some
tens of centimetres or a few metres wide.

Geological Survey of Finland, Bulletin 313 9

The term ferriphlogopite is used in this
context to describe the orange, inversely
pleochroic phlogopite that is generally called
tetraferriphlogopite. The term carbonatite
magma will be used instead of the correct
term »liquidus with composition approaching
possible carbonatite magma» suggested by
Wyllie (1966 a, p. 350). For the sake of brev-
ity the term pneumatolytic-hydrothermal is
commonly replaced by hydrothermal.

Rock nomenclature

Ultramafites

The rocks formed from ultrabasic magma
that intruded before the actual carbonatite
intrusion are called ultramafites (ultramafic
rocks) as defined by Wyllie (1967, p. 2). They
comprise magnetite olivinites, olivine rock,
orbicular olivine rock and pyroxenites.

Carbonatites and metacarbonatites

Heinrich (1966, p. 13) defines carbonatites
as carbonate-rich rocks of apparent magmatic
derivations or descent. According to the
statement by Pecora (1956, p. 1538) that »The
carbonatic fluid, whatever its temperature,
concentration, or physical state, is an active
invading agent capable of precipitating mine-
rals», all the carbonate rocks within the fenite
aureole of the Sokli complex could be regard-
ed as carbonatites; however as suggested by
Verwoerd, the term metacarbonatite has been
adopted for the rocks that are the products
of »a replacement process by which pre-
exiting rocks of diverse compositions are

wholly or partially transformed to carbonate
or carbonate—silicate rocks» (Verwoerd, 1967,
p- 13).

The lithological nomenclature of carbona-
tites lacks precision, and different terms are
used by Western and Soviet geologists. The
nomenclature introduced by Brogger (1921)
and later modified by von Eckermann (1948)
is widely employed in the West to define car-
bonatites rich in calcite (s6vites) and dolomite
(rauhaugites). In the USSR the correspond-
ing variants are called calcite or dolomite
carbonatites (Kukharenko et al. 1965, Terno-
voy et al. 1969, Pozaritskaya and Samoilova
1972; Egorov, 1970). Von Eckermann’s terms
are used in this paper but owing to rapid
mineralogical variations in the magmatic
core and the streaky and uneven distribution
of silicates, magnetite, sulphides and apatite,
the mineral-qualifying names for the sovite
and rauhaugite varieties that he proposed
in 1948 are rejected. Accordingly, the rocks
rich in carbonates are classified into the
following groups:

Magmatic Meta- Dominative
carbonatites carbonatites Carbonates carbonate
Sovite Metasévite >80 Calcite
Silicosovite Metasilicosovite 50—380 % Calcite
Beforsite Metabeforsite > 8090 Dolomite
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When the collective names of silicosdvite
and metasilicos6vite are specified according
to the prevailing silicates or opaques, the
prefix silico is dropped as unnecessary and
terms such as magnetite sévite or phlogopite
metasdvite are used instead.

Verwoerd (1967) has proposed that the term
rauhaugite is to be abolished and replaced
by beforsite. This is supported by Kresten
(1980). Le Bas and Sorensen (1978) also re-
commend the term beforsite in connection
with dolomite—carbonatite.

Carbonate-poor, medium- to coarse-grained
rocks consisting chiefly of an intergrowth of
magnetite, apatite, olivine (mostly altered),
and micas are rather common at Sokli. These
varieties are absent from the nomenclature
of von Eckermann. Soviet authors call simi-
lar rocks camaforites, calcite—apatite—magne-
tite—forsterite rocks, (Borodin et al. 1973)
or, by simply listing the chief minerals, cal-
cite—magnetite—forsterite rocks, apatite—

magnetite—phlogopite rocks etc. (Kukharen-
ko et al., 1965, Ternovoy et al., 1969). In Pala-
bora a similar rock has been called phoscorite
(Russel et al., 1954). An alternative spelling
is foskorite (Palabora Mining ete, 1976). Ego-
rov (1975) does not accept the term cama-
forite. The term phoscorite is adopted here
for the carbonatites that contain less than
50 %0 carbonates and in which the chief min-
erals are those mentioned above. If the phos-
coritic mineral composition is due to magma-
tic and hydrothermal processes the rock is
called phoscorite; if due to metasomatic pro-
cesses the name metaphoscorite is preferred.

Metasomatites

A wide range of metasomatic rocks of the
second metasomatic generation occur in the
Sokli massif. These rocks (pyroxene rocks,
mica—amphibole rocks and mica rocks) are
collectively called metasomatites.

Ultramafites

An ultramafic intrusion preceeding the
carbonatite intrusion has produced ultrama-
fites that initially occupied a greater volume
than is suggested by the present state of the
massif. This interpretation is based on find-
ings from ultramafite fragments with orig-
inal or sub-original mineralogical composi-
tion scattered thoughout the massif. An
overwhelming proportion of the ultramafites
Ultra-

mafite remnants occur most frequently in

are transformed into metaphoscorites.

the metaphoscorite zone in the southeastern
quarter of the massif (Fig. 3). The diameter
of the fragments ranges from some centi-
metres to a few metres. The intrusive ultra-
mafites are magnetite olivinites and pyrox-
enites. A peculiar rock variant, orbicular
olivine rock, and isolated olivine rock body

are described separately.

Magnetite olivinite

Magnetite olivinite is a dark green rock
with coarse to pegmatoidal grain size. It is
encountered as fairly fresh relics troughout
the massif, e.g. in drill holes 419, 331 and 482
(Fig. 4). The mineral composition of the
magnetite olivinite is simple, and its varia-
tion is as follows:

QOlivine 50—80 volume-%/¢
Magnetite 2040  »
Apatite 1—10 »

Baddeleyite occurs as an accidental access-
ory mineral.

The olivine occurs primarily as idiomor-
phic crystals ranging from one to five centi-
metres in diameter. Even the olivine crystals



that are totally pseudomorphosed by a mix-
ture of serpentine, carbonate and iddingsite
show primary crystal forms with narrow rims
of oxide. Magnetite, on the contrary, seldom
displays idiomorphic habit although it looks
otherwise fresh. The largest magnetite crys-
tals have been over 10 centimetres across,
but they are now broken up (Fig. 21, p. 23).
The magnetite is titaniferous and is charac-
terized by an abundance of ilmenite exsolu-
tions as lamellae, rods and grains.

Apatite occurs as separate grains or aggre-
gates with a grain length up to three milli-
metres. These are the biggest apatite grains
found in the Sokli massif.

Olivinites may occupy a considerable pro-
portion of the other carbonatite complexes
in the Kola province, as in the Kovdor massif
(Kukharenko et al., 1965) where the olivinites
have lower magnetite contents (5—8 °/0)- than
at Sokli. Extreme examples of a carbonatite
complex rich in olivinite are in the Siberian
Maimecha—Kotui region where olivinites

oh _%c;_&. s S

Fig. 5. Carbonatized and recrystallized pyroxenite.
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make up about two thirds of the Gulinskaya
complex (Egorov, 1970). The most common
mode of occurence of olivinite in carbonatite
complexes are stock-like bodies (Nemakit in-
trusion, Egorov, 1970), block xenoliths (Essej
complex, Landa et al., 1971) and small relics
(Shawa complex, Heinrich, 1966). The mode
of occurence of the magnetite olivinite in the
Sokli complex is analogous to that in the
Essej and Shawa complexes.

Pyroxenite

Wholly fresh intrusive pyroxenite has not
been encountered in the drill holes. The
best remaining sections occur in the meta-
phoscorite zone in DH 194 and DH 358 (F'ig.
4), although here too, the original structure
has been disturbed by later carbonate intro-
duction (Fig. 5). The pyroxenite in the mag-
matic core is intensely scattered and altered.
Its earlier occurence is indicated by isolated

® g o
. =N - W

¥ il g
Diopside (grey) occurs as

almost euhedral crystals, and magnetite (black) as fine-grained crystalline dissemi-

nation. Calcite is white. One nicol.

Drill hole 193 at 133.5 metres.

Scale bar,

1.2 mm.
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pyroxene grains. The pyroxenite is medium
to darkish green in colour and massive in
texture. The average grain size is 1—10 mm,
but some of the pyroxene crystals may attain
alength of 3—4 cm. The mineral composition
of the pyroxenites is:

Pyroxene 70—90 °/o
Magnetite 5—25 9
Apatite 1—5 9%

Baddeleyite, which is often altered into zir-
con, is an accessory mineral.

The pyroxene is diopsidic in composition.
Only recrystallized grains are well defined
and idiomorphic in habit (Fig. 5). The diop-
side commonly contains apatite and magnet-
ite inclusions.

The magnetite exhibits two generations:
The first one occurs as big xenomorphic
grains interstitial to the pyroxene; the second
is present as small, idiomorphic and recrystal-
lized crystals (Fig. 5). The former magnetite
replaces the pyroxene. In composition and
exsolutions the magnetite in the pyroxenite
is comparable to that in magnetite olivinite.
The occurrence of apatite also resembles that
in magnetite olivinite.

The pyroxenite at Sokli is similar to the
pyroxenite at Kovdor (Kukharenko et al.,
1965) but differs from that at Vwuorijarvi,
which is characterized by the presence of

perovskite (Kapustin, 1976, b). Pyroxenites
are more common in carbonatite complexes
than are olivinites (Heinrich, 1966). Pyro-
xenitic rocks are often the principal compo-
nents of the complexes, as at Vuorijarvi (Ka-
pustin, 1976 b), Palabora (Hanekom et al,.
1965) and Gargill, Canada (Sandvik and Er-
dosh, 1977). The pyroxenites in carbonatite
complexes are characterized by more or less
intense alteration. In the Sebljavr massif
in the Kola Peninsula, as at Sokli, primary
unaltered pyroxenite is rarely found although
pyroxenite is a predominant rock in the com-
plex (Lapin, 1976).

Orbicular olivine rock

A peculiar, orbicular olivine rock (Fig. 6)
occurs in one drill hole (DH 434, Fig. 4) as an
intersection four metres long. The rock has
fairly sharp contacts against the surrounding
magneﬁte-bearing olivine s6vite of magma-
tic Stage II. The diameter of the orbicules
ranges from two to 15 millimetres, the aver-
age being 7—10 mm (Fig. 6). The orbicules
are spherical or ellipsoidal in form but some
extreme case may be scretched out into a few
centimetres long discus. The ellipsoidal orbi-

cules do not show any preferred orientation.
Late dolomite veinlets cut both orbicules and
groundmass.

The orbicules display a rhyth-

Orbicular olivine rock. Scale bar, 1.0 cm.



Fig. 7. Spherulitic magnetite growths from the
centre of an orbicule. Orbicular olivine rock. One
mnicol. Drill hole 434 at 197.6 metres. Scale bar,
0.5 mm.

mic, concentrically zoned texture. The central
part is composed primarily of olivine and
magnetite. The latter often shows a spheru-
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litic growth (Fig. 7). The olivine is commonly
altered into serpentine, and the magnetite is
corroded by and riddled with carbonate and
fine-flaked mica. The outer contour of the
central part may be marked by fine-grained
magnetite. Next follows a monomineralic
olivine zone that may be intruded by wedge-
shaped magnetite from the core. In two neigh-
bouring orbicules the olivine zone may ke al-
most fresh in one and completely serpen-
tinized in the other (Fig. 8). The outer shell,
which invariable contains a serpentine—idd-
ingsite matrix, is generally 0.5 mm thick. It
has a knife-sharp contact against the interor-
bicular groundmass, but when the shell is
covered by fine magnetite grains the contours
are serrated. The groundmass is equigranular
and fine-grained, and is composed of carbo-
nate, phlogopite, serpentinized olivine and
magnetite.

A very similar orbicular rock has been
described from the Vuorijdrvi massif where

Fig. 8. Orbicules in orbicular olivine rock.
(white) is moderately serpentinized (grey).

pletely altered into serpentine.

tours of the orbicules against the interorbicular groundmass.

In one orbicule (number 1) olivine
In the other orbicules olivine is com-
Magnetite is black. Note the knife-sharp con-

One nicol. Drill

hole 434 at 194.2 metres. Scale bar, 2.0 mm.
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Fig. 9. Olivine rock showing recrystallized oli-
vine (white, high relief) and magnetite (black).

Drill hole 433 at 172.3 metres.
bar, 0.5 mm.

One nicol. Scale

it occurs with a spherulite textured rock
(Lapin, 1976). These textures are regarded
as fairly convincing proof of the limited mis-
cibility between ore—silicate and carbonate
liquids. It is suggested that liquation was
involved in the process of formation and sepa-
ration of the rocks of carbonatite (s6vite) and
camaforite (phoscorite) series. Verwoerd
(1967) has described pisolitic metacarbonatite
from the Goudini complex, South Africa. The
rock is highly altered but, presumably, it
represents an igneous rock of ultrabasic com-
position.

Olivine rock

In Kaulusrova area, an isolated olivine
rock body has been intersected by drill hole
433 (Fig. 4). The body was indicated by a
high velocity zone detected by vertical seis-
mic sounding. The olivine rock has a moder-
ate magnetite content, in places up to 30 per
cent. It is dark grey, massive and idiomor-
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Fig. 10. Cubic perovskite crystal in olivine rock.
Thin richterite needles to the right. One nicol.
Drill hole 433 at 166.4 metres. Scale bar, 0.3 mm.

phic textured and from fine- to medium-
grained (grain size averaging 1-—3 mm). It
is notably different from the coarser-grained
magnetite olivinite, magmatic phoscorite and
metaphoscorite. The rock is typified by idio-
morphic olivine and magnetite crystals which
are embedded in equigranular calcite (Fig. 9).
The texture indicates recrystallization. The
accessory minerals are phlogopite, apatite,
zircon and perovskite. The presence of per-
ovskite as cubic crystals (Fig. 10) is excep-
tional and has been noted in no other rocks
at Sokli. Towards the margins of the olivine
rock the amount of calcite increases and cor-
rodes both olivine and magnetite, which adopt
skeletal form. The olivine rock is gradually
transformed into the sévite of magmatic Stage
II. Mineralogically this is revealed by the
increase in sugary calcite and the appearance
of baddeleyite and pyrochlore.

Similar apatite—forsterite—magnetite rocks,
which have been interpreted as metasoma-
tites after olivinites, pyroxenites and ijolite—
melteigites by multiphase processes of alka-



line and CO, emanations and fluids, occur
in the Kovdor massif (Kukharenko et al.,
1965). The olivine rock at Sokli shows clear
recrystallization features, and it is suggested
that the rock was transformed at elevated
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temperature from ultramafites (olivinites) be-
fore the carbonatite magma intrusion. Mag-
matic carbonate injections later replaced the
rock, and in the margins it grades into mag-
matic sovites.

Alteration of ultramafites

Ultramafites, which originally probably
constituted stocks and other type of intrusive
bodies and were distributed throughout of
the present carbonatite massif, have under-
gone complicated alterations. As a result of
these irregular and chemically varying pro-
cesses rocks with variable mineral assem-

blages were formed. The ultramafites are
characterized by the widespread development
of a system of local fracturing, crushing and
shearing and complicated multi-stage veining.
All these furthered the alteration of the ultra-
mafites into metaphoscorites, phlogopite and
amphibole rocks, and metasilicosévites. The
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Fig. 11. Alteration trends in the ultramafites and the correlation of the metacarbonatites to them.
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Fig. 12. Microphotographs showing alteration of
magnetite olivinite into richterite-rich rock. One
nicol. Scale bar, 0.5 mm.

A. Almost unaltered magnetite olivinite.

hole 331 at 169.0 metres.

B. Olivine is altered into serpentine—iddingsite
matrix (dark grey) and mica and richterite (white
to pale grey). Richterite is distinguished as thin
needles. Magnetite (black) is strongly corroded.
Drill hole 358 at 118.5 metres.

Drill

alteration products are locally recognisable
within a few metres or tens of centimetres
around the remnants of the ultramafites. It
is also possible to follow some alteration
trends by collecting selected samples from
separate units at different stages of the alter-
ation sequence. There are marked differ-
ences in the transformation, depending on
whether it took place in the meta carbonatite
area or in the magmatic core.
teration trends observed in these areas are
illustrated in Fig. 11 and will be described
separately.

The main al-

Alteration in metacarbonatite area

Alteration of magnetite olivinite into
richterite-rich rock (Fig. 11, trend 1)

The sample suite for the description of
this alteration trend was collected from sep-
arate rock units. A starting sample was taken
from drill hole 331 (Fig. 4), which, for a dis-
tance of several metres, intersected a fairly
fresh magnetite olivinite. The altered sam-
ples were collected from the metaphoscorite
zone in the southeastern part of the massif
(DH 194, 358 and 413, Fig. 4). The miner-
alogical changes towards richterite-rich rock
are illustrated by the photomicrograph in
Fig. 12. The alteration begins with auto-
metasomatic serpentinization of olivine (Fig.
12 A). This is followed by carbonatization
and accompanied by replacement of magnet-
ite by the above minerals. Needles of rich-
terite, which grow in size and abundance
appear in a comparatively homogeneous mat-
rix of olivine (Fig. 12B). Simultaneously,
phlogopite flakes appear and zircon crystal-
lizes, partly at the expense of baddeleyite.

C. Almost monomineralic richterite rock devel-
oped from magnetite olivinite. Drill hole 194 at
358.7 metres.



The end product of this process is a rock com-
posed mainly of richterite (Fig. 12 C) with

subordinate corroded magnetite, primary
apatite, irregularly shaped carbonate and ac-
cessory zircon. The rock is typically massive
but in shear zones it exhibits a schistose
texture at the same time as richterite becomes
increasingly dominant.

Development of phlogopite rock from
richteritized magnetite olivinite (Fig.
11, trend 2)

After the richteritization of the magnetite
olivinite the alteration may continue with
the development of phlogopite rock. The
process can even be traced megascopically,
as is seen in Fig. 13. In a speckled specimen
(Fig. 13 A), the light part of the rock consists
of richterite with subordinate carbonate and
phlogopite. The black portion is corroded
magnetite. In the next specimens phlogopite

2
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Fig. 13. Specimens showing the
development of a phlogopite
rock from richteritized magnet-
ite olivinite. Drill hole 194.
Scale bar, 1.0 cm.

A. At 358.7 metres. Rich-
teritized magnetite olivinite.

B. At 359.7 metres. Phlogopite
(dark grey) begins to develop
between ragged magnetite
grains (black) and richterite
matrix (pale grey).

C. At 360.4 metres. Phlogopite
has become predominant min-
eral.

D. At 360.8 metres. Phlogopite
rock with some magnetite re-
lics. White dots and threads
are calcite and apatite.

appears at the expense of magnetite and
richterite. The phlogopite is discernible as
dark grey grains (Fig. 13B and C). Ulti-
mately, phlogopitization results in an almost
monomineralic phlogopite rock (Fig. 13 D).
All that has survived of the original magne-
tite . olivinite are apatite grains confmonly
coated by 'ﬁhe_—grained iron oxide. Zircon,
one of the alteration generation minerals
may attain a size of up to 10 mm. Phlogopite
occurs as randomly oriented big flakes (length,
0.4—0.8 mm) displaying a subparallel ar-
rangement. Reversed pleochroism of phlogo-
pite indicates that it is ferriphlogopite in com-
position. We may conclude that the magnetite
and apatite in magnetite olivinite best resist
alteration and that olivine is the first mineral
to decompose. Fine-grained ragged relics of
magnetite occur in intensely altered rocks.
Apatite, which is encountered as angular-
grained aggregates in otherwise completely
phlogobitized rocks, has survived still better.
Serpentine, iddingsite, carbonates, richterite,
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phlogopite (ferriphlogopite) and zircon are
the minerals of the alteration generation.

The forsterite—magnetite rocks at Kovdor,
Vuorijarvi and Arbarastah resemble the
magnetite olivinite at Sokli although their
alterations show different trends (Borodin
et al., 1973). Apatitization has played an im-
portant role in the Russian complexes and
given rise to apatite—forsterite—magnetite
rocks. Forsterite may have been recrystal-
lized, but the richteritization so essential in
the metacarbonatite area of Sokli has not
_been reported. Carbonatitization has intro-
duced ferriphologopite, clinohumite, pyro-
chlore, baddeleyite and zirkelite in these
rocks. Mineralization corresponding to the
magnetite olivinite at Sokli has been found
only in the magmatic carbonatite core as a
result of hydrothermal activity.

Alteration of pyroxenite

The alteration of pyroxenite in the meta-
carbonatite area has yielded more compli-

Fig. calcic

development of
amphibole (grey) around pyroxene crystals (white)

in pyroxenite that is altering towards calcic
amphibole rock. One nicol. Drill hole 419 at
84.7 metres. Scale bar, 0.5 mm.

Fig. 15. Calcic amphibole rock developed from

pyroxenite. Carbonate (white) has not affected

the crystals of calcic amphibole (sodian edenite,

grey to dark grey). One nicol. Drill hole 195 at
144.9 metres. Scale bar, 0.5 mm.

cated products than that of magnetite oli-
vinite. It follows four main trends that, not
uncommonly, overlap each other (Fig. 11):

1. Alteration into calcic amphibole rock
Alteration into phlogopite—alkali amphi-
bole rock

3. Alteration into aegirine-bearing rock

4. Alteration into phlogopite rock.

No regularity in the areal distribution of
the alteration types has been found in the
area of metacarbonatite and metasomatites.
The petrographical changes in the alteration
sequences are described.

Alteration into calcic amphibole rock is the
first transformation of pyroxenite and seems
to have preceeded the phase of alkaline
metasomatism. Diopside prisms are altered
into amphibole as in uralitization. The am-
phibole also grows poikiloblastically around
diopside (Fig. 14). Simultaneously some mica
may appear. In places the amphibole occupies
80 to 90 per cent of the volume of the rock,
the other minerals being apatite, carbonate



and baddeleyite or zircon. Such a rock is
dark green, medium-grained and massive in
texture. It is encountered as a fragmental
rock mostly in the areas of metacarbonatite
and in the metasomatic transition zone but
also within the magmatic carbonatite core.
There is evidence of a carbonatization genera-
tion that had slight or no effect on the am-
phibole (Fig. 15) in the amphibole rock. The
amphibole prisms show fresh or extremely
thin blue rims against an interstitial carbon-
ate that contains rounded primary apatite
grains. The amphibole in the amphibole
rocks is one of the calcic amphiboles, sodian
edenite with subcalcic varieties in composi-
tion (see p. 75).

Alteration into phlogopite—alkali amphi-
bole rock. The alteration of diopside into
alkali amphibole is much more widespread
than the calcic amphibolization of diopside.
The development of alkali amphibole may
begin directly from diopside prisms or come
after the formation of calcic amphibole (Fig.
85, p. 71). It is not unusual for the one part
of the diopside crystal to be altered into calcic
amphibole and the other into alkali amphi-
bole (Fig. 84, p. 71). The alkali amphiboliza-
tion is associated with phlogopitization and
moderate carbonatization. At the same time
magnetite is replaced by carbonate, and its
grain size is reduced. This paragenetic
sequence of alteration has led to the develop-
ment of rocks called, for brevity, mica—
amphibole rocks. They are widely distributed
in the area of metacarbonatites and in the
transition zone of metasomatites.

The mica—amphibole rock is fine to me-
dium-grained, massive, weakly
foliated in texture. The mutual abundances
of alkali amphibole and phlogopite vary as
do those of magnetite, apatite and carbonate.
Baddeleyite has altered into zircon. Charac-
teristic of the alkali amphibole are small-
bladed crystals although bigger laths also
The pale bluish green hue and ab-

sometimes

occur.
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normal . bluish interference colour suggest a
composition of the arvfedsonite—eckerman-
nite series. This is verified by one mineral
analysis of a mica—amphibole rock and an-
other of an alkali amphibole-bearing phlogo-
pite rock; both show eckermannitic composi-
tion (p. 74). Phlogopite has replaced amphi-
boles. The size of the phlogopite flakes
ranges from 0.5 mm to 2.0 mm. In addition,
there is a coarser-flaked generation up to
some centimetres in diameter. The phlogo-

Fig. 16. Different apatite generations in mica—
alkali amphibole rock derived from pyroxenite.
One nicol.

A. Primary apatite characteristically fractured

and coated by iron pigment.
212.6 metres. Scale bar, 0.3 mm.
B. Metasomatically introduced apatite (white,
clean - grains)  concentrated in a vague phlogopite
(grey) band. Alkali amphibole grains are dark
grey. Drill hole 358 at 267.7 metres. Scale bar,
0.5 mm.

Drill hole 193 at
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pite in this alteration sequence displays
strikingly constant pleochroism: Z = pale
green, X = pale orange yellow. The apatite
abundance may locally exceed 20 volume per
cent. Primary apatite (Fig. 16, A) and, in
larger quantities, metasomatically introduced
apatite (Fig. 16, B) are both present.

The apatite inclusions common in magnetite
and diopside witness the presence of primary
apatite. Metasomatic apatite accompanies
phlogopitization. This is demonstrated by the
concentration of loosely packed apatite ag-

gregates in phlogopite-rich bands, giving rise

to a vague banded texture in the mica—am-
phibole rock (Fig. 16, B). In connection with
the most intense apatitization some sulphides
(pyrrhotite) has been introduced. Carbonate
occurs as small xenomorphic grains intersti-
tial to other minerals.

2 Pl ¥ 7 gy A :
Fig. 17. Small cegirine needles (pale grey longitu-
dinal sections, dark grey cross sections) in fine-
grained aegirine rock developed from pyroxenite.
Vrhite matrix is mainly carbonate. One nicol.
Drill hole 193 at 125.0 metres. Scale bar, 0.3 mm.

Fig. 18. Specimens showing development of porphyroblastic phlogopite
rock from medium-grained, slightly altered pyroxenite.

Drill hole 358.

Scale bar, 1.0 cm.

At 212.1 metres.
magnetite (black).

Medium-grained slightly altered pyroxenite.
Diopside, phlogopite, alkaline amphibole (medium to

Ragged

dark grey).

At 212.3 metres.

Transitional stage of phlogopitization.

Developing

phlogopite (dark grey) is best dicernable adjacent to magnetite (black).

At 213.0 metres.
blasts in upper part of specimen.

Porphyroblastic phlogopite rock. Phlogopite porphyro-
White dots in fine-flaked phlogopite

matrix are carbonate and subordinate apatite.



Alteration into aegirine-bearing rock has
been encountered only in drill holes close to
the fenite aureole (Fig. 4, DH 70, 193, 194, 195).

Isolated aegirine grains have, however, been -

found in some thin sections from the area of
the magmatic core. The aegirinization of
pyroxenite is not a separate process but is
associated with the development of alkali
amphibole and phlogopite and also with car-
bonatization obviously stronger than in the
alteration sequences described above. Diop-
side prisms are replaced by aegirine in the
margins and along cleavage planes until the
aegirine pseudomorphs have completely re-
placed the diopside crystals (Fig. 81, p. 70).
The initial apatite and magnetite inclusions
have survived in the aegirine prisms, but the
magnetite is so extensively replaced by car-
bonate that only ilmenite lamellae show the
original crystal boundaries (Fig. 82, p. 70).

b OIS S AN

Fig. 19. Specimens showing development of fine-flaked phlogopite rock
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Alkali amphibole, together with some green
phlogopite, has developed in like fashion.
Baddeleyite is unaltered. At this stage, when
dibpside still exists, the rock shows the orig-
inal, medium grain size. Further alteration
reduces the grain size of all the minerals (Fig.
17). In the final stage diopside has disap-
peared, baddeleyite has altered into zircon,
phlogopite has lost its colour and aegirine
occurs as clusters of small needles. No apatite
was introduced during aegirinization.
Alteration into phlogopite rock follows two
trends begining with similar medium-grained
pyroxenites (Figs. 11, 18 and 19). In the first
stage, before marked development of alkali
amphibole, large-flaked dark green phlogo-
pite crystallized at the expense of calcic am-
phibole (Fig. 18). This phlogopitization oc-
casionally led to the formation of an almost
monomineralic phlogopite rock that consists

from medium-grained moderately altered pyroxenite. Drill hole 358. Scale
bar, 1.0 cm.

At 258.7 metres.
At 259.4 metres.

Moderately altered pyroxenite.
Fine-grained alkaline amphibole rock developed from

pyroxenite.

At 267.7 metres.

Phlogopitized (dark grey)-ialkaline amphibole rock in

vague bands.
At 267.9 metres. Fine-flaked phlogopite rock. White dots are apatite and
subordinate carbonate.



22 Geological Survey of Finland, Bulletin 313

of porphyroblastic dark green phlogopite up
to 5 cm in diameter in the finer-flaked (0.5—
3.0 mm) and slightly paler green phlogopite
matrix. The primary silicates and magnetite
are wholly replaced by phlogopite, and all
that remains are some apatite grains and zir-
con pseudomorphs after baddeleyite. The ma-
trix contains secondary carbonate. The other
phlogopitization trend is connected with the
development of alkali amphibole. In this
alteration sequence the primary grain size
of pyroxenite is gradually reduced (Fig. 19).
The transformation proceeds as in the mica—
amphibole rock except that the phlogopitiza-
tion extends further. Sometimes, as illus-
trated in Fig. 19, the pyroxenite alters first
into an alkali amphibole-rich rock that is
then phlogopitized. In the transitional stage
the phlogopitization may manifest itself as
vague banding. Note that simultaneous ap-
atitization is associated with phlogopitization.
The final fine-grained phlogopite rock is
green, massive or weakly foliated and con-
tains abundant apatite (10—20 volume per
cent), some magnetite and alkaline amphibole
and subordinate carbonate. Zircon is an
accessory mineral.

Alteration in the magmatic core

Alteration of magnetite olivinite

Magnetite olivinite has been encountered
in the magmatic core as nearly unaltered
fragments. Its alteration, due to magmatic
carbonatite activity, follows a path somewhat
different from the alteration in the meta-
carbonatite area. The first signs of altera-
tion appear in the fissures that intersect the
rock, and along which carbonatite shoots,
sometimes with pyrochlore have intruded
(Fig. 20). Olivine begins to alter into cli-
nohumite on the grain boundaries, and ferri-
phlogopite begins to crystallize. Then fol-

Fig. 20. Magmatic carbonatite shoots in fractured

magnetite (black) of coarse-grained magnetite oli-

vinite. White shoots are fine-grained calcite and

apatite containing also pyrochlore crystals (dark

grey). One nicol. Drill hole 390 at 169.0 metres.
Scale bar, 0.5 mm.

lows rapid development of large phlogopite
flakes alongside serpentinization and carbon-
atization of the olivine. From this stage
two main trends can be distinguished: mag-
matic phoscoritization, and the development
of phlogopite rock.

The development of phlogopite rock (Fig.
11, trend 7) from magnetite olivinite is a more
simple process than that of phoscoritization
described next. Intense carbonatization and
carbonatite veining is typically associated
with phlogopitization. The rock is cut by
carbonate veinlets of different generation
from some millimetres to 1—3 cm thick. Even
megascopically it is seen how the pegmatoidal
magnetite is gradually replaced by phlog-
opite and how in the final stage the rock
is transformed into nearly monomineralic
phlogopite rock (Fig. 21). Phlogopitization
has been so effective that all the primary
minerals have been altered and no other
silicate mineral has been produced. Other
minerals present in the phlogopite rock are
calcite, baddeleyite and pyrochlore. The por-
phyroblastic phlogopite (Fig. 21, C) derived
from the first stage of alteration at the same
time as richterite was formed. The phlogo-
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Fig. 21. Specimens of drill core showing development of phlogopite rock from pegmatoidal magnetite
olivinite. Drill hole 436. Scale bar, 1.0 cm.
A. Moderately phlogopitized magnetite (black). At 24.5 metres.
B. Veinlets of carbonate and carbonatite cutting intensely phlogopitized rock. Magnetite (black)
' _ occurs as small relics. At 34.6 metres.
C. A phlogopite rock. Porphyroblastic phlogopite is hardly discernible in fine-flaked phlogopite mass.
At 34.8 metres.
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pite of the intense phlogopitization is fine-
flaked ranging in size from 0.1 mm to 1.0 mm.
The phlogopite displays weak or moderate
pleochroism Z = colourless, X = light or-
ange. The inverse pleochroism refers to
ferriphlogopitic composition. Carbonate forms
irregular interstitial nests in the phlogopite
mass. Baddeleyite and pyrochlore occur in
these nests as The
baddeleyite exists as idiomorphic prisms or
xenomorphic grains (Fig. 22). In several thin

accessory minerals.

sections pyrochlore invariably shows deep
orange colour without any marked zonation.
The high uranium content in the whole
rock analyses indicates that pyrochlore is
uranium-bearing. Baddeleyite and ura-
nopyrochlore are early minerals that seem to
have crystallized during phlogopitization.
This suggests that the phlogopitization, or
potassium metasomatism, preceded the phos-
coritization of the magnetite olivinite.
Magmatic phoscoritization (Fig. 11, trend
8) causes slightly altered, coarse-grained
magnetite olivinite to pass into a medium-

B TN

Fig. 22. Phlogopite rock derived from magnetite

olivinite. All primary minerals except baddeleyite

(dark grains) are replaced by phlogopite (pale

grey). One nicol. Drill hole 436 at 38.6 metres.
Scale bar, 0.5 mm.

Fig. 23. Micatized magnetite olivinite with close
affinity to the ferriphlogopite rich phoscorite of

the magmatic stage III. Note large — and fine-

flaked ferriphlogopite generations. Magnetite is

black. One nicol. Drill hole 456 at 122.9 metres.
Scale bar, 0.5 mm.

grained rock. This is indicated by the granu-
lation and replacement of magnetite and
phlogopite by a fine-grained ferriphlogopite—
carbonate matrix. An essential mineralogi-
cal change at this stage is the formation of a
new, fine-grained ferriphlogopite generation
(Fig. 23). The large, older phlogopite flakes
break down and the fragments are rimmed
by a dark orange ferriphlogopite. The first
richterite needles crystalize in the serpen-
tine—iddingsite—carbonate matrix that was
formed from olivine. Pyrochlore dissemina-
tion and zircon crystals appear. The further
process brings about increasing amount of
richterite, carbonate, zircon, pyrochlore and,
in the final stage, ilmenite. The ilmenite
contains ferriphlogopite and richterite inclu-
sions indicating the late crystallization of the
ilmenite. Ultimately the rock achieves a
mineralogical composition close to that of the
magmatic phoscorite of Stage III, which was
transformed from the phoscorite of Stage I

by a similar hydrothermal process. The al-



teration of magnetite olivinite into a rock
resembling magmatic phoscorite may take
place within a range of one metre.

Alteration of pyroxenite

No continuous rock suites of pyroxenite
have been found so far in drill holes inter-
secting the magmatic core. Hence, it has not
been possible to study the alteration of py-
roxenite in the magmatic core. All that has
been encountered are some scarce and almost
completely decomposed remnants of pyrox-
enite and isolated diopside grains (Fig. 24).
This can be interpreted in two ways: the py-
roxenite was more susceptible to alteration
than the magnetite olivinite and was there-
fore nearly completely digested by carbona-
tite, or the ultramafites contained subordi-
nate amount of pyroxenite in place of the
present carbonatite core. The rare findings
show that the diopside presumably altered
into light green alkali amphibole before the

Geological Survey of Finland, Bulletin 313 25

Diopside (white) is altered partly or

stage II.

totally into alkali amphibole (pale grey) and

magnetite is replaced by carbonate. Outlines of

magnetite are marked by ilmenite lamellae (black).

One nicol. Drill hole 3 at 66.2 metres. Scale
bar, 0.3 mm.

intrusion of carbonatite (Fig. 24). Magnetite

was intensely carbonatized.

Metacarbonatites

Metacarbonatites occupy a considerable
portion (about one third) of the Sokli massif.
They form a well-defined metacarbonatite
area in the eastern and southern part of the
massif (Fig. 3). They also occur in marked
amount in the transition zone of metaso-
matites and as isolated fragments in the
magmatic core. In the metacarbonatite area
metaphoscorites and metasilicosovites alter-
nate in an intricate replacement pattern that
is further complicated by magmatic carbon-
atite injections. Structurally the metacar-
bonatite area is a continuation of the tran-
sition zone of metasomatites towards the
magmatic carbonatite core. Metasilicosovites
which are the predominant rocks in the meta-

carbonatite area, form like a matrix in which
fragments of metaphoscorites occur. The
occurrence of metaphoscorites has been
drawn on the geological map (Fig. 3) mainly
on the basis of data from detailed magnetic
mapping (Fig. 2).

Metaphoscorites

Metaphoscorites are regarded as slightly
carbonatized alteration varieties of ultrama-
fites (Fig. 11). During polyphased metaso-
matic  alteration processes the ultramafites
were reconstituted by the addition of aegi-
rine, amphiboles, micas, apatite, carbonates,
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TDH 344

1089 %

Fig. 25. Typical specimens of metaphoscorites from the metacarbonatite area.

sulphides, Phl = phlogopite.

sulphides and zircon. Within the magmatic
core, where metaphoscorites were trapped
during the intrusion of the core-plug, the
variable effects of magmatic carbonatites
complicated still further the development of
metaphoscorites. Characteristic phenomena
occur are the
fading of ultramafites into metaphoscorites
together with every possible transitional rock

variety. A description of the alteration of

wherever metaphoscorites

ultramafites is, in fact, a description of the
development of metaphoscorites, and this has
already been given. The following descrip-
tions refer to metaphoscorites only:

1. Metaphoscorites occur as fragments rang-
ing in size from some centimetres to sev-
eral metres. The fragments are mainly

M = magnetite, S =

The grey to pale grey matrix consists of serpentine, iddingsite, carbonate,
fine-flaked phlogopite and ferriphlogopite, richterite and apatite.

Scale bar, 1.0 cm.

embedded in metasilicos6vites and cut by
carbonate veins and dykes.

2. Metaphoscorite is a dark or polycoloured
and massive textured rock with coarse
grain size. The largest grains are always
magnetite and porphyroblastic phlogopite
(Fig. 25). :

3. Metaphoscorites display highly variable
modal compositions as shown in Table 1.

4. The precuréors of metaphoscorites are
recognizable only in rocks representing
the early stages of alteration of ultra-
mafites. These rocks contain primary
minerals (olivine, pyroxene, magnetite) or
their pseudomorphs.

The metaphoscorites are distinguishable
from magmatic phoscorites by their more
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Table 1

Mineralogical composition of metaphoscorites of Sokli (percentage by volume)

Derived from magnetite

Derived from Unknown primary rock

olivinite pyroxenite
Minerals
Drill hole and depth

344 358 4 262 193 343 339 341 195

108.9 118.5 153.5 142.3 122.0 137.0 152.2 163.2 135.5
Clinohumite 20 — — — — — —_ — —
Serpentine, iddingsite 10 48 25 — —_ —_ 6 =
Carbonate 4 2 15 40 30 20.0 6 35 2
Richterite 4 8 15 — -— —_ 20 19 -
Diopside — — — 9 — — — — —
Aegirine = — — — 20 — — — —
Alkali amphibole — — — 30 — 25 — —_ —
Phlogopite = — — — 25 20 — — —
Ferriphlogopite 4 10 10 — — — 30 10 36
Apatite 30 — 4 16 15.5 9 18 18 15
Zircon — — il 1 1.5 1 — — —
Magnetite 28 32 30 4 8 25 20 18 47

heterogeneous character, coarser grain size,
more advanced replacement, corrosion and
recrystallization textures, absence of py-
rochlore and scarcity of clinohumite. Py-
roxene is not encountered in magmatic
phoscorites.

Metasilicosovites

Extensive carbonatization was the main
process in the conversion of altered deriva-

~ s (.00

alkali amphibole rock (grey)

in metasilicosovite. Primary apatite grain (white,

to the left) is highly fractured. One nicol. Drill
hole 194 at 331.6 metres. Scale bar, 0.5 mm.

tives of ultramafites into metasilicosdvites
(Fig. 11). This is demonstrated mineralogi-
cally by the gradual decrease in silicates and
magnetite and increase in carbonate during
the transformation of metaphoscorites, am-
phibole rocks, mica—amphibole rocks and
mica rocks into metasilicosévites. The meta-
silicosdvites contain thin shreds, relict streaks
and decomposed blocks of all the rocks from

Table 2

Mineralogical composition of metasilicosévites of
Sokli (percentage by volume)

Phlogopite--richterite
metasovite

Phlogopite
metasovite

Minerals Drill hole and depth

339 289 4 195 30 242
285.9 39.2 534 1395 265 1454

Carbonate 66 70 70 50 62 70

Phlogopite _ 10 — 24 23 19

Ferri-

phlogopite 10 —

Alkali

amphibole — —_

Richterite 5 5

Apatite 15 9

Magnetite 4 )
+ +

l
I
l

Sulphides
Zircon

+|l ol
| 5
core | &
W g o
+| ool »
Ftrewal |

+ = detected
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A

Fig. 27. Specimens of core from drill hole 475 showing typical variants of metasilicosovites in the
transitional zone of metasomatites. Scale bar, 1.0 cm.

At 102.0 metres.
At 103.0 metres.

A pyroxene bearing amphibole rock passes
Slightly oriented metasilicosévite. Alkali amphibole laths (dark) after pyroxene occur

into banded metasilicosovite.

as loosely packed accumulations or isolated grains.

At 104.0 metres. An
or alkali amphibole and phlogopite.

intensely banded metasilicosovite.

Dark bands consist of calcic amphibole

The rock is cut by a magmatic sovite (to the left) conformable

with banding.

At 109.0 metres.
gue bands, schlierens and impregnation.

The most typical phlogopitic metasilicosovite.

The phlogopite (dark) occurs as va-

Thin richterite needles are not visible megascopically. So6-

vitic dyke (to the right) cuts the rock.

which they were formed (Figs. 26 and 30, B,
C). Carbonatization and other metasomatic
processes and variable dynamic elements
have produced locally a high variety of meta-
silicosovites (Figs. 27, 28, 30, B, C). Two main
petrographical types of more or less regular
areal distribution can be distinguished. Table
2 gives some modal compositions of each type.

Phlogopite—richterite the
prevailing type in the metacarbonatite area.
The rock varies between white and green and
is dotted with black magnetite grains. It is
medium-grained and most characteristically
consists of more or less persistent schlieren-

metasovite is

like bands with various degrees of contortion
and waving. The bands show variable
textures and mineralogical compositions; they
have sharp contacts or they gradually fade
into each other with much interfingering
(Fig. 28). Individual bands are some centi-
metres or tens of centimetres thick. In the
metacarbonatite area fairly homogenous and
more massive types occur locally as shown
by drill hole intersections tens of metres long.
The green bands are composed of phlogopite,
richterite and magnetite with interstitial
carbonate. Variously coloured phlogopite is
either evenly disseminated or occurs in clots.
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Fig. 28.

Phlogopite-richterite metasévite showing vague, schlieren-like bands of accumulations of

phlogopite and richterite. Scale bar, 1.0 cm.

A prevailing phlogopite variety is ferriphlog-
opite with inverse pleochroism: Z = colour-
less, X = pale orange. The flake boundaries
may be thinly rimmed by intensely orange
ferriphlogopite. Remnants of large phlogo-
pite flakes from precursory rocks have
preserved their green colour but show pale
speckles, especially at the edges. The flakes

have been decomposed and replaced by an
apatite-bearing carbonate phase (Fig. 29).

Fig. 29. Speckled phlogopite flakes (grey) are

scattered and replaced by carbonate (pale grey).

Phlogopite-richterite metasévite. One nicol. Drill
hole 242 at 133.6 metres. Scale bar, 0.5 mm.

Richterite, colourless in thin section, occurs
as thin needles and fibrous sheaves arranged
parallel to the general lineation. As a rule
the prismatic richterite is replaced by carbon-
ate, but it is often preserved as pseudomorphs
and relics. Alkali amphibole occurs only in
massive types as isolated prisms or loosely
packed prism aggregates. Primary magnetite
grains are scattered and replaced by carbon-
ate so that they form a mealy, fine-grained
mass around which the original grain bound-
aries are sometimes detectable. Apatite at
the carbonatization stage is fairly evenly
disseminated as small rounded grains in a
carbonate mosaic. They differ markedly
from primary coarse-grained apatite that is
fractured and split into smaller grains. Zir-
con and sulphides occur as accessory minerals.

Phlogopite metasdvite, the dominant meta-
silicosdvite in the transition zone of metaso-
matites, is encountered wherever carbonati-
zation is extensive. It has often developed
as a result of carbonatization and foliation in
mica—amphibole and mica rocks. Mica rocks
pass into schlierens of dark green phlogopite
that eventually die out. The phlogopite is ar-
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Fig. 30. Specimens from drill hole 441.
A. A fenite (F) transformed into a pyroxene rock (P).

Scale bars, 1.0 cm.
Note the

sharp boundaries between the rocks.
B. A mica—amphibole rock (to the left) gradually grading into phlog-
opitic metasovite.
C. Fragments of mica—amphibole rock (to the right) derived from
fenite in metasilicosovite.

ranged into moderately regular and parallel
bands with white apatite-bearing carbonate
bands. The rock is foliated and banded. The
colour varies between dark and white (Fig.
30, B, C). The width of the dark bands rich in
phlogopite range from some millimetres to
tens of centimetres. Drill core data suggest
that they continue rather linearly but bend
around the edges of mica rock and other rock
remnants (Fig. 30). Under the microscope
fine-grained minerals are seen to swirl
around larger phlogopite relics and magnetite
grains, and mica and carbonate-rich bands to
grade more or less into each other. All the
minerals tend to be arranged parallel to the
general foliation. Carbonate is equigranular
and xenomorphic. Phlogopite flakes show
ragged ends. Pleochroism is from light green
to pale yellow. Weak zoning is revealed by
pale rims. Ferriphlogopite with reversed
pleochroism (Z =colourless, X = pale or-
ange) is present in places.

The apatite of the carbonatization genera-
tion occurs as well rounded, egg-shaped
grains. It is slightly concentrated in the
phlogopite-rich bands. Prisms of alkali am-
phibole and calcic amphibole are present in
the phlogopite metasovite that developed as
a result of the carbonatization of amphibole
and mica—amphibole rocks. The magnetite
preserved from the precursory rocks displays
xenomorphic habit; recrystallized magnetite
occurs as idiomorphic crystals. Because phlog-
opite metasovite is a fairly equigranular rock,
the average grain sizes of its main minerals
are given: carbonate 0.5 mm, lenght of mica
flakes 1.0 mm, xenomorphic magnetite grains
1.0 mm, magnetite crystals 0.1 mm, apatite
Sulphides and zircon occur as
accessory minerals.

0.2 mm.

Tectonized metasilicosévite. In addition to
the metasilicosovites described above, a
highly tectonized metasilicos6vite has been

encountered in drill holes 193, 194 and 195 in
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Fine-
lineated matrix consisting mainly of
carbonate and subordinately of richterite and

Fig. 31. Tectonized metasilicosovite.
grained,

phlogopite. Phlogopite flakes (pale grey) are

contorted and resorbed at the edges. Apatite

grains (dark grey) are fractured and broken.

Crossed nicols. Drill hole 193 at 85.5 metres.
Scale bar, 0.5 mm.

the southern part of the massif (Fig. 4), be-
tween the metaphoscorite blocks and the
metasilicosovites into which it rapidly grades.
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The tectonized metasdvite is pale in colour
and is compressed into a vertically dipping
schistose structure with mylonitic features.
Remnants of neighbouring rocks are so bro-
ken and scattered that only isolated rolled
grains of phlogopite, magnetite and apatite
are left (Fig. 31). Cataclasis is also revealed
by twisted phlogopite flakes and continu-
ously repeated thin shear planes. Fibrous
richterite has crystallized on the shear planes
(Fig. 32). Carbonate grains have been sheared
throughout the rock into a fine-grained mass
with distinct orientation.

The intense foliation and lineation, the
vertical orientation, the scattering of the rock
fragments into small grains and other cata-
clastic features all indicate upward move-
ments of metasilicosdvite, partly in a solid
plastic state. These structures and textures
occur in the vicinity of the fenite aureole,
showing that the movements in the carbona-
tite massif were accentuated towards the
fenite aureole.

Fig. 32. Fibrous richterite on the shear planes of tectonized metasilicosovite. One
nicol. Drill hole 194 at 223.6 metres. Scale bar, 3.0 mm.
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Rocks of the transition zone of
metasomatites

The transition zone of the metasomatites
forms a girdle between the fenite aureole
and the metacarbonatite area (Fig. 3). The
metasomatite zone is composed of fragments
of fenites, pyroxene rocks, amphibole rocks,
mica—amphibole rocks and mica rocks em-
bedded in metasilicosévites. The geological
data on the zone derive from a few shallow
drill holes only (Fig. 4). It is difficult to esti-
mate reliably the distribution and relative
proportions of the various rocks in the meta-

cal data. Nevertheless the ultramafites are
believed originally to have been distributed
throughout the extensive transition zone of
metasomatites and to have been metasomatic-
ally transformed largely into amphibole,
mica—amphibole and mica rocks in the man-
ner already described (p. 15—22). Carbona-
tization then converted these rocks into meta-
silicosovites (Fig. 30) as described on page 27.

The fenite fragments and their transforma-
tions occupy a considerable portion of the

metasomatite zone. The two main alteration
trends of fenite are:

somatite zone and to check the presence of
ultramafites as indicated locally by geophysi-

Pyroxene Calcic amphibole— Mica— Mica
Fenite — 5 rock — alkali — y alkali —— . rock
amphibole amphibole
rock rock
Alkali Mica— Mica
Fenite — + amphibole alkali » rock
rock amphibole
rock

Fig. 33. Drill core specimens showing sharp boundaries between fenite and rocks derived from them.
Scale bar, 1.0 cm.
A fragment of fenite (F) enveloped by a narrow phlogopite-rich reaction
zone (dark) against metasilicosovite (Mes).
Dark green, fine-grained mica-amphibole rock (Mar) between a fenite frag-
ment (F) and metasilicosovite (Mes).
A carbonate-rich mica rock (CF) in a crushed fenite zone.
sharply by magmatic sovite (S0).

DH 70 at 150.0 metres.
DH 396 at 192.0 metres.

DH 255 at 85.5 metres. Mica rock cut



DH 259, 387 and 441 show good intersections
of the alteration sequences of fenites in a
metasilicosovite environment (Fig. 4). The
description of the alterations of fenite is
based mainly on the observations and analy-
ses made on these drill holes. Intense brec-
ciation of the fenitic zones has led the devel-
opment of alterations into various rock types.
The boundary between the fenite fragments
and the altered rocks is often sharp (Figs.
30, A and 33). This suggests that breccia
fractures played an important role in the
modification of fenites into rocks of various
kinds. The altered rocks display textural
heterogeneity and irregularity in composition.
The main rock types of the alteration trends
are described in the next section.

Pyroxene rock

At its purest, pyroxene rock is an almost
monomineralic rock with subordinate inter-
stitial carbonate (Fig. 34). The rock is light
green and massive and it occurs as irregular
fragments ranging in size from some centi-
metres to a few metres. It is encountered in
drill holes along the western and northern
boundaries between the metacarbonatites and
the zone of metasomatites. Pyroxene dis-

¥

Fig. 34. Fine-grained metasomatic pyroxene rock
transformed from fenite. One nicol. Drill hole
441 at 285.8 metres. Scale bar, 0.5 mm.

3
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Fig. 35. Recrystallized albite enclosing poikilo-

blastically pyroxene (white grain) and pyroxene

grains altered into calcic amphibole (dark grey,

in the middle). Crossed nicols. Drill hole 441 at
337.0 metres. Scale bar, 0.3 mm.

plays prismatic forms and is almost free from
inclusions. The mineral appears to have been
introduced metasomatically during recrystal-
lization. The pyroxene crystals are generally
0.5 mm wide and 1.5 mm long. Pleochroism
colours range from bright green to light
yellow. One microprobe analysis indicates
acmitic diopside composition (Table 11, No.
8). Large poikilitic plates of clear albite
enclose the pyroxene prisms (Fig. 35) near the
unaltered fenite. Farther from the fenite
contact the pyroxene prisms become enclosed
poikiloblastically in plates of calcic amphi-
bole. Metasomatism has altered the pyrox-
ene into alkali amphibole to a varying extent.
In some places thin carbonate veinlets have
transformed the pyroxene into colourless
richterite.

Amphibole rocks

There are three varieties of amphibole
rocks in the area of the metasomatite zone:

1. Calcic amphibole rock derived from the
magmatic pyroxenite.
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2. Calcic amphibole — alkali amphibole rock
transformed from the metasomatic py-
roxene rock.

3. Alkali amphibole rock formed from fenite.

The calcic amphibole rock and its develop-
ment from pyroxenites were described on
p- 18. The calcic amphibole — alkali amphi-
bole rock is a product of progressive meta-
somatism from pyroxene rock that itself is
a metasomatic transformation from fenite.
Increasing alkali amphibolization towards the
outer margins of the pyroxene rock fragments
produces a calcic amphibole-bearing alkali
amphibole rock. Intersections of this rock
in drill holes may measure several metres,
but smaller fragments some tenths of centi-
metres long are more common. It is a fine-
to coarse-grained rock (Fig. 36), medium or
dark green, and massive in texture. Calcic
amphibole occurs as large hypidiomorphic
grains that are usually devoid of inclusions
but that show recrystallization features. The

Fig. 36. Specimens of drill core showing varia-
tion in grain size in the calcic amphibole-alkali

amphibole rock. Drill hole 441. Scale bar, 1.0 cm.
At 272.0 metres. The predominant medium-
grained type.

‘At 2925 metres. Coarse-grained type. White
colour is apatite-bearing carbonate matrix showing
intense carbonatization that succeeded amphiboliz-

ation.
At 297.5 metres. Fine-grained type. The rock
contains appreciable phlogopite. In mineral com-
position close to a mica-amphibole rock.

Fig. 37. Alkali amphibole (pale grey) replaces

calcic amphibole (dark grey) in calcic amphibole—

alkali amphibole rock. Crossed nicols. Drill hole
441 at 287.7 ‘metres. Scale bar, 0.3 mm.

colour is characteristically deep green with
moderate pleochroism towards yellowish
tints. The interference colours are normal.
The alkali amphibole represents the meta-
somatic generation after pyroxene and calcic
amphibole (Fig. 37). Its blue-green colour
and anomalous bluish interference colour
distinguish it from the calcic amphibole. The
mineral occurs around the pyroxene and the
calcic amphibole as alteration rims (Fig. 37)
or as large pseudomorphic grains after the
former minerals or as a fine-grained genera-
The development of alkali amphibole
is usually accompanied by the intergrowth
of some phlogopite. Carbonate with rounded
apatite grains is met with interstitially to the
amphibole grains.

The alkali amphibole rock that formed
from fenite is represented in the fenite aur-
eole as thin cross-cutting veins composed
almost exclusively of alkali amphibole. In
the transitional zone of metasomatites intense
crushing of fenite has encouraged the devel-
opment of alkali amphibole rock into units
tens of centimetres or even some metres thick.
The alkali amphibole rock is always fine-
grained and is also distinguished from the
other amphibole rocks by its characteristic

tion.



dark green colour. Its texture is massive or
slightly oriented. The alkali amphibole rock
is not monomineralic but always contains
variable amounts of phlogopite, carbonate
and subordinate apatite. Relict albite grains
are present in places.

Mica—amphibole rocks

Mica—amphibole rocks are transitional var-
ieties in the alteration trends of pyroxene
rock and amphibole rocks towards mica rocks.
In the ideal cases the mica—amphibole rocks
occur as vague portions between pyroxene
and amphibole rocks and mica rocks in iso-
lated fragments embedded in the metasilico-
sovites. Not uncommonly these fragments
have wholly achieved the mineral composi-
tion of mica—amphibole rock. The fragments
which are rounded and broken up, have been
contorted into smooth folds and schlieren by
upward movements of remobilized metasili-
cosovite (Fig. 30, C).

The mica—amphibole rock has characteris-
tically developed from the precursory rock by
the phlogopitization of pyroxene and amphi-
boles. The phlogopitization is usually ac-
companied by the introduction of carbonate
and apatite. All the same time the rock may
have acquired oriented texture or it may
have preserved its original massive texture.
Mica—amphibole rock is typically an equi-
granular fine to medium-grained, and me-
dium or dark green rock. The mica is green
phlogopite and the amphibole is alkali amphi-
bole. Calcic amphibole is also encountered.
Subordinate rainerals are carbonate and apa-
tite.

Mica rock

Mica rock represents an end product, of the
alteration that started in the fenite fragments
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phlogopite rim (in the middle) into fine-grained

mica-amphibole rock (to the right). One nicol.
Drill hole 259 at 85.7 metres. Scale bar, 0.5 mm.

in the transitional zone of metasomatites.
Mica rock may, however, develop directly
from fenite owing to the effect of carbonate
veins and metasilicosdvite cutting the fenite
fragments. The mica rock thus developed
may be restricted to a narrow zone along the
contacts with the veins and rocks (Fig. 33)
or form pods and lenses sometimes up to
0.5—1.0 metres thick inside and around the
fenite fragments. In thin section the mica
rock appears to be almost pure phlogopite
rock with subordinate carbonate and relict
alkali amphibole prisms preserved from the
fenite. The contact between the mica rock
and the fenite is secmetimes suprisingly sharp
(Fig. 38).

Most of the mica rocks in the transition
zone are believed to have developed from
mica—amphibole rocks by increasing potass-
ium metasomatism. The progress of phlog-
opitization is shown as a network extending
around the amphibole prisms, which are
gradually replaced inwards (Fig. 39). This al-
teration trend seldom produces a monominer-
alic mica rock; instead the rock contains rag-
ged amphibole grains that have resisted re-
placement by phlogopite. Some carbonate
and apatite are usually present as well. In-
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Fig. 39. Calcic

amphibole relics (grey) in mica
rock developed from calcic amphibole rock. Apa-

tite and calcite are white. One nicol. Drill hole
387 at 196.0 metres. Scale bar, 0.3 mm.

tense potassium metasomatism has sometimes
affected the pyroxene rock, resulting in the
direct development of mica rock as a result
of the phlogopitization of pyroxene (Fig. 40).

The mica rocks that developed in one way
or another from fenite fragments are charac-
terized by their fine to medium grain size
and dark green colour. Intersections of the
rock in drill holes barely exceed one or two

Magmatic

Magmatic carbonatites form a plug-like
central core in the Sokli massif. The struc-
ture of the massif and the core have been
described earlier and visualized by a gener-
alized block diagram based on diamond drill-
ing and geophysical data (Vartiainen and
Paarma, 1979). The magmatic core contains
xenoliths of ultramafites, fenites, metasoma-
tites and metacarbonatites and small-scale
segregations, banding, veining, alterations
and replacements in unmappable units, all

o 1 L > 4

Fig. 40. Metasomatic pyroxene rock is altering

into mica rock. Pyroxene is distinguished from

phlogopite by higher relief. One nicol. Drill
hole 387 at 175.3 metres. Scale bar, 0.3 mm.

metres. The texture of the mica rock is gen-
erally massive, but preferable orientation
of the phlogopite flakes also occurs. The
mica is green phlogopite with normal pleo-
chroism. These mica rocks are distinguished
from those derived from ultramafites by their
even grain size and more homogenous habit.
The latter are commonly more coarse-grained
and porphyroblastic in texture.

carbonatites

of which add to the highly complicated and
composite nature of the core (Fig. 41). The
magmatic carbonatites also form cone-sheets
and irregular intrusions protruding from the
central core and extending across the meta-
carbonatite area and the transitional zone
of metasomatites into the fenite aureole (Fig.
3). The magmatic carbonatites are believed
to have been formed pulsatively and success-
ively in three phases, which are divided into
five stages:
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NWAM  GAMMA RADIATION LOGGING CURVE
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E=——= ALKALINE LAMPROPHYRE DYKE
SILICOSOVITE
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Fig. 41. A drawing and a diagram showing rapid lithological variation in the magmatic carbonatite
. core.
A. A lithology of a drill core for a length of 30 metres in drill hole 374. The rocks belong to Stages
I and II and are intersected by alkaline lamprophyre dykes.
B. Diagram showing lithological variation in volume percentage in drill hole 455 for a length of 60
metres. Rock variation observed with an accuracy of 5 centimetres.
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Phases Stages

First intrusive
magmatic phase

I Segregation of phoscorite from
carbonatite magma.

IT Crystallization of massive s6vitic
rocks from carbonatite magma.

Pneumatolytic or IIT
hydrothermal

phase

Second intrusive v

magmatic phase

Intense pneumatolytical-
hydrothermal activity.

Crystallization of banded (and
massive) s6vites and beforsites from

fluidal carbonatite magma.

V Crystallization of late veins from
the, residual melt of carbonatite
magma.

The occurrence and petrography of the rocks
of each magmatic stage will be described
separately in the following chapters. ‘

Stage I, phoscorite
The segregations of the composite mineral

assemblages called phoscorites are regarded
as the first manifestations of magmatic car-

bonatites. Phoscorites are met with only in
the magmatic core, as irregularly distributed,
fragmental rock bodies forming loosely pack-
ed and elongated fragmental rock zones some
tens of metres wide and hundreds of metres
long. The zones seem to have
downward extension.

a vertical
Individual phoscorite
fragments range from some centimetres to
several metres in size; the spaces between
them are of the same size. The fragments

Table 3

Mineralogical composition of Stage I Sokli phoscorite (percentage by volume)

Drill hole and depth

Minerals 435 435 332

330 260 288 289 Pala-
66.5 71.0 41.4 135.1 77.0 67.0 S1121 bora *
Carbonate 21 38 7 10 — 6 6 18
Olivine 33 — 17 20 10 —_ — —_
Clinohumite 1.5 — 10 ' 3 5 1 — —
Serpentine — 2 — — 1 — 10 22%%
Richterite 1.0 2 — — — 0.5 5 —
Phlogopite 9 6 — — — 10 1 +
Ferri-
phlogopite —_ 11 3 0.5 0.5 — 10 —
Apatite 3 17 13 45 40 35 30 25
Magnetite 28 16 43 25 33 38 30 35
Sulphides 3 6 3 1 3 10 7 —
Pyrochlore 0.5 2.0 1.0 —_— 0.5 0.5 0.2 —
Baddeleyite —_ + 0.5 0.1 — 0.5 +
Zirkelite — — — — — + — —

* Hanekom et al. (1965), average mineral composition of serpentinized phoscorite

#* jpcludes vermiculite and others
+ = detected



display angular forms and are commonly cut
by thin carbonate veinlets. Sparse and small
phoscorite fragments are dispersed through-
out the Stage II sovite bodies.

Owing to its considerable magnetite con-
tent, phoscorite produces magnetic highs (Fig.
2). Drilling of the anomalies has revealed
that the rocks are either magmatic phoscor-
ites or metaphoscorites transformed from
ultramafites (Fig. 41, B). The former rocks
show characteristic petrographic features
and, as a result of thorium- and/or uranium-
bearing pyrochlore in the magmatic phos-
corites, they can be recognized by scintillo-
metric measurements in drill holes (Fig. 41,
B). The geological map (Fig. 3) shows the
magmatic phoscorite zones that have been
checked by drilling. The unaltered or slightly
altered Stage I phoscorites are associated
with the Stage II sovitic rocks (Fig. 41, A). In
the more complicated environments, where
the primary phoscorites were first affected by
hydrothermal activity and later by carbona-
tite intrusions, only small amounts of primary
phoscorites are present (Fig. 41, B).

The phoscorites are dark coloured, medium-
to coarse-grained rocks with massive struc-
ture. The rock-forming minerals in the pri-
mary, unaltered phoscorite are magnetite,
olivine, phlogopites, apatite and calcite. Var-
iation in the relative abundances of these
minerals give rise to a diversity of types
(Table 3). Sulphides, pyrochlore and badde-
leyite are the most important accessory min-
erals. For comparison, the average mineral-
ogical composition of phoscorite from the type
locality, Palabora, is also given in Table 3.
The abundances of the essential minerals,
magnetite, apatite, olivine and its alteration
products, are about the same. The Palabora
phoscorite is distinguished by the absence of
sulphides and pyrochlore.

Owing to later magmatic introduction of
calcite into the phoscorite, recrystallized
magnetite occurs in places (Fig. 42). Similar
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Stage I magmatic phoscorite (dark) and Stage
IT sovite (light). Scale bar, 1.0 cm.

textures are widely developed in the apatite—
forsterite—magnetite ores (= phoscorites) at
Kovdor (Borodin et al., 1973). At Sokli, how-
ever, the phoscorites usually grade into crys-
tallized sovites (Fig. 70, p. 58) or they are
brecciated by the stvites (Figs. 68, p. 57 and
69, p. 57).

On the basis of mineral inclusions and
mineral boundaries the crystallization order
of the minerals in the phoscorite is:

olivine, pyrochlore, baddeleyite
magnetite

apatite, phlogopite

calcite.
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Fig. 43. Idiomorphic and hypidiomorphic minerals
in Stage I magmatic phoscorite. Iron oxide pig-
ment covers and fills the fractures of an olivine
crystal (in the middle). Apatite occurs as acicular
grains (white), and magnetite (black) displays
crystal forms. Baddeleyite is present as a black
prism (to the left). One nicol. Drill hole 250 at
139.0 metres. Scale bar, 0.5 mm.

When primary mineral assemblages are
present, the minerals all display more or less
idiomorphic habits (Fig. 43).

Deuteric pro-

cesses and later calcite generations have often
affected the mineral shapes and caused alter-
ations in the minerals. Olivine may have
altered into serpentine, iddingsite and bow-
lingite. In places these alterations appear
suddenly and sharply, one side of a sample
being fresh and the other totally altered (Fig.
44). Iddingsitization is less common. The
first signs of clinohumitization of the olivine
appear in the deuteric stage even though
clinohumitization at large was one of the
alteration processes of the hydrothermal
phase.

Occasionally magnetite and phlogopite are
corroded and apatite prisms rounded by car-
bonate. Apatite, too, disfigures the crystal
habits of magnetite and pyrochlore.

Primary calcite differs from later calcite
by its intense twinning, larger grain size and
more clear-cut grain boundaries. Phlogopite
has faint pleochroism: Z = very pale green,
X = colourless. Pyrochlore is dark orange or
red brown in colour.

Fig. 44. Stage I magmatic phoscorite showing rapid variation in the alteration of

olivine.

To the left olivine crystals are almost fresh, to the right they are com-

pletely serpentinized. One nicol. Drill hole 281 at 62.3 metres. Scale bar, 2.0 mm.
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Fig. 45. Rhythmic layering in a Stage II magnetite—olivine sovite.

Boulder from

test pit 4. Scale bar, 0.5 m.

The minerals can be grouped into coarse
grained varieties: magnetite 1—15 mm, oli-
vine 1—10 mm, phlogopite 1—15 mm, calcite
1—15 mm; and fine-grained varieties: apatite,
pyrochlore, baddeleyite and zirkelite 0.1—0.4
mm each.

Stage II, sovites and silicosovites

Stage II comprises crystallization products
of the first calcite-rich carbonatite magma,
and thus the rocks are sévites and silicosévi-
tes. These occupy large and fairly homo-
geneous rock units in the core, which can be
recognized as magnetic lows and as blocks
of homogeneous velocity on seismic profiles.

The longest drilling intersections (150, 120
and 98 metres) of sovites and silicosovites
are encountered in drill holes 246, 386 and
350 respectively (Fig. 4). These bodies are

cut by numerous alkaline lamprophyre dykes
and they include some small phoscorite frag-
ments. The sovites and silicosovites grade
into each other. Smaller sovite—silicosdvite
bodies, such as lenses and fragments occur
as inclusions in the later soévites and silico-
sovites, in which case the first stage sovitic
rocks are altered, replaced and assimilated
to a varying extent.

Arcuate, cone sheet-like intrusions of Stage
II silicos6vites occur in the metacarbonatite
area and in the transition zone of metasoma-
tites. Features shared by all the variants
are their greyish colour, fine to medium grain
size and massive texture.

The massive, medium-grained sévite passes
locally into a rock showing special structure
and texture. A rock from pit 4 (Fig. 4) has
a banded structure resembling rhythmic or
zebra layering (Fig. 45). The dark bands,
which are rich in magnetite and olivine, are



42 Geological Survey of Finland, Bulletin 313

Fig. 46. Detail from layered structure of Stage II magnetite—olivine sovite.

Large

magnetite crystals have settled at the »bottom» of the layers from which finer-
grained magnetite with olivine has crystallized »upwards» to form grass-like tex-
ture. Boulder from test pit 4. Scale bar, 2.0 cm.

a few centimetres thick and separated by
thick calcite rich bands about 10 centimetres
thick. The texture of the dark bands shows
some regularity. Large, idiomorphic magnet-
ite crystals have been segregated down to
“the »bottom» of the smoothly curving bands
(Fig. 46). Fine-grained magnetite with oli-
vine has crystallized »upwards» along tabu-
lar calcite forming a grass-like texture in the
bands (Fig. 46). The orientation of the pri-
mary banding is unknown, since the only
large scale observation derives from a loose
block of the weathered crust. The structure
has not been noted in the drill cores. The
dark bands have a mineralogical affinity for
phoscoritic composition. These segregations
are similar to the massive crystallization of
first-stage phoscorite except that the former
developed later and on a smaller scale. Hane-
kom and his co-workers (1965) have described
primary banding in the older carbonatite at
Palabora, where it generally conforms with

the attitude of the contacts between the car-
bonatite and the phoscorite.

A peculiar tabular texture associated with
the banding structure described above is not
uncommon in the Stage IT magnetite—olivine
sovites. Calcite tabulae from a half to sev-
eral centimetres long and from one to ten
millimetres wide (Fig. 47) may occur as indi-
viduals with random orientation or in almost
parallel groups of several tabulae. They
consist of one or more calcite grains with
long sharp edges. All the other minerals,
olivine, magnetite, apatite, phlogopite, fine-
grained calcite generation, pyrochlore and
baddeleyite, occur in the interstices between
the tabulae as aggregates or grain-chains.
Exceptionally, magnetite forms thick shells
around thin calcite tabulae (Fig. 48). The
tabular calcite, which is without mineral in-
clusions, does not replace the other minerals.
These features indicate that the tabular cal-
cite was the first mineral to crystallize in



Geological Survey of Finland, Bulletin 313

-y

Fig. 47. Tabular texture in Stage II magnetite—olivine sovite. Calcite tabulae -

(white) consist of one or more calcite grains. Boulder from test pit 4. Scale bar,
1.0 cm.

" ; 3 3 . <2 ¥
Fig. 48. Magnetite shells covering thin calcite tabulae. Drill hole 428 at 33.2 metres.
Scale bar, 1.0 cm.

43

this rock. Pozaritzkaya and Samoilova (1972), and the Kovdor complex, interpret them as
who have described similar tabular textures metasomatic textures due to replacement and

from some Siberian carbonatite complexes recrystallization.
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Table 4

Mineralogical composition of Stage II Sokli sili-
cosOvites and sovites (percentage by volume)

Silicosovites Sovites

Minerals Drilli hole and depth

374 425 250 274 281 338

* 116.8 128.8 1225 179.1 108.3
Calcite 58 76 75 85 92 97
Olivine 9 — 45 — — —
Serpentine 2 1 -— — — —_
Phlogopite 1 3 0.2 4.5 1 1.0
Apatite 12 9 12 8 5 1.0
Magnetite 16 8 2.5 1 0.5
Sulphides 1 10 —_— — 1 0.5
Pyrochlore
group 1 1 — — — +
Baddeleyite + + 0.3 -+ — —
Zirkelite — — i o - —

* composite sample
+ = detected

The mineralogical compositions of sovites
and silicosdvites presented in Table 4 differ
oniy slightly from each others, showing that
the division into subgroups is rather artificial.
The uniform mineralogical compositions, mas-
sive and other textures refer to slow and
stable crystallization conditions.

As a rule the first minerals to crystallize
were olivine and magnetite. They occur as
idiomorphic or hypidiomorphic grains but,
with calcite, they may also form skeletal and
dentritic textures that can be interpreted as
products of simultaneous crystallization of
these minerals. Similar textures at XKola
(Kukharenko et al., 1965) and Siberian (Poza-
ritzkaya and Samoilova, 1972) carbonatite
massifs have been attributed to the replace-
ment of carbonate. The olivine is usually
fresh even when it shows skeletal and dentri-
tic texture, which is odd if the textures origi-
nated by metasomatic replacement processes.
These textures are not encountered in the
ultramafites with extensively developed met-
asomatic and replacive alterations, although
they are present in the recrystallized magnet-

ite olivine rock in which magnetite, olivine
and calcite grew contemporaneously.

In pleces the olivine is wholly serpentin-
ized. Calcite occurs as equigranular grains
in irregular forms with clear-cut boundaries.
Twinning is common. Mineral inclusions are
often absent from calcite. Apatite grains
display short prismatic habits and are usually
arranged as aggregates or net-like chains in
the interstices between the calcite grains.

Phlogopite flakes are generally rounded
at their margins but locally they display idio-
morphic forms. The pleochroism is: Z =
pale green, X = colourless. Pyrochlore is a
well crystallized, dark orange mineral. Bad-
deleyite occurs as scattered crystals or as
clusters of crystals. The average grain sizes
of the minerals in millimetres are: calcite
1—3, apatite 0.1-—0.3, olivine 0.5—2, magnet-
ite 2—4, phlogopite 1—2, pyrochlore 0.2—4,
baddeleyite 0.1—0.2.

Stage III, hydrothermal phoscorite and
apatite—ferriphlogopite rock

The rocks of the hydrothermal phase (Stage
IIT) are regarded as the alteration varieties
of the earlier magmatic Stages I and II. The
first carbonatite intrusion phase was accom-
panied by hydrothermal or pneumatolytic
solutions. These solutions appear to have
impregnated both phoscorite (I) and so6vite
(II) causing mineral alterations and depositing
apatite—ferriphlogopite rocks before the se-
cond magmatic phase. Thus the hydrother-
mal phase is an interlude between two mag-
matic phases. All gradations occur from un-
altered to mineralogically wholly altered
rocks. Accordingly, the mineralogical and
chemical compositions of the Stage III rocks
are highly variable. Except for apatite-
ferriphlogopite rock, it is difficult to show
typical rock variants; hence, mineralogical
alterations rather than rocks are described.



Hydrothermal processes were most active
in the vicinity of fault zones but signs of
slight alterations are seen throughout the
magmatic core. The magmatic carbonatites
outside the core also contain hydrothermal
variants. Alteration processes have affected
the metacarbonatites and given rise to true
hybridic rocks. The Stage I phoscorites were
more susceptible to alterations than were
Stage II sovites and silicosdvites. The Stage
IIT phoscorites have preserved their massive
texture or exhibit slight foliation. Their grain
size is comparable to that of the primary
rocks, being medium to coarse, but the colours
have a reddish tint. Likewise the sovites and
silicosOvites are macroscopically comparable
to their unaltered counterparts even though
they commonly display oriented textures.

The mineralogical alteration phenomena
are best traced under the microscope using
hydrothermally altered phoscorites. Hence,
the mineralogical observations were conduct-
ed on these rocks. The development of the
mineralogical composition in Stage III can
be summarized as follows:

1. Green phlogopite alters into red brown
phlogopite (ferriphlogopite) and the total
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Fig. 49. Sharply zoned phlogopite in Stage III

hydrothermal phoscorite. The outer rim is dark

orange ferriphlogopite and the core pale green

phlogopite. One nicol. Drill hole 332 at 84.2
metres. Scale bar, 0.5 mm.

amount of mica increases. All gradations
from narrow ferriphlogopitized rims of
primary green phlogopite to pure ferri-
phlogopite are to be seen within some
tenths of centimetres. Sharp zoning illus-
trates rhytmic alteration processes (Fig.
49). In places the ferriphlogopite displays
idiomorphic hexagonal flakes suggesting
complete recrystallization. The ferriphlog-

opite invariably shows reversal pleo-

Fig. 50. Accumulation of twinned clinohumite

crystals in Stage III hydrothermal phoscorite.

Crossed nicols. Drill hole 251 at 77.4 metres.
Scale bar, 2.0 mm.
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Fig. 51. Sulphidization in Stage III hydro-
thermal phoscorite. Pyrrhotite (F) fills the
cracks and replaces magnetite (M) (lower
figure) A = apatite aggregate. C = carbonate
schlieren. Scale bar, 1.0 cm.

chroic colour: X = orange or reddish
brown, Z = pale yellow. The biggest fer-
riphlogopite flakes are up to 5 cm in dia-
meter.

2. Olivine alters into clinohumite and the
minerals of the serpentine group. Clino-
humitization begins at the edges or in the
cracks of the olivine grains and proceeds
to cover the whole grains. Local twinned
clinohumite crystals (Fig. 50) indicate the
recrystallization of these grains. Similar
clinohumite crystals are encountered at
Kovdor (Borodin et al., 1973).

3. Richterite develops from olivine. It oc-
curs as thin needles shooting off from the
olivine grains (Fig. 87, p. 75). In extreme
cases it forms tight fascicles that can oc-
cupy 30—50 % of the volume of the rock.

4. Dolomite is formed.

5. Sulphidization has produced mainly pyr-

Fig. 52. Zirkelite in Stage III phoscorites.
A. Zirkelite prisms grown on a pyrochlore crystal.
Arrow point to zirkelite within pyrochlore. One
nicol. Drill hole 332 at 84.2 metres. Scale bar,
0.3 mm.
B. Separate zirkelite prisms (in the middle).
Magnetite is black, apatite and carbonate white.
One nicol. Drill hole 378 at 269.6 metres. Scale
bar, 0.3 mm.
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Table 5

Mineralogical composition of Stage III hydrothermal phoscorites and apatite-ferriphlogopite rocks
at Sokli (percentage by volume)

Phoscorites

Apatite-ferri-
phlogopite rocks

Minerals Drill hole and depth

332 329 274 436 435 330 425 425

84.2 183.0 78.0 42.7 83.0 110.8 111.7 104.4

Carbonates 4 10 11 30 34 10 — 7
Olivine 5 10 4 —_ — — — —_
Clinohumite 8 15 5 0.5 6 — — —
Serpentine —_ — 5 9 T — —_ —_
Richterite 5 — 0.5 13.5 1 — — —_
Ferri-
phlogopite 20 13 44 9 11 27 26 30
Apatite 20 35 12 16 22 38 49 35
Magnetite 30 15 } 18 } 17
Sulphides 5 15 16 } 4 £ 17 4 &l
Pyrochlore 1 — 2 -+ < 0.5 2 6
Baddeleyite — 0.5 0.5 = — — — 1
Zirkelite -+ + + — — + + +
Zircon + — — + + — — —
+ = detected

rhotite and minor chalcopyrite. The pyr-
rhotite occurs as dissemination, schlierens,
veinlets, rod-like aggregates and fine-
grained masses several centimetres in dia-
meter. The mineral fills the small cracks
and envelops earlier minerals such as
magnetite (Fig. 51). The chalcopyrite is
encountered as fine-grained dissemination.

6. Thorium-rich pyrochlore is a hydrother-
mal mineral. This pyrochlore differs mi-
croscopically from the pyrochlore of Stag-
es I and II by its finer grain size (0.05—0.3
mm) and markedly lighter colour (pale
yellow). Larger, distinctly zoned pyro-
chlore crystals also occur. Primary red

brown pyrochlore is replaced by carbo-

nate and the crystals have occasionally
altered into resorbed sieve-like grains.

The red brown pyrochlore is rimmed by

a pale variety. In places the alteration

in colour is so advanced that only a small

spot of the primary pyrochlore is pre-

served in the centre of the crystal.
7. Zirkelite has formed at the expense of

pyrochlore and occurs around and as in-
clusions in pyrochlore (Fig. 52, A). Sep-
arate zirkelite prisms are also encountered
(Fig. 52, B).

Table 5 shows examples of the mineralogi-
cal compositions of the Stage IIT phoscorites
derived from the Stage I varieties. The con-
siderable variation in the abundance of all
the minerals is striking. The mineral com-
positions of the apatite—ferriphlogopite rock,
which are also given in the Table 5, indicate
material transport during hydrothermal ac-
tivity. These rocks are fracture fillings that
owe their origin to some process directly re-
lated to hydrothermal fluids. The occurrence
of apatite—ferriphlogopite rock exhibits
dyke-like habit (Fig. 74, p. 60) and the width
of the dykes varies from 1 to 200 cm. The
apatite-ferriphlogopite rocks prefer the vicin-
ity of the central fault zone from where they
branch off in all directions. They are also
encountred in the fenite aureole as fragments
within the cone sheets composed of Stage IV
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Fig. 53. Hexagonal ferriphlogopite (grey) in Stage III apatite-ferriphlogopite rock.
Pyrrhotite (dark grey) forms a fairly compact aggregate enclosing ferriphlogopite.
Drill hole 428 at 111.7 metres. Scale bar, 1.0 cm.

silicos6vite. The latter contains apatite as
small (0.1—0.3 mm) prismatic crystals that
form fairly composite accumulations with
other minerals. The ferriphlogopite is dis-
tinctly zoned and occurs locally as idiomor-

phic hexagonal flakes (Fig. 53). Pyrrhotite is
disseminated or it occurs as schlierens of ir-
regular shape. The pyrochlore content is
higher than in any other rock in the Sokli
massif; in some samples it may exceed five

Fig. 54. Vertical banding in Stage
IV magmatic sovite-silicosovite. Test
pit 3. Scale bar, 0.3 m.



percent (Table 5). Magnetite, which is present
in some dykes,
from the surrounding rocks. Pyrochlore, bad-
deleyite, zircon and zirkelite are the general
accessory minerals in the Stage III rocks.

was presumably captured

Stage IV, silicosovite, sovite and beforsite

The two phase magmatic carbonatite cycle
manifests itself in the second phase as sili-
cosovites, sovites and beforsites. They occupy
the largest volume of the magmatic core but
also occur as cone-sheets and irregular intru-
sions protruding from the central core and
extending across the metacarbonatite area
and the transition zone of metasomatites into
the fenite aureole.

The Stage IV rocks display three mode of
occurrence: 1) Rocks with banded structure
(Fig. 54), which predominate in the boundary
zone of the magmatic core and have a width
of a few hundred metres; 2) A more mas-
sive yet somewhat oriented type, which
prevails in the central part of the core; 3)
Dyke-like units of fine-grained, sugary tex-
tured sovites and beforsites, which are
scattered throughout the massive. The bright
white colour and the existence of ferriphlog-
opite in these rocks distinguishes them clearly
from the greyish and massive Stage II sovites
and silicosovites. The petrographic differ-

ences are most marked in the metacarbonatlteff
area and in the transition zone of metaso-n‘_‘

matites, where the Stage IV rocks and meta-
silicosOvites occur side by side. "Foliation,
schistosity and cataclastic features are more

advanced in the metasilicosGvites than in the.
magmatic varieties, which are more coarse-'

grained and contain p_yrochiore (Fig. 55, B),

a mineral that is_totally: absent from the

metasilicosovites. Ri’éhterite may be present
in both rock types but alkaline amphiboles
only in the metasomatic ones.

4
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in Stage IV silicosovites.
One
Scale bar,

Fig. 55. Pyrochlore
A. Pale, idiomorphic and zonal pyrochlore.

Drill hole 342 at 110.2 metres.

0.5 mm. = =
B. Resorbed pyrochlore (dark ‘grey) in cone sheet
of Stage IV magmatic “sévite. Plane polarized
light. Drill hole 194“at 10.45 metres.  Scale bar,
0.5 mm. !

nicol.

_The subvertical bandihg (Fig: 54) is due

to the parallel arrangement of stringes,

_streaks and bands rich in, ferriphlogopite,
'magnetlte and apatite:

The banding in sili-
cosovite results from flow structure as is

»ev1denced by its behaviour around rock frag-
vments of earher ’stages (Flgs

69 and 75).
Microscopic examinations- show that all the
minerals have a linear arrangement parallel
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Fig. 56. Boundary between a richterite—ferri-
phlogopite-rich band (to the left) and a carbonate-

rich band in Stage IV magmatic soévite. The

major axes of all the minerals tend to be parallel

to banding. Small black crystals in carbonate-

rich band (to the right) are pyrochlore. One

nicol. Drill hole 318 at 56.3 metres. Scale bar,
0.5 mm.

to the general banding (Fig. 56). Garson (1955)
has described similar structures from the
carbonatites of southern Malawi and regards
them as distinctive flow features comparable
to those in magmatic rocks. In the banded
silicosdvites apatite exhibits acicular forms

Fig. 57. Irregular pyrrhotite schlieren (dark grey) in massive Stage IV sovite. Drill

that are more typical of the apatite of earlier
stages. The rocks also contain clinochumitized
olivine and ragged magnetite. These minerals
may derive from earlier carbonatites, sug-
gesting that the banded structure developed
at the begining of Stage IV. Pyrochlore is
fairly evenly disseminated throughout the
rocks, and magnetite occurs as small idio-
morphic crystals.

Under the microscope massive, medium-
grained s6vite and silicosdvite in the inner
part of the core show some degree of orienta-
tion due to the subparallel arrangement of
apatite grains, apatite aggregates and separ-
ate ferriphlogopite flakes. Weakly elongated
calcite grains are also oriented in the same
direction. In these rocks apatite occurs typi-
cally as rounded or subrounded grains (Fig.
58, A). Ferriphlogopite is commonly zonal
with dark orange rims. Magnetite is mostly
idiomorphic. Pyrrhotite may form dispro-
portionally large schlierens in an otherwise
equigranular sovite (Fig. 57). Two types of

pyrochlore are encountered: orange yellow
with corroded grains and pale yellow with
idiomorphic crystals (Fig. 55, A).

hole 426 at 80.0 metres. Scale bar, 1.0 cm.



Table 6

Mineralogical compositions of Stage IV magmatic
carbonatite rocks at Sokli (percentage by volume)

Silico-

sovite Sovite Beforsite

Drill hole and depth

365 342 343 333 274 344
L 110.2 1985 342 119.0 176.8

Minerals

Carbonates 78 80 88
Clinohumite 2 —

Ferri-

phlogopite 5 3.5 3.5 0.5 0.8 —
Apatite 7 10 7 — — —
Magnetite 6 5 1 0.5 — —
Sulphides 1.5 0.5 — — 0.5 —
Pyrochlore 0.5 1.0 05 — 0.2 —

* composite sample

Table 6 gives typical mineral compositions
of the Stage IV rocks. The average grain
sizes of the minerals in the banded and more
massive silicosovites and sovites are: calcite
0.5—1.5 mm, apatite 0.1—0.3 mm, magnetite
0.5—2.0 mm, ferriphlogopite 0.5—1.0 mm,
pyrochlore 0.05—0.3 mm.

The latest rocks of Stage IV are dyke-like
units of fine-grained, sugary soOvite and
beforsite. They may occur as monomineralic
rocks (Table 6), yet in places their apatite
content reaches ten per cent. Apatite occurs
as elongated aggregates of small acicular
crystals (Fig. 58, B).

Orbicular structure in sovite. An orbicular
structure in magmatic sdvite has been found
in one drill hole (DH 355/depth 81, Fig. 4) at
Sokli. The structure occurs as a 20 cm long
section in the sovite of magmatic Stage IV.
The orbicules are rounded but conform
plastically with the contours of the neigh-
bouring orbicules when in contact with them
(Fig. 59). The cores are filled mainly with
granular calcite and idiomorphic magnetite.
Richterite and ferriphlogopite occur in
smaller amount. The rhythmic texture of
the orbicules is due to the wvariation in
magnetite habit and concentration of magnet-
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Fig. 58. Shapes of apatite in Stage IV rocks.

A. Rounded and subrounded apatite grains (white)
in Stage IV magmatic sévite. One nicol. Drill
hole 273 at 86.1 metres. Scale bar, 0.3 mm.

B. A fine-grained apatite aggregate in Stage IV be-
forsite. Crossed nicols. Drill hole 274 at 66.8
metres. Scale bar, 0.3 mm.

ite grains in the shell around the core. The
innermost part of the orbicules consists of
idiomorphic magnetite crystals (0.1—0.3 mm.
across) accumulated in the core. This is
followed by the thickest part of the shell
composed of very fine-grained magnetite,
calcite and ferriphlogopite. The third layer
consists of a calcite-rich rim with subordinate
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ferriphlogopite and richterite. The outer
surface of the orbicules is covered by idio-
morphic magnetite crystals. Calcite is the
main mineral in the groundmass around the
orbicules. Calcite occurs as equigranular
xenomorphic grains. The other minerals are
idiomorphic magnetite, small-flaked ferri-

phlogopite, fibrous richterite and scarce

Fig. 59. Orbicular structure in Stage IV magmatic
sovite. Scale bar, 1.0 cm.

pyrochlore. The texture of the orbicular
sovite resembles that of the orbicular olivine
rock.

Stage V, late-stage veins

The final stage in the evolution of the
magmatic carbonatites is represented by late
carbonatite veins. These are closely asso-
ciated with the central and other internal
fault zones in the core. The fracture zones
provide loci for the emplacement of late-stage
veins, from which they spread randomly out-
wards into the surrounding rocks. The veins
intersect all the other rocks, indicating that
they are the youngest rocks in the Sokli
massif. In spite of the large number of late-
stage veins, they represent a quantitatively
subordinate phase of carbonatite intrusion.

The veins are from 0.1—15 m thick and
possibly hundreds of metres long. The long-
est drilling intersection of about 50 metres
(DH 462) is probably along a vein. The veins
are polycoloured, varying between white,
green, brown, and red, and medium- to
coarse-grained. They display cavernous and
drusy structures and contain numerous cavi-
ties filled with minerals crystallized from the
latest solutions (F'ig. 60).

The minerals in the veins include trapped
relics from the enclosing carbonatites and
minerals actually crystallized in the late
stage. The amounts of these minerals and
the compositions of the veins vary consider-
ably. The trapped minerals are: magnetite
with corroded grains 1-—10 mm in diameters,
pyrrhotite clusters up to 5 cm long, (pyr-
rhotite is partly altered into pyrite), ferri-
phlogopite flakes, small subrounded grains
of apatite, and chlorite clusters that obviously
represent pseudomorphs after olivine. Dolo-
mite is the predominant vein mineral. It
occurs in three generations: large (1-—5 mm)
clean grains with clear-cut boundaries; fine-
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Fig. 60. Specimens of Stage V late carbonatite veins.
Drill hole 365 at 125.0 metres: (Ph) a strongly assimilated fragment of
Stage III phoscorite in a late-stage vein.

Drill hole 365 at 349.8 metres: A pyrrhotite aggregate (Py) captured
from wall rock and pyrite (Pr) of vein generation crystallized in the
cavity.

Drill hole 390 at 139.0 metres: dolomite crystallized in a cavity and

an aggregate of black sphalerite (S).

grained - (0.1—0.5 mm) ragged grains; and
crystals in the cavities. Baryte occurs with
the fine-grained dolomite generation as very

ragged grains of variable size (0.5—3.0 mm).

Scale bar, 1.0 cm.

The following accessory minerals have been
identified: pyrite, sphalerite, galena, hema-
tite, ancylite and witherite. Mineral species
of REE-carbonates have not yet been studied.

Contact relations

According to Pecora (1956, p. 1550) contact
relations are crucial, perhaps more so than
mineral composition, in defining the succes-
sion of rocks. In the Sokli massif the inter-
pretation of the contact relations is based
primarily on observations on drill cores and
secondarily on test pits. The contact rela-
tions of alkaline lamprophyres have been
described earlier (Vartiainen et al., 1978).

The evidence from drill holes reveals that
the oldest rocks in the Sokli massif are the

ultramafites and fenites. They and their
altered derivatives which occur as xenoliths
in the magmatic carbonatites, are cut by
remobilized metacarbonatites (Figs. 61 and
62). Metaphoscorite and the fine-grained
mica—amphibole rock derived from fenite
display sharp contacts, the metaphoscorite
apparently cutting the mica—amphibole rock
(Fig. 62). This indicates that the former is
either younger or was remobilized with re-
spect to the mica—amphibole rock.
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Fig. 61. Specimens showing contact relations between metaphoscorite, metasilico-

sovite and magmatic carbonatites.
lated by metasilicosovite (Mes).

B

Metaphoscorite (Mep) is brecciated and assimi-
Both are cut by magmatic carbonatites (S0 =
sovite, D = beforsite).

Scale bar, 1.0 cm.

Fig. 62. Specimens showing contact relations between metaphoscorite and mica—
amphibole rock. Scale bar, 1.0 cm.

A. Sharp contact between coarse-grained metaphoscorite (Mep) and fine-grained
mica—amphibole rock (Mar) that possibly derived from fenite. Both are cut by Stage
IV magmatic silicosévite (Sis).

B. To the right, medium-grained metaphoscorite (Mep) intersects mica—amphibole
rock (Mar). To the left an obscure contact between these rocks. Magmatic sovite
(S6) cuts both rocks.

Reliable observations on the internal age
sequence in the ultramafites — magnetite
olivinite and pyroxenite — have not been
recorded owing to the intense alteration and
fragmental mode of occurrence of the rocks.
Gradational contacts have not been observed
and the boundaries between the altered
varieties are sharp (Fig. 63), indicating that
magnetite olivinite and pyroxenite intruded
separately.

The metasomatites (pyroxene rock, amphi-
bole rock, mica—amphibole rock and mica
rock) and metaphoscorites are invariable cut,
brecciated and assimilated by metasilicosovi-
tes (Figs. 27, 30 and 33). This indicates that
intense carbonatization was the final meta-
somatic process before the intrusion of mag-
matic carbonatites. The contacts of the ultra-
mafites, metacarbonatites and metasomatites
with the magmatic carbonatites are visible
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Fig. 63. Specimens showing sharp contact
between altered pyroxenite and altered
magnetite olivinite. Scale bar, 1.0 cm.

A. Upper part intensely alkali amphibolized

pyroxenite, lower part intensely phlogopitiz-

ed magnetite olivinite (metaphoscorite). Both
are offset by a sovite veinlet.

B. Upper part slightly altered pyroxenite,
lower part pegmatoidal, phlogopitized magne-
tite olivinite (metaphoscorite).

Fig. 64. Veinlet of Stage II magmatic sovite (in

the middle) cutting phlogopite rock originated

from magnetite olivinite. One nicol. Drill hole
436 at 36.5 metres. Scale bar, 0.5 mm.

Fig. 65. Grass-like phlogopite growths in the contact zone between magmatic

sovite (Stage IV) and a mica rock fragment (to the right). Pyrrhotite (grey) accu-

mulated around phlogopite flakes (dark grey to black). Drill hole 485. Scale bar,
1.0 cm.

A. At 164.0 metres.
B. At 165.0 metres.
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Fig. 66. Irregular m]ectlons of Stage IV magmatic soévite

(white) into phlogopite—richterite meta-

sovite. Scale bar, 1.0 cm.

Fig. 67.

in a number of drill core. They show the
cutting and intrusive character of the mag-
matic carbonatites in relation to the older
rocks (Figs. 22, 33, 61, and 64). Marked signs
of reaction between these rocks are seldom
encountered. An exceptional case is in drill
hole 485 where grass-like phlogopite has
developed in the contact between sdvite
(Stage IV) and a mica rock fragment (Fig.
65). The development of the metasomatites
was encountered by reactionary carbonatiza-

Sharp contact between coarse-grained metaphoscorite (fo the left) and medium-
grained Stage I magmatic phoscorite that has been moderately altered by Stage III hydro-
thermal activity. Scale bar, 1.0 cm.

tion around the fenite fragments. This took
place largely before the intrusion of the
magmatic carbonatites because the later rocks

-intersect these alteration zones and the meta-

somatites (Figs. 33, 61 and 62). The meta-
silicosdvites and the magmatic s6vites display
ill-defined contacts, the magmatic sovites
protruding as irregular, schlieren-like injec-
tions into the metasilicos6vites (Fig. 66). The
contact between magmatic phoscorite and

metaphoscorite is gradational in places; more
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Fig. 68. Specimens showing Stage I phoscorite (Ph) as sharp-contoured fragments in

Stage II sovite (S6) and olivine sovite (Ols).

Scale bar, 1.0 cm.

Fig. 69. A Stage I phoscorite fragment (black) in foliated Stage IV sovite (to the right).
fragments of sovite II (white) between the phoscorite fragment and the Stage IV sovite.

Note the
Scale bar,

0.5 m.

often, however, it is sharp and transgressive,
implying the intrusive origin (Flg 67) of
magmatic phoscorite.

The succession of magmatic carbonatites
can be established from the internal contacts

between these rocks. Stage I phoscorite or
its altered varieties occur as sharp-contoured
fragments in all the intrusive magmatic car-
bonatites, i.e., in the sévites of Stages Il and
IV (Figs. 68 and 69) and in late veins of Stage
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Fig. 70. Gradation between Stage I phoscorite (black) and Stage II sovite (white).
Hand specimen, test pit 4. Scale bar, 1.0 cm.

S

Fig. 71. An interdigitating contact between Stage I phoscorite (black) and Stage II
sovite (white). Drill hole 428 at 57.1 metres. Scale bar, 1.0 cm.

V, showing that phoscorite is the oldest rock. imply contemporaneous or nearly contempor-
On the other hand, the contacts between ' aneous crystallization for phoscorite I and
phoscorite and sovite II are gradational and sovite II and the segregative character of the
interdigitating (Figs. 70 and 71). This may phoscorite.
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Fig. 72. Specimens showing internal rock relations of Stage II.

Scale bar, 1.0 cm.

A. A sharp contact between tabular textured olivine—magnetite soévite (to the left) and
massive sovite. Drill hole 428 at 127.5 metres.
B. Olivine—magnetite sévite that is fading out or is assimilated by finer-grained sovite.
Drill hole 428 at 41.8 metres.

- Although always massive in texture, Stage .

II s6vites often show distinct internal bound-
aries between different sovite varieties as
shown in Fig. 72. This indicates the hetero-
geneity of Stage II crystallization. Rocks of
this stage occur as fragments in the rocks of
Stage IV (Fig. 73) or are assimilated by them
(Fig. 76).

The rocks of Stage III are predominantly
alteration products of earlier carbonatites
and thus the transitions between them are due

to mineralogical gradations. The only mani-

festation of stage III — the apatite—ferri-
phlogopite rock — occurs as sharply cutting
fracture fillings in earlier rocks (Figs. 74 and
75).

The foliated and banded Stage IV silico-
sovites cut and brecciate earlier rocks com-
monly with sharp contacts (Figs. 69, 73 and
76) but also with gradational and vague con-
tacts. The massive sovite and beforsite of
Stage IV which occur as lenses and dyke-
like units, are the youngest units in that
stage. They pass sharply or with rapid
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Fig. 73. White, massive textured fragments of sovite II embedded in foliated,

weathered Stage IV silicosovite, Test pit 1. Scale bar, 0.3 m.

Fig. 74. Stage III apatite—ferriphlogopite rock (dark) cutting Stage II sovite as a

fracture filling. Drill hole 428 at 37.1 metres. Scale bar, 1.0 cm.

gradation into the foliated and banded varie-
ties. These massive rocks sometimes contain
assimilated remnants of older rocks.

The veins of Stage V cut all the other rocks
and include fragments from all the former
stages; thus they are products of the latest

crystallization of the magmatic carbonatites
(Fig. 60).

- Contact relations in the Sokli massif indi-
cate the succession of rocks from oldest to
youngest:
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Fig. 75. Sharp contact between Stage III apatite—ferriphlogopite rock (dark) and me-
tasilicosovite (light). Scale bar, 2.0 cm.

Fig. 76. Specimens showing contact relations between Stage IV and earlier rocks. Scale bar, 1.0 cm.
A. A fragment of Stage I phoscorite (Ph) in foliated Stage IV silicosovite (st)
B. Sharp contact between sovite II and Stage IV silicosovite.

C. Assimilated remnants of sovite II (pale grey) in sovite IV (white).

Ultramafites
Fenites and alteration varieties of ultra- .
mafites

v

Metasilicosovites

y

Magmatic carbonatites
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MINERALOGY

The minerals so far identified from the
Sokli carbonatite massif, and which are listed
in Table 7, include minerals of phosphorus
ore, weathered crust and fresh rock. The
number of mineral species is:

Sulphides 6
Oxides and
hydroxides 16

Silicates 18
Carbonates 8
Phosphates 5
Others 3

The crystallization succession of primary
minerals in the ultramafites and at each stage
of the magmatic carbonatites and the forma-
tion of the minerals due to metasomatic or
hydrothermal alteration in the metasomatites,
metacarbonatites and in the rocks of mag-
matic Stage III are shown schematically in
Fig. 77.

The feldspars, amphiboles, pyroxenes, and
phlogopite of the fenite aureole have been
described earlier (Vartiainen and Woolley,
1976), but there are no mineralogical accounts
of the carbonatite massif itself. Descriptions
of the micas, sulphides, apatite, magnetite
and pyrochlore are being prepared. In the
following, olivines, pyroxenes, amphiboles,
and calcite—dolomite relations will be de-
scribed.

Olivines, pyroxenes and amphiboles were
analysed with a JEOL JXA-3SM electron
microprobe at the Institute of Electron
Optics, University of Oulu. The selected
points were analysed under the following
conditions: Si, Ti, Al, Fe, Mg, Ca, Na and K
at an accelerating voltage of 15 kV and a
specimen current of about 0.05 uA (measured
on metallic Cu), and the other elements at an
accelerating voltage of 15 kV and a specimen
current of about 0.3 uA. The following stan-

Table 7

Minerals identified from the Sokli carbonatite massif

Oxides and

Sulphides hydroxides Silicates Carbonates Phosphates
Galena Hematite Forsterite Calcite Apatite
Sphalerite Ilmenite Clinohumite Dolomite Francolite
Chalcopyrite Magnetite Aegirine Siderite Rhabdophane
Pyrrhotite Gotite Diopside Strontianite Crandallite
Pyrite Lepidocrocite Edenite Ankerite Cheralite
Marcasite Psilomelane Richterite Barytocalcite Othe

Rutile Eckermannite Ancylite Fl «-‘r_st

Anatase Ferri-eckermannite  Witherite B uc_>‘f1 =

Baddeleyite Biotite Waﬁ“- e T

Perovskite Phlogopite ewelLlLe

Dysanalyte Ferriphlogopite

Zirkelite Vermiculite

Calzirtite Iddingsite

Pyrochlore Serpentine

Uranpyrochlore Pennite

Hatchettolite Stilpnomelane

Albite

Zircon




dards were used: quartz for Si, TiO for Ti,
synthetic sapphire for Al, hematite for Fe,
periclase for Mg, wollastonite for Ca, albite
for Na, potassium feldspar for K, metallic
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Mn for Mn, and metallic Cr for Cr.
ZAF corrections were processed on a UNIVAC
1108 computer using the MK1 program (Ma-

son et al., 1969).
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1) In olivine rock

Fig. 77. Schematic sequence of crystallization of primary minerals (in ultramafites and magmatic
carbonatites) and formation of metasomatic and hydrothermal minerals (in metasomatites,
carbonatites and in hydrothermal Stage III of magmatic carbonatites).

line, minor mineral; dashed line, accessory mineral.

meta-

Broad line, main mineral; thin
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Olivine

Olivine is encountered in the Sokli area in
the Tulppio olivinite massif near the carbon-
atite complex (Fig. 1), in the ultramafites
within the carbonatite complex, in the mag-
matic carbonatites and in alkaline lampro-
phyres. The mode of occurrence and compo-
sition of olivine in each rock will be de-
scribed. Table 8 gives the essential charac-
teristics and secondary alteration products
of olivine in the rocks at Sokli.

Occurrence

In the Tulppio olivinite massif olivine
forms almost monomineralic bodies that are
some hundreds of metres in diameter and
grades into metaolivinites. The olivinite is
a massive, granular rock in which olivine
occurs as fresh, hypidiomorphic grains. Weak
serpentinization appears along the cleavages
but grows stronger towards the metaolivin-
ites where it is often complete.

The ultramafites within the carbonatite
massif contain magnetite olivinites that are
metasomatically altered into metaphoscorites
and other rocks. In the present relict rocks
the abundance of olivine is generally 5—30 %o.
The grains are anhedral and intensely altered
into wvarious products (Table 8), predomi-

nantly bowlingite and carbonate.

In the magmatic carbonatites olivine is met
with only in the rocks of the first three stages.
Its mode of occurrence displays a certain
regularity. In the rocks of the first stage,
phoscorites, the olivine is a rock-forming
mineral that occurs as moderately altered
euhedral or subhedral grains. A special
alteration feature of this olivine is iron oxide
that appears along cleavages (Fig. 42) and
which may spread from these to occupy half
of the grain. There are also rapid changes
in the intensity of serpentinization. In ex-
treme cases one half of a thin section contains
fresh olivine and the other half completely

serpentinized olivine (Fig. 44). The sovites

Table 8

Abundance, grain size, shape and alteration products of the olivines from the rocks in the Sokli area

. General Alterations
Host rocks Quantity grain size, Shape
vol-% mm Major Minor
Olivinite,
Tulppio 85—95 0.3—3.0 Subhedral — Serpentine
Ultramafites, Bowlingite Serpentine
carbonatite 0—30 0.5—15.0 Anhedral Carbonate Iron oxides
massif Clinohumite
Carbonatites
Stage I 0—40 0.3—10.0 Euhedral- Serpentine Bowlingite
subhedral Iron oxides Clinohumite
Stage II 0—5 0.3—2.0 Subhedral Serpentine Clinohumite
Stage III 0—30 0.1—5.0 Anhedral Clinohumite Serpentine
Bowlingite
Tddingsite
Richterite
Alkaline 20—40 0.5—4.0 Euhedral Serpentine Iddingsite
lamprophyre Bowlingite Phlogopite
Carbonate Iron oxides

Clinohumite




of the second stage usually contain small
amounts of olivine as separate, subhedral
grains that usually have narrow reaction rims
against calcite and are moderately altered.
The olivine in the phoscorites of the third
(hydrothermal) stage is intensely altered and
thus differs from those of the earlier stages.
Only a minor proportion of those shown in
Table 8 are fresh olivine. Most typically
olivine is altered into clinohumite. The alter-
ation begins in the grain boundaries and
spreads inwards with it affects the whole
grain, especially when the olivine grains are
granulated. The clinohumite has a strong
pleochroism with X = deep yellow, Z =
colourless. At Stage III the alteration has
produced iddingsite and richterite as well.

In alkaline lamprophyres olivine occurs

as a phenocrystal phase. Fresh olivine is
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encountered only in porphyritic and xeno-
lithic dykes; in other types of dykes the
alteration into a variety of minerals has
The alkaline lampro-
phyres have been described earlier in greater
detail (Vartiainen et al., 1978).

A notable feature of the Sokli olivines is
their alteration into clinohumite (Fig. 50).
Some clinohumitization of olivine is en-
countered in all the rocks of the Sokli com-
plex, but it is intensely developed only in the
Stage III phoscorites, where it is a dominant
alteration product (Fig. 50). Hydrothermal
processes are most pronounced in these rocks.
Green phlogopite has altered into reddish
ferriphlogopite, and richterite, sulphides and
apatite have developed simultaneously with
clinohumitization. Study of the liquid inclu-
sions in the Sokli apatite (Haapala, 1978) has

reached completion.

Table 9

Microprobe analyses of olivine from Tulppio and Sokli

Carbonatites

Olivi- Alkaline
i Ultramafit: >

Iite ramaties Stage I Stage II Stage III lamprophyres

1 2 3 4 5 6 7 8 9 10 11
SiO2z 42.1 41.2 39.1 414 41.5 43.0 42.9 40.5 434 40.9 41.5
FeO 8.0 16.5 9.2 13.6 5.4 4.5 6.4 12.5 6.1 8.5 10.1
MnO 0.11 1.25 1.00 0.71 0.85 0.67 0.72 0.83 0.59 0.10 0.14
NiO 046 < 0.05 <005 <005 <005 <005 <0.05 <005 <005 0.38 0.25
MgO 48.3 41.3 48.6 45.7 53.2 54.5 49.2 46.8 51.6 49.3 46.7
CaO 0.13 0.16 < 0.05 0.07 0.13 0.15 0.35 0.05 0.05 0.19 0.08
Total 99.2 100.4 97.9 101.5 101.1 102.8 99.6 100.7 101.7 99.4 98.6
Number of ions on the basis of 4 oxygen atoms
Si 1.032 1.037 0.982 1.016 0.990 1.002 1.037 1.000 1.025 1.006 1.030
Fe 0.164 0.347 0.194 0.279 0.108 0.088 0.130 0.258 0.120 0.175 0.210
Mg 1.765 1.549 1.820 1.672 1.892 1.892 1.772 1.723 1.817 1.807 1.728
Mn 0.002 0.027 0.021 0.015 0.017 0013 0.015 0.017 0.012 0.002 0.000
Ca 0.003 0.004 0.000 0.002 0.003 0004 0.009 0.001 0.000 0.005 0.002
Atomic ratios
Mg 91.5 81.7 90.4 85.7 94.6 95.6 93.2 87.0 93.8 91.2 89.2
Fet2 8.5 18.3 9.6 14.3 5.4 4.4 6.8 13.0 6.2 8.8 10.8
1. Trench 3, Tulppio. 7. Drill hole 14 at 29.4 metres.
2. Drill hole 395 at 148.0 metres. 8. Drill hole 332 at 84.2 metres.
3. Drill hole 331 at 168.0 metres. 9. Drill hole 340 at 135.5 metres.
4. Drill hole 413 at 41.0 metres. 10. Drill hole 347 at 403.0 metres.
5. Drill hole 260 at 77.0 metres. 11. Drill hole 2 at 50.0 metres.
5
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shown that hydrothermal activity permeated
the entire magmatic core of the carbonatite
massif. Hydrothermal activity presumably
provided favourable conditions for the devel-
opment of clinohumite.

There are few descriptions of clinohumite
Clinohumite has
been recorded from some complexes at
Kola (Borodin et al., 1973) and from Siberia
(Egorov, 1970). Melcher (1966, p. 177) men-
tions red clinohumite associated with olivine

from other carbonatites.

in the Jacupiranga carbonatite. Chondrodite,
a closely related mineral, occurs in similar
fashion in the Palabora (S. Africa) and
Bukusu (Uganda) complexes (Deans,

comm.).

pers.

Composition

Microprobe analyses of the olivines were
conducted by directing the beam to the centre
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Fig. 78. NiO—MgO correlation diagram of olivine compiled according to Fleet et al. (1977).
Host rocks are shown by symbols.



of the grains. The results of the analyses are
given in Table 9. The olivines are all for-
steritic in composition. The slight variation
in Mg contents does not correlate with the
host rock. The distribution of Ni and Mn
divides the olivines into two groups:

1. High NiO (0.25—0.46 °/o) and low MnO
(0.10—0.14 °/o); olivinite in the Tulppio
and alkaline lamprophyres

2. Low NiO (< 0.05 %) and high MnO (0.59—
1.25 9); ultramafites and carbonatites.

The Ni content. In Fig. 78 the Sokli anal-
yses and the data from the carbonatites of
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Kovdor (Kukharenko et al., 1965) and Oka
(Simkin and Smith, 1970) are plotted in a
NiO versus MgO diagram. The figure reveals
that the olivines of the Sokli carbonatites and
ultramafites and those of Oka and Kovdor
form a distinct group characterized by higher
MgO (46—55 %0) and lower NiO (< 0.10 %o)
than in the olivines of magmatic rocks from
other environments.

The Mn content of the Sokli olivines has a
similar distribution trend to that of Ni: the
olivines of the Tulppio olivinite and the
alkaline lamprophyres fall within the general
field of plutonic and extrusive rocks in the
manganese—magnesium correlation diagram,

wt-%
Mn
SOKLI
20+ o

EXPLANATIONS

/77> OLIVINES FROM PLUTONIC
TO EXTRUSIVE ROCK

ULTRAMAFITES
CARBONATITES

¢ ALKALINE LAMPROPHYRES
® TULPPIO OLIVINITE

K KOVDOR , CARBONATITES

1 ALNO,KIMBERLITIC DIKE
2 » ,CARBONATITE

Fig. 79. Manganese — magne-
sium correlation diagram of oli-
vine according to Simkin and

Smith (1970). Host rocks are

30 wt-% Mg shown by symbols.

Table 10

Average bulk composition of olivine-bearing rocks from Sokli (XRF-analysis, wt-%, analysed by
Rautaruukki Oy)

. « Olivine

Rocks Si0, FeO MgO CaO CO, ** Nio MaO

Olivinite, Tulppio 40 9 48 0.12 0.50 0.46 0.11

Ultramafites 25 32 24 8 350 <0.05 1

Carbonatites

Stage I, phoscorites 12 30 19 20 8 < 0.05 0.85

» II, sovite 1.5 4 3 49 38 < 0.05 0.54
» III, phoscorite 15 26 18 20 3 < 0.05 0.71

Alkaline lamprophyres 25 20 18 13 13 0.32 0.12

* Total iron

#%* Calculated from the total carbon content determined on a Leco IR 12.
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Fig. 80. MnO—FeO correlation diagram of olivine.
Host rocks are shown by symbols.

whereas the olivines of the carbonatites and
ultramafites form a separate group in the
Mg-rich part of the diagram (Fig. 79). The
olivines from the Kovdor (Kukharenko et al.,
1965) and Alno (von Eckermann, 1974) car-
bonatite follow the latter trend. Simkin and
Smith (1970, p. 316) have found that: »Manga-
nese is strongly tied to the Fe content in oli-
vines and the data suggest that variations
from the main trend are more likely to result
from the bulk chemistry of the host rock than
from its crystallization environment.» Table
10 shows the bulk chemistry of the olivine-
bearing rocks of Sokli and Fig. 80 the manga-
nese oxide-iron oxide correlation diagram of
olivine. In spite of the differences in the bulk
chemistry of the host rocks the olivines of
the sovites, phoscorites and the ultramafites
have a similar trend in MnO—FeO correla-
tion. The difference in the bulk chemistry
of the host rock may explain the deviation
of the Tulppio olivine from this trend but
not that of the alkaline lamprophyres, which
is near to the phoscorites but far from the
olivinite in chemistiry (Table 10).

The CaO content in the Sokli olivines varies
in the range < 0.05—0.35 %o (Table 8). The
average CaO contents in the Sokli olivines
are near each other as shown by the follow-

ing data arranged according to the sequence
of emplacement of the host rocks:

CaO %o
Tulppio olivinite 0.13
Ultramafites 0.09
Carbonatites 0.14
Alkaline lamprophyres 0.14

The olivine from the Oka carbonatite con-
tains 0.11—0.14 % CaO (Simkin and Smith,
1970, analyses 97 and 98). The typical CaO
value of olivines in plutonic carbonatites is
presumably between 0.05 and 0.15 per cent.

Simkin and Smith (1970) have reported a
positive correlation between MgO and NiO
in olivines and state that »no obvious correla-
tion exists between Ni content and crystalliz-
ation environment, but the bulk composition
of the rock seems to correlate well with the
Ni content» (p. 318). On the other hand, Fleet
et al. (1977, p. 192) state that a distinctly
separate NiO distribution exists for olivine
from the upper mantle and crustal rock
associations (see Fig. 78).

Hart and Davis (1977) have shown that the
partitioning of Ni between olivine and silicate
melt is strongly dependent on the composi-
tion of the melt. Ni analyses of olivines from
other carbonatite complexes (Kovdor, Oka)
show a low Ni content as well (Fig. 78). This
may be due to NiO deficiency in carbonatite
magmas in general. According to Gold
(1966 b), the average Ni content in carbo-
natites is only 32.4 ppm, the average for
magmatic rocks being 100 ppm. Bulakh et
al. (1975) report from the Turyi massif that
Ni is almost completely absent from carbo-
natites (phoscorites).

With the exception of the low MnO content
(0.08 per cent) in olivine from a beforsite
dyke at Aln6 (von Eckermann, 1974, p. 156),
olivines from other carbonatites (Fig. 79) have
a high MnO content (> 0.4 per cent). It may
be concluded that the olivines in carbonatites



are generally characterized by lower NiO
(<0.10 per cent) and higher MnO (> 0.4 per
cent) than in the high MgO olivines from
other magmatic rocks (Figs. 78 and 79).
The low CaO content in olivine (< 0.1 per
cent) indicates a plutonic crystallization envi-
ronment for the host rock whereas olivines
from extrusive and hypabyssal rocks contain
0.1 per cent or more CaO (Simkin and Smith,
1970, p. 318). Ferguson (1978) has elaborated
on this in respect of extrusive rocks by show-
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ing that the Ca enrichment in olivines occurs
only in lavas devoid of plagioclase. The rocks
in the Sokli carbonatite complex have crys-
tallized in the same plutonic environment
but there is a variation in the CaO content
even within given host rock types: < 0.05—
0.16 per cent in the ultramafites and < 0.05—
0.35 per cent in the magmatic carbonatites.
This may be because a small intrusion has a
more heterogeneous crystallization environ-
ment than plutons in general.

Pyroxene

Pyroxene is a subordinate mineral in the
Sokli carbonatite complex but it plays a sig-
nificant role as an index mineral in the evol-
ution of the complex. The mode of occur-
rence and alteration of pyroxene is described,
and six electron microprobe analyses are
given.

Occurrence

Pyroxene is encountered in four groups of
rocks in the Sokli area: in metaolivinites of
the Tulppio ultramafic massif (Fig. 1); in
ultramafites; in xenoliths in magmatic car-
bonatites and in the fenite aureole. The mode
of occurrence and alteration of pyroxene is
described from all of these except the fenite
aureole, from which pyroxene has been de-

scribed earlier (Vartiainen and Woolley,'

1976).

In the metaolivinite the pyroxene is en-
statite that has developed into large (10—20
mm) anhedral grains occupying, in places, as
much as 50—60 per cent of the volume. It re-
places olivine. The enstatite is colourless, and
slightly corroded by calcite and replaced to a
small extent by colourless amphibole and
chlorite (kotschubeite, x-ray identification).

The ultramafites have two pyroxenes: di-
opside and aegirine. The disopside predomin-
ates. Together with a small amount of mag-
netite it presumably formed nearly two-min-
eralic magnetite-bearing pyroxenites that
later altered into metaphoscorites and other
rock varieties. The best preserved diopside
grains may be up to 2—3 cm long. The com-
mon grain size is 0.5—1.0 cm. Fig. 5 shows
recrystallized diopside. The diopside often
contains inclusions of apatite and opaque
minerals (Figs. 81 and 82).

Alteration is common and intense, but
irregular with regard to the developing min-
erals. Grass green amphibole, the first alter-
ation product in diopside, probably developed
during the ultramafic magmatic stage. Ulti-
mately, pyroxenite may have altered into
amphibole rock in which only small relict
diopside grains, if any, remain.

Alkaline alteration has converted diopside
into aegirinic pyroxene. The extent of aegi-
rinization varies so rapidly that, of two neigh-
bouring grains, one may be only slightly rim-
med by aegirine while the other is totally
altered into aegirine (Fig. 81). Simultaneous-
ly with aegirinization the parting in the
grains changes from moderate to intense,
bringing about a fibrous habit. The pseudo-
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Fig. 81. Ragged diopside prism narrowly rimmed
by aegirine (to the left) contains apatite inclu-

sions. The diopside (to the right) is almost totally
altered into aegirine. One nicol. Drill hole 193
at 130.5 metres. Scale bar, 0.5 mm.

morphs have, however, often preserved the
forms of the original diopsidic pyroxene and
the grains still contain apatite and magnetite
inclusions as relics of the diopsidic stage. The
magnetite inclusions are totally carbonatized,
only the ilmenite lamellae are still unaltered
(Fig. 82). " The aegirine usually alters into

r;‘ i ‘g..’ ; S I"&“\ n—

Fig. 82. Aegirine prism containing totally carbon-

atized magnetite. Only unaltered ilmenite la-

mellae (black) remain. One nicol. Drill hole 193
at 130.5 metres. Scale bar, 0.5 mm.

alkali amphibole as narrow rims. Wherever

carbonate has extensively replaced aegirine,
the grains are decomposed and eventually
fade into ghost grains (Fig. 83).

The grain size in the aegirine of the ultra-
mafites is larger than that in the aegirine of
the fenite aureole.

In the fenites aegirine

C 4 ’, ey 9
: - (e R
&_ R S N .&3‘.&-:

Fig. 83. Moderately to strongly carbonatized aegirine grains in metaphoscorite.
One nicol. Drill hole 193 at 122.0 metres. Scale bar, 3.0 mm.



Fig. 84. Diopside prism altered into alkali am-
phibole (bottom right) and at the other end into

One nicol. Drill hole
Scale bar, 0.3 mm.

calcic amphibole (top left).
358 at 220.0 metres.

characteristically occurs as small crystals that
form clusters of radiating needles and a vague
reticulate pattern of veins. Larger stout
prisms close to the carbonatite contact (Var-
tiainen and Woolley, 1976, p. 27) may actually
be relics of the fenitized ultramafite frag-
ments, as is also suggested by the structure
of these fenitic rocks in which the usual fenite
veinlet network is poorly developed.

Alkaline alteration has also transformed
diopside into alkali amphibole. Bluish green
amphibole may have grown directly from
diopside grains (Fig. 84) but not uncommonly
the alteration pattern show successive rims
of aegirine or calcic amphibole and alkali
amphibole (Fig. 85). The alteration processes
described above give some indication of the
evolution of the pyroxene-bearing rocks. The
bulk of the pyroxene was probably destroyed
by the invasion of carbonate and mica during
the later stages of development of the carbon-
atite complex.

Pyroxene-bearing xenoliths in the magmat-
ic carbonatites consist of intensely altered
fragments of pyroxenites and fenites. The
xenoliths range from some centimetres: to
several metres in diameter. They are en-
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countered even at the centre of the magmat-
ic core but more frequently in the meta-
carbonatite area and in the transitional zone
against the fenite aureole. The pyroxenes
in these xenoliths are dissimilar. The pri-
mary pyroxene in the pyroxenitic xenoliths
is similar to that in the pyroxenite in the
metaphoscorite zone; but is, however, re-
duced in grain size and more altered, so that
even semi-preserved grains are scarce. In
close association with the fenite fragments
a metasomatic pyroxene occurs that is quite
distinct from the primary pyroxene. It forms
small stout prisms averaging 0.2 mm X 0.5
mm and shows strong pleochroism from
bright green to greenish yellow. The prisms
are almost free from inclusions.

Composition

The compositions of seven pyroxenes are
given in Table 11. Analyses 2 and 3 are from
the same sample, the former being a wet
chemical analysis made at the laboratory of
the British Museum, and the latter a micro-
probe analysis. The results generally coin-
cide fairly well. The pyroxene analyses are

Fig. 85. Successive alteration rims in diopside,

D = diopside, C = calcic amphibole, A = alkali
amphibole, P = phlogopite. One nicol. Drill hole
358 at 207.3 metres. Scale bar, 0.3 mm.
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Fig. 86. Plot of pyroxenes in
terms of acmite + jadeite—diop-
side—hedenbergite. Numbers
refer to analyses in Table 11;
filled circles, aegirines and
aegirine—augites from the Sokli
fenites (Vartiainen and Wool-
ley, 1976); open circles, aegi-
rine—augites from sovites of
Aln6é and X, aegirine—augites
from sovite—pegmatites of Alnd
(von Eckermann, 1974); trian-
gles, diopsides from pyroxenites
and metasomatic calcite—am-
phibole—diopside rocks of Kov-
dor and Afrikanda (Kukharen-
ko et al., 1965); shaded area,
pyroxenes from carbonatites
and P, pyroxene from pyroxe-
nite of East Africa (Tyler and
King, 1967). Analyses 4 and 5
from the same sample is joined

Di

plotted on an acmite + jadeite—diopside—
hedenbergite diagram (Fig. 86) as proposed
by Yoder and Tilley (1962).

The use of total iron has had little effect on
the calculation of pyroxene relations. Owing
to low Al the Tschermak molecule is low, and
it is neglected as an »error of closure» triangle
in the plotting. The comparatively small
amounts of the other constituents have justi-
fied the recalculation of the proportions
acmite + jadeite, hedenbergite and diopside
to 100 °/o. The pyroxene of the Sokli complex
is marked by its diopside-rich composition.
Thus it differs conspicuously from the pyrox-
enes in the carbonatites of Uganda, where
the pyroxene probably crystallized from car-
bonatite magma (Tyler and King, 1967), and
from the aegirine augites in the sovite peg-
matites of Aln6 (Fig. 86).
pyroxenites and the metasomatic calcite—
amphibole—diopside rocks of Kovdor and
Africanda, aegirine augites from the Alnd
sovites, pyroxene from the Uganda pyrox-

Diopsides from the

i by tie line.

enites and the Sokli diopsides form a distinct
group in the diopsidic corner of acmite
+ jadeite—diopside—hedenbergite = diagram
(Fig. 86).

At Sokli the diopsides in both the pyrox-
enite and pyroxenitic xenoliths in the
magmatic carbonatite are similar in composi-
tion but differ from the more acmitic pyrox-
ene in the metasomatic pyroxene rock trans-
formed from fenite (Fig. 86). There are also
differences in minor components of pyrox-
enes as follows (Table 11):

Pyroxenites Metasomatic
pyroxene rock
Zr0O, 0.05—0.16 %o 0.00 %%
MnO 0.08—0.23 % 0.49 %/
NayO 0.26—0.59 %/ 1.83 %

Diopside and aegirine were analysed from
the same sample (numbers 4 and 5 in drill
hole 193 at 130.5 metres, Table 11). The data
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Table 11

Microprobe analyses of Sokli pyroxenes

Enstatite Aegirines Diopsides Py
1 2 3 5 6 7 8
SiOs 57.8 52.4 53.3 52.9 53.6 56.0 52.7 53.2
TiO2 < 0.05 1.25 2.40 2.0 0.55 0.28 0.26 0.35
ZrO2 n.d. 0.108 0.20 0.24 0.16 0.05 0.05 n.d.
Al203 0.19 1.34 0.28 1.5 1.7 0.67 0.43 0.61
Fe203 — 29.7 29.8 29.3 — — — —
FeO 6.5 — — —_ 5.0 5.0 4.0 8.6
MnO 0.38 0.07 < 0.05 < 0.05 0.08 0.15 0.23 0.49
NiO 0.10 n.d. < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 << 0.05
MgO 33.3 0.67 1.0 0.7 17.0 18.1 15.8 11.6
CaO 0.07 0.41 0.10 0.20 24.0 23.9 25.7 22.0
Nag0 0.05 12.82 12.8 13.5 0.26 0.59 0.33 1.83
Total 98.44 99.67 99.98 100.44 102.40 104.79 99.55 99.73
Number of ions on the basis of 6 oxygen atoms
Si 2.023 2.014 2.174 2.146 1.931 1.964 1.958 2.017
Al 0.008 0.061 0.013 0.072 0.069 0.028 0.019 0.027
Ti 0.000 0.036 0.074 0.061 0.015 0.007 0.007 0.010
Fet3 — 0.816 0.914 0.896 — — — —
Fet2 0.191 0.044 — — 0.151 0.147 0.124 0.274
Mg 1731 0.038 0.061 0.042 0.913 0.946 0.875 0.655
Mn 0.011 0.002 0.000 0.000 0.002 0.004 0.007 0.016
Ca 0.003 0.017 0.004 0.009 0.926 0.898 1.023 0.894
Na 0.000 0.955 1.012 1.062 0.018 0.040 0.024 0.135
Mg 89.5 4.2 6.2 4.5 45.8 47.4 43.1 35.7
Fe 10.4 94.0 93.3 94.6 7.7 7.6 6.5 15.7
Ca 0.1 1.8 0.4 0.9 46.5 45.0 50.4 48.6
100 Mg:
(Mg + Fe
Mn) 89.5 4.4 6.2 4.5 85.6 86.2 86.9 69.4
Colour Colour- Green Green Green Pale Colour- Pale Light
less yellow less yellow green
n.d. = not detected
1.. Metaolivinite of Tulppio. Drill hole 286 at 59.3 metres.
2. Syenitic fenite. Drill hole 210 at 95.0 metres (chemical analyses by British Museum).
3. Syenitic fenite. Drill hole 210 at 95.0 metres.
4. Slightly altered pyroxenite. Drill hole 193 at 130.5 metres.
5. Slightly altered pyroxenite. Drill hole 193 at 130.5 metres.
6. Slightly altered pyroxenite. Drill hole 358 at 207.3 metres.
7. Pyroxene relic in metasilicosovite fragment from magmatic core. Drill hole 262 at 141.2 metres.
8. Metasomatic pyroxene rock derived from fenite. Drill hole 387 at 175.5 metres.

indicate that the change in composition is
due to sodium metasomatism and increasing
oxidation, as suggested by Tyler and King
(1967) for the pyroxenes of East African car-
bonatites.

The enstatite of the Tulppio olivinite massif
differs in minor components from the pyrox-

enes of the carbonatite complex, having lower
TiO, and higher NiO. Thus these components
show a similar trend in distribution as in the
olivines of these rocks. Within the carbon-
atite complex, the aegirine is more enriched
in TiOy and ZrO, and more depleted in MnO
than the diopside.
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The mode of occurrence, alteration and
composition the pyroxenes in the Sokli area
permit the following conclusions:

developed by alteration of the diopside
due to sodium metasomatism.
The pyroxenes in the magrnatic carbon-

1. The pyroxene — enstatite — of the Tulp- atites are relics of the fragments of
pio olivinite massif differs in origin from pyroxenites and metasomatic pyroxene
the pyroxenes of the carbonatite complex. rocks transformed from the fenites.

2. Diopside, the primary pyroxene in the car- The aegirine—augites in the fenites close
bonatite massif, crystallized in magmatic to the carbonatite contacts may, partly,
pyroxenite. be relics of altered fragments of pyrox-

3. The aegirine in the carbonatite massif enite.

Table 12
Electron microprobe analyses of Sokli amphiboles
Calcic 5 . Alkali
amphiboles Richterites amphiboles
1 2 3 4 5 6 7 8 9

SiO2 45.2 46.7 56.5 57.3 57.0 53.3 59.2 57.0 51.0

TiO2 1.42 0.29 0.08 0.26 0.11 0.63 0.43 0.20 0.27

Al2Og 8.06 3.6 0.05 0.62 0.05 1.65 4.0 0.50 2.5

FeO 9.78 11.0 2.21 347 2.5 2.6 134 6.7 10.3

MnO 0.24 0.47 0.14 0.17 0.06 .11 0.24 0.15 0.21

MgO 15.0 15.9 21.8 21.6 22.8 22.4 14.9 21.8 18.2

CaO 11.5 9.4 5.78 6.11 6.5 8.4 2.5 3.0 2.5

Naz0 4.41 5.8 7.09 7.07 6.1 55 11.0 9.2 10.1

K20 0.50 0.70 1.00 0.14 1.5 0.8 0.10 0.7 0.70

Total 96.7 98.9 94.7 96.4 96.6 95.4 99.8 99.3 95.8

Number of ions on the basis of 23 oxygen atoms

Si 6.768 6.778 8.053 8.008 7.984 7.616 7.567 7.898 7.536

Ti 0.158 0.032 0.009 0.027 0.012 0.068 0.046 0.021 0.030

Al 1.232 1.222 0.008 0.102 0.003 0.278 0.433 0.082 0.435

Fe2+ 1.209 1.335 0.263 0.371 0.293 0.311 1.639 0.776 1.273

Mn 0.030 0.058 0.017 0.020 0.007 0.013 0.029 0.018 0.026

Mg 3.304 3.440 4.631 4.500 4.760 4.771 3177 4.502 4.008

Ca 1.821 1.462 0.883 0.915 0.975 1.286 0.383 0.445 0.396

Na 1.264 1.632 1.959 1.916 1.657 1.524 3.051 2.475 2.893

K 0.094 0.130 0.182 0.025 0.268 0.146 0.018 0.124 0.132

100 Mg:

(Mg + Fe + ’

Mn) 72.7 71.2 94.3 92.0 94.1 93.6 65.6 85.0 75.5

1. Metaphoscorite probably transformative from pyroxenite. Drill hole 419 at 82.5 metres.

2. Amphibole rock derived from pyroxenite. Drill hole 30 at 15.2 metres.

3. Metaphoscorite. Drill hole 389 at 210.6 metres.

4. Altered magnetite olivinite. Drill hole 418 at 60.5 metres.

5. Phoscorite of stage III. Drill hole 332 at 84.2 metres.

6. Alkaline lamprophyre. Drill hole 347 at 403.0 metres.

7. Amphibole rock derived from pyroxenite. Drill hole 30 at 15.2 metres.

8. Metasilicosovite. Drill hole 289 at 39.2 metres.

9. Amphibole bearing mica rock. Drill hole 70 at 201.3 metres.
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Amphiboles

The classification of amphiboles is in
accordance with the amphibole nomenclature
recommended by the Subcommittee on am-
phiboles, I.M.A. (Leake, 1978). The amphi-
boles in this study were analysed by micro-
probe (as spot analyses), and thus only total
iron has been determined. This makes it
impracticable to use the ratio Mg/Fe?t +
Mg) to subdivide the amphiboles because
there is no recommended procedure for
adjusting the total cations, excluding (Ca +
Na + K), to 13, by varying the ratio Fe2*/
Fe3t (Leake, 1978).

The totals of all the analyses of the am-
phiboles are less than 100 °/ (Table 12),
mainly because the water and fluorine con-
tents were not determined. Earlier analyses
of water and fluorine from alkali amphiboles
in Sokli fenites give averages of 1.22 per cent
and 1.48 per cent, respectively (Vartiainen
and Woolley, 1976, p. 40).

Calcic amphibole

Grass green amphibole is due to the altera-
tion of diopsidic pyroxene in the ultramafites
(Fig. 14). Complete amphibolization ulti-
mately yields amphibole rocks in which only
small or no pyroxene relics are preserved.
The replacing amphibole grows as prismatic
grains that may be up to 10 mm in diameter,
but which most commonly are 1—3 mm. The
uralitic type of amphibolization is seldom
encountered. Typically the amphibole shows
intense pleochroism: Z = grass green > X =
pale yellow, but bluish tints are not un-
common and the mineral may contain apatite
and opaque inclusions. The calcic amphibole
alters into green mica and bluish alkali am-
phibole (Fig. 37). The calcic amphibole in
the xenoliths in the magmatic carbonatite
core is often replaced by carbonate.

Two analyses of the calcic amphibole in
the carbonatite massif (Table 12) show that
they differ is composition from the calcic
amphibole in the basement amphibolite (Var-
tiainen and Woolley, 1976, p. 41, Table 4,
anal., 27), which is ferrotschermakitic horn-
blende. The former is edenitic in composi-
tion (Na + K), = 0.50; Ti < 0.50, Si = 6.75—
7.50 and Mg/(Fe2* + Mg) over 0.50 owing to
high Mg (Leake, 1978). Both amphikoles
analyzed have Na contents exceeding 1.0 %
(1.264 and 1.632) and are therefore sodian.
The sodian edenite from the amphibole rock

(no. 2, Table 12), which represents a more

advanced transformation from pyroxenite,
has less than 1.50 Ca (1.462), and may be
called subcalcic sodian edenite.

Richterite

Richterite is the most widely distributed
amphibole in the Sokli carbonatite massif.

Fig. 87. Richterite prisms developed as alteration

products of olivine in the Stage III hydrothermal

phoscorite. One nicol. Drill hole 332 at 84.2 met-
res. Scale bar, 0.3 mm.
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It occurs as the alteration product of olivine
in the ultramafites, magmatic carbonatites
and alkaline lamprophyres. Hydrothermal
processes (magmatic Stage III) activated the
development of richterite in the magmatic
phoscorites (Fig. 87). The phoscorites have
locally altered into a richterite rich rock in
which it is a predominant mineral. In the
silicosovites of magmatic Stage IV richterite
occurs as a regular accessory mineral. Rich-
terite together with micas is a predominant
silicate in the metacarbonatites. Thin prisms
have developed within serpentine matrix
derived from olivine (Fig. 12). The shear
planes so common in the metacarbonatites
and in the rocks of the transitional zone are
covered by fibrous richterite (Fig. 32). Larger,
isolated prisms also occur.

Richterite is colourless. It displays bright
(from yellow to blue) interference colours
quite different from the abnormal bluish
interference colours of the alkali amphiboles.
The lathy prisms are locally intensely re-
placed by carbonate. There is no alteration
into micas.

All four richterites analysed from Sokli
are comparable to the richterite composition
defined by Leake (1978):

Analyses from Table 12

Leake, 1978 no.3 no.4 no.5 no. 6
(Ca + Na)p =1.34 2.00 2.00 1.95 1.96
Nap 0.67—1.34 1.12 1.08 0.97 0.67
(Na + K), = 0.50 1.02 0.87 0.96 1.00
Si 7.50—8.00 8.05 8.01 7.98 7.62

Further, the Mg/(Fe?™ + Mg) ratio must
exceed 0.50 owing to the high Mg compared
with Fe in all the richterites analyzed (Table
12).

Alkali amphiboles

In the carbonatite massif the alkali am-
phiboles have developed as alteration prod-
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Fig. 88. A bunch of alkali amphibole prisms and

needles in mica—alkali amphibole rock derived

from pyroxenite. One nicol. Drill hole 358 at
270.6 metres. Scale bar, 0.2 mm.

ucts at the expense of pyroxenes and calcic
amphibole. The alkali amphiboles are pres-
ent, albeit as narrow rims, in all the pyrox-
ene and calcic amphibole bearing rock va-
rieties in the massif. The largest concentra-
tions of alkali amphiboles occur in the transi-
tional zone between the carbonatite massif
and the fenite aureole. The alkali amphiboles
exhibit three modes of occurrence:

1. Alteration rims around pyroxene and
calcic amphibole grains (Figs. 24 and 37).

2. Radiating bunches of thin prisms, fi-
brous nodules or vague fibrous aggregates
mainly as replacement of pyroxenes (Fig.
88).

3. Isolated large pseudomorphous prisms
after pyroxenes (Fig. 89).

Pleochroism is less distinct in the alkali
amphiboles than in calcic amphibole: Z =
bluish green — weak bluish green > X
pale green — colourless. Abnormal bluish
interference colour are typical. Occasionally
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Fig. 89. Ragged alkali amphibole prisms (medium grey) developed from pyroxene.
Mica—alkali amphibole rock. One nicol. Drill hole 255 at 90.0 metres. Scale bar,

0.5 mm.
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Fig. 90. Plot of mg ratio against weight per cent MgO for arfvedsonites, magnesio-
arfvedsonites and eckermannites according to Vartiainen and Woolley (1976). Filled
circles, data from the fenite aureole of Sokli; open circles, data taken from the lit-
erature (as specified for Fig. 32 in Vartiainen and Woolley, 1976); x, new Sokli data.

the alkali amphiboles have been altered into The total alkalis of the alkali amphiboles
green mica; they may also have been intense- exceed 2.5 atoms. The Y group is dominated
ly replaced by calcite (Fig. 89). by iron and magnesium. Calcium is about
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Fig. 91. Addition/subtraction diagram for major elements in the alteration of
calcic amphibole into alkali amphibole.

A. Alteration within a single sample (2 and 7, Table 12).

B. Averages of two calcic amphibole and three alkali amphiboles (Table 12).

to 0.5 atom. Thus the amphiboles belong to
the arfvedsonite—eckermannite series, the
same series to which the alkali amphiboles
of the fenite aureole also belong. The three
new analyses are plotted on the diagram (Fig.
90) of the alkali amphiboles from the Sokli
fenites (Vartiainen and Woolley, 1976, p. 43).
They coincide fairly well with the line of the
mg ratio against MgO weight percentage,
although the ratio in the MgO-rich part of
the diagram seems to show a tendency to rise
more steeply. According to the earlier
subdivision (op. cit. p. 44), one of the new
analyses of alkaline amphiboles refers to
ferri-eckermannite (mg ratio between 50—75)

and two of them to eckermannites (mg ratio
> 175).

The three amphiboles analyzed meet the
requirements defined by Leake (1978) for
alkali amphiboles (Nap = 1.34), and belong to
arfvedsonite—eckermannite series (Na + K),
= 0.50; further subdivision is not possible
for lack of distinction between Fe2+ and Fe3+.

According to Heinrich (1966) amphiboles
are much less common in carbonatites than
are pyroxenes or micas. In the Sokli carbon-
atite massif, however, amphiboles are more
abundant than pyroxenes but not so abundant
as micas. The richterite in the Stage IV
magmatic silicosdvites may have crystallized



from carbonatite magma, whereas all the
other amphiboles are products of alteration
or metasomatism. The calcic amphibole orig-
inated from pyroxene, presumably before the
carbonatite intrusion.

The alkali amphiboles developed by alkali
metasomatism from calcic amphiboles and
pyroxenes. This is illustrated by the addi-
tion/subtraction diagram, which show the
changes involved in passing from the calcic
amphibole to alkali amphibole in the same
sample (Fig. 91, A). The diagram shows the
significant losses of Al, Mg, and Ca, and the
major additions of Si, Fe, and Na. In general,

. ley, 1976).
- similar except that for Mg, which is declining.
i Consequently the development of the alkali
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also Mg is added (Fig. 91, B). The metasomatic
alteration of a country rock which altered
calcic amphibole into an alkali amphibole has
been discussed earlier (Vartiainen and Wool-
The trends in element changes are

amphiboles from calcic amphiboles within

‘ the carbonatite massif was due to alkali meta-

somatism comparable to the fenitization of
hornblende schist/amphibolite into sodic
fenite in the fenite aureole (op. cit. p. 75).
Note that this process liberated calcium with-
in the carbonatite massif as well.

Table 13

Calcite-dolomite proportions and CO2 weight % in metacarbonatites of Sokli

I104% Dol-% - Cal-% = 100
Sample CO, Rocks
Dol Cal Dol-% Cal-%

946—0013 174 6 97 3 5.5 METAPHOSCORITES
—0064 81 20 72 28 27.9 Derived from magne-
—0065 57 16 78 22 1.0 tite olivinite
—0066 ok 113 ok >0 7.8 Derived from pyroxe-
—0067 13 121 10 90 111 nites
—0068 d 139 — >0 18.8
—0069 — 53 — 100 3.3 Unknown primary
—0070 21 161 12 88 6.8 rock :
—0071 29 11 73 27 1.5
—0072 29 8 78 22 0.9
—0073 29 156 16 84 17.0
—0074 24 18 37 43 4.0
—0075 122 9 93 7 - 0.5
—0077 110 11 91 9 1.1
—0078 88 6 94 6 1.0
—0079 206 35 85 15 2.8
—0080 98 25 80 20 1.0
—0081 14 72 16 84
—0055 2 160 1 99 24.9 METASILICOSOVITES
—0056 — 248 — 100 33.8
—0057 76 124 38 62 27.7
—0058 70 175 29 71 24.2
—0059 101 94 52 48 12.8
—0060 2 185 1 99 33.5
—0061 25 220 10 90 28.8
—0062 152 118 56 44 26.2
—0088 71 184 28 72

* Intensity of 104 peak
*+  Aegirine overlaps
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Calcite—dolomite proportions

Quantitative calcite—dolomite proportions
of the carbonatites were determined using
the X-ray diffraction techniques proposed by
Royse et al. (1971). X-ray runs were per-
formed at the Research Laboratory of Rauta-
ruukki Oy. The dolomite standards were

NBS 88 a (98 °/0) and BCS 368 (98.4 /). Table
13 shows the results for the metacarbonatites
and Table 14 for the magmatic carbonatites.
The CO, analysed from the same samples is
also given in the tables. The purpose here
is to estimate the variation in the proportions

Table 14

Calcite-dolomite proportions and COs weight % in magmatic carbonatites of Sokli

I 104 * Dol-% + Cal-% = 100
Sample CO, Rocks
Dol Cal Dol-% Cal-%

946—0017 102 22 82 18 1.5 STAGE 1
—0018 94 17 85 15 2.9 Phoscorites
—0019 157 243 39 61 21.4
—0020 14 - 100 — 4.2
—0021 17 68 20 80 4.3
—0022 15 4 79 21 2.0
—0023 123 9 93 7 16.4
—0027 — 258 — 100 33.3 STAGE II
—0028 — 184 — 100 40.3 Sovites and silico-
—0029 21 181 10 90 33.2 sovites
—0030 2 248 1 99 40.3
—0031 2 240 1 99 39.9
—0032 14 205 6 94 35.4
—0033 31 173 16 84 35.7
—0034 — 257 — 100 42.7
—0035 30 50 38 62 4.0 STAGE III
—0036 17 53 24 76 5.3 Phoscorites
—0037 86 62 58 42 5.5
—0038 89 9 91 9 1.6
—0039 46 7 87 13 1.2
—0040 24 9 73 27 2.9 Apatite-ferriphlogopite
—0041 9 106 8 92 3.3 rocks
—0042 197 185 52 48 22.2 STAGE IV
—0043 17 163 9 91 33.3 Silicosovites and
—0044 9 202 4 96 38.3 sovites
—0045 15 180 8 92 31.5
—0046 180 232 44 56 27.7
—0047 23 154 13 87 41.4
—0048 23 183 11 89 41.0
—0052 222 267 45 55 39.9
—0049 141 2 99 1 41.7 Beforsites
—0050 153 3 98 2 40.1
—0051 156 12 93 T 46.2
—0084 242 —_ 100 — l 30.0 STAGE V
—0085 145 — 100 - i Late veins
—0086 120 6 95 5 l

* Intensity of 104 peak
** Estimated from other similar analyses.
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Fig. 92. Calcite-dolomite pro- o P

portions of the metacarbonati- £

tes plotted against increasing

CO2 within some rock groups.

of calcite—dolomite in the metacarbonatites
and magmatic carbonatites. Textural and
exsolution relationships between calcite and
dolomite were not investigated.

Metacarbonatites

The variation in the calcite—dolomite pro-
portions is given diagrammatically in Fig 92
by plotting against the increasing CO,. The
CO, shows the approximate bulk of carbon-
ates. By multiplying CO, by 2.3 one obtains
the average amount of pure calcite; by 2.1
that of pure dolomite. The CO, determina-
tions indicate that the metaphoscorites that
derived from magnetite olivinite and pyrox-
enite show similar variations in total car-
bonate contents but that the calcite—dolomite
proportions differ conspicuously. Aegirine
inteferes with the determination of the cal-
cite—dolomite proportion in the pyroxenitic
metaphoscorite and thus two calcite propor-
tions appear as minimums at 70 %o (Fig. 92).

Conversely, the dolomite proportion is over
70 %o in the metaphoscorites derived from

6

the magnetite olivinite. Note that the CO,
metasomatism produced mainly dolomite in
magnetite olivinite and calcite in pyrox-
enites. This is consistent with the MgO and
CaO content in the host rocks (from Table 16):

‘MgO %  CaO %
Magnetite olivinite 24.1 5.3
Pyroxenite 9.6 18.5

Dolomite predominates in the metaphos-
corites of unknown primary rocks when the
carbonate content is low (1—5 %) but, with
increasing CO,, calcite becomes predominant
(Fig. 91). An alternative interpretation is
that the metaphoscorites of low CO, were
primarily magnetite olivinites and those of
high calcite proportions pyroxenitic in origin.
The calcite—dolomite proportions in the meta-
silicos6vites show an irregular variation with-
in the range of about 25—60 per cent carbon-
ates (CO, 12.8—33.8 %); in the rocks with a
higher CO, content,
distinctly the predominant mineral.

however, calcite is
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Fig. 93. Calcite-dolomite proportions of the magmatic carbonatites plotted against
increasing CO2 within successive stages.

Magmatic carbonatites

The calcite—dolomite proportions in suc-
cessive. magmatic carbonatite stages are
plotted against increasing CO, in Fig. 93. The
calcite—dolomite proportions of Stage I phos-
corites are randomly distributed independent
of the CO, contents, for example two samples
containing roughly the same amounts of CO,
(4.1 % and 4.2 %) show 100 °/o dolomite and
80 %0 calcite, respectively (Table 14). This
suggests, at least partly, that external intro-
duction of COy; produced dolomite in the
MgO-rich (15 %) rocks. The Stage II sili-
cosdvites and sovites are indisputably the

rocks richest in calcite in the Sokli carbon-

atite massif. The small amounts of dolomite
(1—16 /o) presumably occur as exsolutions in
calcite. The calcite—dolomite proportions of
Stage III phoscorites, which are altered
varieties of Stage I phoscorites, are similar
to those in the former phoscorites.

The next stage represents the second phase
of magmatic carbonate introduction. The
calcite—dolomite proportions show that the
Stage IV silicosovites and sovites are mainly
calcitic (Fig. 93). In some samples, however,
the dolomite proportion may exceed 50 .
The calcite—dolomite proportions vary ran-
domly with increasing CO, content. The
beforsites, dyke-like and latest Stage IV rocks
are almost pure dolomite rocks containing
only 1—7 % calcite component and very low
abundances of other minerals (Table 6).
Determinations on the late veins of Stage V
show an accidental occurrence of calcite
component (Fig. 93). Actually, in places, the
cavities of these veins contain more calcite
as crystalline phase.

The general trend in calcite—dolomite pro-
portions developed during the crystallization
of the carbonatite massifs as a whole is from
calcite to dolomite (Kukharenko et al., 1965,
Heinrich, 1966). The most common trend of
the magmatic carbonatites at Sokli is:



Stage IT Stage IV

Sovitic rocks Sovitic rocks

Calcite

These results are compatible with the ex-
perimental findings presented by Wyllie
(1966 a, p. 323) from the system CaO—MgO—
C0Qy—H,0, which show that »under isobaric

—— >  Calcite + dolomite ————> Dolomite
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Stage IV Stage V
Beforsites Late veins
——>  Dolomite

(and others)

conditions, the sequence of crystallization for
the carbonates is calcite, followed by calcite
plus dolomite.»

PETROCHEMISTRY

Experimental

The samples submitted to analyses were
ground in a cone crusher, splitted and ground
into the final analytical fineness of d < 3 um
in a tungsten carbite Tema mill. Most of the
elements were analysed by a Philips PW
1212 X-ray spectrometer using the powder
briquet sample preparation technique.

The ratio method was employed to mini-
mize the effect of long term drift. The con-
centrations calculated and the overlaps and
matrix effects corrected with the aid of a
PDP 11/34 on-line computer with an RSX-
11M operating system and a Fortran program
developed by Rautaruukki Oy. The Fortran

Table 15

The accuracy for XRF analyses of Sokli samples.

Numbers refer to the standard deviation 9J.

Level of content Al,Op Si0, MgO CaO Fe v Ti, Ba Mn P S
in percentages A % A o % Do 1 % % % %
0.001 — —_ —_— — —_ — — — — —
0.01 0.02 0.02 — 0.2 — 0.01 0.01 0.01 0.02 0.01
0.1 0.02 0.02 0.1 0.2 0.2 0.02 0.02 0.02 0.02 0.02
1 0.15 0.1 0.2 0.1 0.2 0.03 0.03 0.06 0.08 0.05
10 0.5 0.3 0.6 0.3 0.3 — 0.2 0.2 0.2 0.4
50 . 1.5 1.2 1.8 0.8 0.5 — — — —_— —
100 1.0 1.0 1.5 —_ —_ — — — — —
Level of Cu, Co, Ni K,0 U Th Ta Zr, Sr Nb Ce, La
Percontages Zny, % % % % % % X
0.001 0.002 — 0.003 0.003 0.003 0.003 0.003 —_
0.01 0.002 0.02 0.003 0.003 0.003 0.01 0.004 0.02
0.1 0.005 0.05 0.008 0.008 0.006 0.01 0.008 0.04
1 0.02 0.2 0.04 0.04 0.02 0.02 0.02 0.06
10 — 0.2 — — — — 0.2 —
50 — — — — —_ — —_— —_
100 — — — — — —_ — —

1 0.004 X Ti% must be added to standard deviation
2 0.005 X Ba®o must be added to standard deviation
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program can be used for analysing samples
with a wide concentration range. To correct
_the matrix effects due fo carbonate, magnetic
material and sodium (corrections for water of
crystallization and fluorine can also be in-
cluded), their contents in the samples were
determined by other methods; the relevant
data were then fed to the computer.

The accuracy of the analyses is given in
Table 15.

The content of magnetic material in the
samples was determined with a Satmagan
(Saturation Magnetization Analyser).

The carbonate content was determined as
CO,, which was calculated from the total
carbon content determined on a Leco IR 12.

Sodium was assayed by dissolving the sam-
ples in a mixture of HCIO,: HNOy: HF: HCI.

The solution was evaporated into dryness,
and the residue was dissolved in hydrochloric
acid (1:4). The sodium content was deter-
mined from the solution with an IL 751
double beam absorption spectrometer.

FeO was analysed by dissolving the sam-
ples in inert atmosphere (CO,-gas) in hydro-
chloric acid (1:1) and in a few drops of conc.
hydrofluoric acid. Five ml of conc. phos-
phoric acid were added and the Fe2*-ions
were determined from this solution by titrat-
ing potentiometrically with 0.1 M potassium
dichromate.

In most cases only total iron was analysed.
Because the bulk of iron is incorporated in
magnetite the iron content was divided into
Fe;O3 and FeO in the proportion indicated
by magnetite (2/3 Fe3* and 1/3 Fe2t).

Composition of rocks

Major elements

A number of studies show the range in the
composition of carbonatites in individual
-carbonatite complexes, e.g. Alné (von Ecker-
mann, 1948); Magnet Cove (Erikson and Bla-
de, 1963); Kola province (Kukharenko et al.,
1965); South Africa and South West Africa
(Verwoerd, 1967); Siberian carbonatites (Po-
zaritskaya and Samoilova, 1972); Iron Hill
(Nash, 1972) and Sevattur in India (Krishna-
murthy, 1977). The average composition of
carbonatites has been reviewed by Pecora
(1956), Heinrich (1966) and Gold (1966 b). The
average composition of the magmatic phos-
corites and sovitic rocks, and the bulk compo-
sition of the magmatic carbonatite core and
the metacarbonatites of Sokli are compared
to the average compositions of carbonatites
in Table 18.

The averages of the Sokli rocks in Table 18
were computed from the data listed in Tables
16 and 17. The higher SiO, and MgO in the
metaphoscorites and metasilicosévites than in
magmatic carbonatites are due to the more
abundant silicates in the former rocks. The
difference is compensated by higher abun-
dances of opaques and apatite in the
magmatic phoscorites and by the higher car-
bonate content in magmatic sévitic rocks.

The bulk composition of the magmatic core
was calculated by deducing the proportions
of sovitic rocks and phoscorites with the aid
of a detailed ground magnetic map. The
phoscorites display magnetic highs and the
background is regarded as an area of sovitic
rocks. Owing to their small volume beforsite
and late veins were not included. The plani-
metric measurement of the areas of magnetic
highs and background showed the proportion
of phoscorites to sovitic rocks to be 1: 25. The
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Table .16

Average chemical compositions in weight percentages of ultramafites, metasomatites and metacarbon-
) atites at Sokli

Ultramafites Metasomatites * Metacarbonatites
i i fca- i~ Mica rocks Metaphoscorites derived from tesilion—
Mool PHI ATl Mk Tedn in magmatic magnetite- byroxe-  unknown MESiice
core olivinites nites rocks
k) 5 3 1 4 10 4 3 15 10

SiOg 19.1 24.4 37.8 23.6 28.8 23.7 23.3 16.4 7.0
TiOg 2.8 2.2 0.9 1.0 1.2 2.1 2.1 2.3 0.4
Als03 0.8 3.0 7.5 4.6 7.1 1.6 2.1 1.4 1.7
FeaO3 26.9 16.9 7.0 9.4 11.6 18.6 18.0 21.2 5.7
FeO 12.1 7.6 3.1 4.2 5.1 8.4 8.1 9.5 2.6
MnO 0.7 0.3 © 0.3 0.3 0.2 0.6 0.4 0.5 0.3
MgO 24.5 9.1 7.9 9.7 18.3 22.3 15.7 16.6 7.5
CaO 5.4 17.4 15.8 21.7 - 85 - 10.4 16.4 15.8 40.4
K20 0.9 1.3 1.3 3.2 6.7 2.4 1.7 2.2 1.2
P205 2.2 4.0 4.8 7.1 2.5 4.6 2.6 6.0 4.1
COg 5.6 N 8.1 9.6 5.1 8.7 8.0 8.7 27.1
S 0.5 0.6 0.2 0.4 1.9 0.1 0.2 1.3 0.5
Total 101.5 94.5 94.2 94.8 97.0 103.5 98.6 101.9 93.5
Trace elements in p.p.m. .

Nb 200 100 100 100 1700 600 100 600 60
Ta i 10 n.d. n.d. n.d. 230 n.d. n.d. 30 n.d.
Zr 1400 9000 900 2100 3200 3800 2600 3300 70
v 700 500 300 300 200 500 500 400 —_
La 100 100 200 300 100 100 200 300 300
Sr 600 800 1800 2600 1100 1400 1200 1900 5000
Ba 250 500 800 800 1200 1300 1200 500 1000
Th 130 n.d. n.d. n.d. 40 n.d. n.d. 40 n.d.
U 1 — n.d. n.d. n.d. 30 n.d. n.d. 50 n.d.

1 3 analyses
* Deficiences are mainly due to HeO and NagO,
##* Number of analyses

n.d. not determined

bulk composition of the magmatic core given
in Table 18 was derived from the average
compositions of the phoscorites and sovitic
rocks by weighting them by the above pro-
portion.

It is well known that the compositions of
carbonatites vary conspicuously within and
between complexes. This is due to not only
the heterogeneity of the rocks, but also to the
selection of samples. Thus the comparison
of the average compositions is not very sound.
According to Gold (1966 b), the »typical com-
position» wvalues, as presented in Table 18

which were not analyzed

(op cit.), are more meaningful than those of
the »average composition» reported by
Heinrich (1966) and given in the same table.
The bulk composition of Sokli is as a fairly
representative of the magmatic carbonatites
at Sokli. It has a distinctly closer affinity
to the »typical composition» of Gold than has
the average composition presented by Hein-
rich (Table 18). The lower SiO, (2.2 %) and
Al;O5 (0.3 %) at Sokli refer to silicate con-
tents in the Sokli carbonatites that are lower
than in »typical» ones (5.67 %o and 1.77 9,
respectively). The CaO in the Sokli carbon-
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N Table 17
Average chemical compositions in weight percentages of magmatic carbonatites at Sokli
Stage 1 I . III v v
_ N _ Apatite- Silico- -
Rocks PI;%S:SO sségic.és Sovites Pk;%se%o ferri;}){hl. sovites Sovites B:}fg; &ez;';es
rocks
Numb. 9 17 10 18 8 13 7 3 6
SiO2 12.4 2.2 1.3 16.1 12.3 2.8 0.6 0.2 2.0
TiO2 1.4 0.2 0.1 1.3 0.8 0.2 0.00 0.00 0.2
AlsOg 0.7 0.3 0.3 2.3 2.4 0.4 0.2 0.1 0.3
FesOs3 25.9 5.7 3.0 19.9 17.4 6.0 1.1 1.3 10.2
FeO 11.7 2.6 1.2 9.0 7.8 2.7 0.5 0.6 4.6
MnO 0.7 0.3 0.3 0.3 0.2 0.4 0.3 0.8 0.8
MgO 15.6 4.5 3.2 15.2 11.4 6.3 3.4 21.6 13.4
CaO 16.5 45.6 50.4 16.2 22.3 42.3 50.4 47.0 23.1
K20 0.7 0.2 0.3 2.9 3.1 0.5 0.1 0.1 0.3
P205 9.1 3.8 2.5 7.4 13.3 3.3 2.4 2.2 1.5
CO2 6.6 33.7 14.4 8.1 5.5 34.6 37.9 24.0 30.7
S 1.3 0.5 0.6 3.8 4.1 1.4 0.2 0.1 5.4
Total 102.6 99.6 97.5 102.5 100.6 100.9 97.1 98.0 92.5
Trace elementis in p.p.m.
Nb 1400 1100 1200 3300 6000 2500 1400 1300 600
Ta 1 180 2 30 20 10+ 3 110 4 10 5 10 n.d. n.d.
Zr 2200 900 300 1500 1800 200 100 00 00
v 600 00 00 400 200 100 00 00 200
La 200 200 200 300 600 400 300 300 3400
Sr 2200 6200 7700 1700 2400 790 9400 8900 8300
Ba 400 600 600 600 900 800 800 300 29300
Th 1 310 2 200 150 340 857 100 70 n.d. n.d.
U 1 170 2 20 50 90 60 20 10 n.d. n.d.

1 6 analyses, 2 10 analyses, 3 4 analyses, 4 9 analyses, 5 4 analyses

n.d. = not determined

atites, which is almost ten percentage units
higher than the »typical» value, is partly
due to the higher apatite content at Sokli
but mainly due to the more calcitic charactef
of Sokli compared with »typical» carbon-
atites. This is also revealed by MgO that

is lower and CO, that is higher than »typ- :

ical». |

The average composition of the meta-
silicosovites at Sokli is closer to the average
composition given by Heinrich and the »typ-
ical composition» by Gold than is the bulk
composition of the magmatic carbonatites at
Sokli (Table 18). The PyQ; and CaO in the
metasilicos6vites are higher than the »aver-
age» and »typical» values in Table 18. This

is due to the increased apatite content in the
Sokli metasilicos¢vites.

Petrochemical calculation of major
elements in magmatic carbonatites

There are no universally recognized or used
methods for petrochemical calculations of
carbonatites such as Niggli values or CIPW
norms for magmatic silicate rocks. Von Ecker-
mann (1948) has used the latter for the Alno
rocks including carbonatites. Verwoerd
(1967) has plotted the analytical data of the
carbonatite complexes of South Africa on a
triangular diagram showing the variation in
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Table 18
Average of major components in weight percentages of Sokli carbonatites and of carbonatites in
general
SOKLI Averages in
carbonatites
Magmatic carbonatites Meta- Heinrich, Gold **
phosco- silico- 1966, p. 222  1966b, p. 84
Phosco- Sovitic Bulk compo- rites sovites
rites rocks sition *
SiO2 14.3 1.7 2.2 21.1 7.0 10.29 5.67
TiO2 1.3 0.1 0.1 2.2 0.4 0.73 0.50
AlxO3 1.5 0.3 0.3 2.0 1.7 3.29 1.577
Fe203 22.9 4.0 4.7 19.3 BiT 3.46 3.88
FeO 10.4 1.8 2.1 8.7 2.6 3.60 371
MnO 0.5 0.3 0.3 0.5 0.3 0.68 0.78
MgO 15.4 4.4 4.8 18.2 7.5 5.79 6.10
CaO 16.3 47.2 46.6 14.2 40.4 36.10 37.06
K20 1.8 0.3 0.4 2.0 1.2 1.36 0.87
P205 8.3 3.1 3.3 4.4 4.1 2.09 1.73
CO2 7.4 35.2 34.5 8.5 27.1 28.52 32.16
S 2.5 0.7 0.8 0.5 0.5 0.56 0.18
H»20 n.d. n.d. n.d. n.d n.d. 1.44 1.42
Total 102.6 99.1 100.1 101.6 98.5 97.91 95.83
Number of
analyses 27 47 74 22 10 96—164 16—45%**

* Weighted with area

#*x The average of the individual averages at different complexes, »typical composition».

#¥¥ The number of complexes sampled.
n.d. not determined

the molecular proportions of CaO, MgO and
FeO + 2Fe,03. On another triangular dia-
gram he has given the composition of the
carbonate phase in molecular percentages of
CaCO3, MgCO; and FeCO; calculated from
the same data. Pozaritzkaya and Samoilova
(1972) have shown the variation of elements
as cation proportions according to the succes-
sive stages of metasomatic carbonatites.
Maxey (1976) has used Fey,Oy (total iron)—
Na,O + K;0-—MgO and Na,0—K,0—CaO
variation diagrams of oxides in weight per-
centages for the rocks of the Beemerville car-
bonatite—alkaline rock complex. XKrishna-
murthy (1977) has portraied schematically the
variation in oxides plotted against succes-
sively younger phases of carbonatites. Bagda-
sarov (1979) has given a variation diagram in

which the variation coefficients of the com-
ponents are plotted against the average con-
tents of the components. In his diagram, the
magmatic alkaline silicate rocks form a hy-
perbole, but the metasomatic carbonatite plot
outside it.

None of these methods are satisfactorily
applicable to the petrochemical calculation
of the analyses of the Sokli magmatic car-
bonatites. A new calculation procedure is
suggested according to which the triangular
variation diagram of dolomite — calcite —
silicates + opaques has been constructed (Fig.
94). The procedure, based on the weight
percentages of oxides, is as follows:

Dolomite. The basis of calculation is MgO
in dolomite. First the MgO incorporated in
silicates is subtracted from the total MgO.
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Table 19

Major -oxides (in weight percentages) in magmatic carbonatites of selected samples from Sokli, and

dolomite, calcite and silicate + opaque components calculated as explained in the text.
Egli}; Depth Si0, Feﬁ,26+ MgO Cca0 Co, Dolomite  Calcite S;gggt{leg- Total
PHOSCORITE, STAGE I
481 118.0 12.7 33.1 14.0 16.4 1.8 6.2 = 58.5 64.7
482 110.0 14.4 45.7 14.8 10.0 14 1.5 1.8 74.5 77.8
433 138.2 19.9 35.3 17.1 8.1 8.0 0 18.0 75.0 93.0
281 58.0 14.9 11.5 19.5 27.3 21.4 21.9 25.8 41.3 89.0
332 41.4 11.0 29.7 11.6 24.8 2.8 2.9 2.9 51.8 57.6
454 107.6 15.3 26.6 16.2 19.5 5.8 4.3 8.3 7.2 69.8
SILICOSOVITE AND SOVITE, STAGE II
428 127.5 6.1 24.8 9.9 32.5 18.3 16.7 232 37.0 76.7
464 25.4 1.7 21.5 5.1 40.3 27.5 16.2 44.3 24.9 85.4
428 44.2 2.1 11.7 4.2 43.3 32.0 10.0 61.2 15.9 87.1
250 128.8 2.4 9.2 5.0 44.6 33.3 12.4 61.4 14.0 817.8
477 152.7 1.1 7.1 3.2 48.8 33.3 10.0 64.1 8.8 82.9
425 42.5 2.1 6.6 3.5 48.5 31.0 6.7 61.8 10.8 79.3
358 200.1 2.0 6.9 3.4 47.6 35.4 6.7 72.5 10.9 90.1
488 105.7 2.9 8.8 3.0 45.3 32.3 0.4 72.3 14.6 87.3
428 102.9 2.4 11.0 6.0 42.3 33.6 17.1 57.2 15.8 90.1
464 74.7 1.4 4.4 4.3 54.3 29.5 13.8 51.5 7.2 2.5
477 192.0 1.0 2.0 2.3 52.2 37.9 4.3 80.1 4.0 88.4
338 108.3 0.8 1.2 0.9 51.6 42.7 1.9 94.1 2.8 98.8
428 70.8 0.6 1.6 1.9 52.1 36.5 4.3 81.5 2.8 88.6
SILICOSOVITES AND SOVITES, STAGE IV
340 131.9 1.2 4.1 9.8 48.5 32.2 41.0 28.1 6.5 75.6
456 98.0 3.9 16.1 5.8 39.6 25.1 9.1 46.6 23.9 79.6
428 49.1 1.0 5.6 3.2 49.2 32.2 10.5 61.2 7.6 79.3
342 110.2 1.3 7.4 4.1 46.6 33.3 13.3 60.5 10.3 84.1
477 143.2 0.6 8.9 4.0 43.3 29.1 16.2 47.9 10.1 74.2
477 263.0 0.5 1.8 2.6 51.5 39.9 10.0 79.0 2.8 91.8
428 50.7 0.8 3.2 2.5 50.8 31.5 8.1 62.1 4.8 75.0
428 61.5 0.5 1.5 1.8 53.0 37.2 6.2 77.0 2.5 85.7
343 198.5 0.8 1.3 8.7 44.7 39.2 37.7 47.5 2.9 88.1
343 243.0 0.7 0.7 2.8 51.0 41.4 10.0 82.4 24 94.5
333 34.2 0.3 0.7 3.4 51.3 41.0 14.8 76.3 1.7 92.8
BEFORSITE, STAGE IV
274 119.0 0.3 2.5 21.7 46.2 26.0 102.3 — 3.1 105.4
344 199.0 0.3 1.7 21.1 47.0 24.5 99.2 — 2.3 101.5
344 176.8 0.2 19 21.9 47.8 23.1 103.5 -— 2.1 105.6
LATE VEIN, STAGE V
461 73.0 1.6 19.5 13.8 16.5 26.2 58.2 — 22.7 80.9
461 77.0 2.4 20.1 14.8 18.8 30.0 54,7 3.6 24.9 83.2
428 81.9 1.5 12.6 14.1 22.7 35.3 60.1 14.4 15.6 90.1
462 242.0 1.5 10.3 11.5 31.3 27.8 47.7 11.0 13.3 72.0
462 276.8 2.7 12.3 12.3 25.1 31.4 45.8 21.2 17.7 84.7
462 290.5 2.5 14.1 13.9 24.0 33.6 50.6 20.9 19.1 90.6

— = no calculated calcite



The principal silicates in the Sokli magmatic
carbonatites are Mg silicates. Their abun-
dances are essentially controlled by phos-
corites (Tables 3 and 18) thus:

Abundance MgO % SiO2 %/
Forsterite 42 51 42
Serpentine 14 42 42
Clinohumite 10 52 39
Richterite 10 22 57
Phlogopites 24 25 39
Averages 100 38 44

If the abundance of silicates is weighted by
their MgO and SiO,, one obtains 4070 (MgO)
and 4248 (SiO,). Note that the silicates con-
tain roughly equal amounts of MgO and SiO,.
Hence, the MgOp, is calculated: MgOp, =
MgO—SiO,.
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The principal components of dolomite re-
calculated as 100, are:

MgO  21%
CaO 31 %
COZ 48 0/0

The other components of dolomite can be
computed from these proportions on the
basis of known MgOqp,:

CaODol =148 X MgoDOl

COzpa = 2.29 X MgOp,
Calcite. The excess COy, over COyp,y
is assigned to calcite. The calcite is obtained

by multiplying CO;4,—COsp, by 1.25
(calcite assays 55.5 /o CaO, 45.5 %o COy).
Opaques and silicates. The oxides of iron

equal opaques and 2 X SiO, silicates.

Dolomite

Silicates +
Opaques

®\ Calcite

Fig. 94. Triangular diagram showing variation in weight percentages of the principal
oxides in the magmatic carbonatites calculated as calcite, dolomite and silicates + opaques
(see text). Numbers refer to magmatic stages; triangles, phoscorite (I); filled circles,
sovite and silicos6vite (II); squares, sovite and silicosovite (IV); x, beforsite (IV); open
circles, late carbonate veins (V); curve, crystallization path of magmatic carbonatites.
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Table 19 gives the major oxides of some
selected type samples in weight percentages
and the mineral components calculated from
these analyses. The totals of the minerals
calculated are reasonable. The deficiences
from 100 are mainly due to apatite and sub-
ordinately to sulphur. The mineral compo-
nents were recalculated to 100 before they
were plotted on the diagram (Fig. 94). The
diagram does not include the Stage III rocks,
which represent hydrothermally altered or

hydrothermally produced varieties and do not:

follow the cyrstallization sequence of carbon-
atite magma.

The general variation trend in the diagram

(Fig. 94) demonstrates that the rock sequence
accords with field evidence. The curve shows

the path of crystallization. On the other
hand, the diagram also shows the variation in
the chemistry of the magmatic carbonatites
due to changes in carbonate mineralogy and
the variation in the abundance of silicate
and opaque minerals.

The marked clustering of Stage I phos-
corites towards the silicates + opaques corner

shows their temporal position at the begin-
ning of the crystallization sequence. The

variation in carbonates is consistent with the
calcite-dolomite proportions determined by

X-ray techniques (Fig. 93). The one point of
phoscorite that stands apart is closer to
silicosdvite than to phoscorite in composition.
The diagram reveals the lack of the data for
the rocks between the Stages I and II as well
as for the rocks with compositions between
sbvite and beforsite in Stage IV. This is, at
least partly, due to the selection of samples,
which emphasized fypical samples of dif-
ferent stages rather than those of interme-
diate compositions.

The silicosdvites and sovites of Stages II
and IV occupy the field adjacent to the calcite

point (Fig. 94). The greatest disadvantage

of the variation diagram presented here as!
a petrochemical model for illustrating the

crystallization of the magmatic carbonatites
is that it cannot reveal the temporal dif-
ference in the successive stages of these rocks.

The two intermediate plots between calcite
and dolomite indicate the course of crystalliz-
ation towards beforsites, which mark the
end at crystallization in Stage IV. The
marked change in composition between the
beforsites and late veins causes a steep bend
in the crystallization path. The late veins
of Stage V contain appreciable sulphides,
which is the only reason why the points
approach the silicates + opaques corner. The
calcite component is markedly higher than
that suggested by the X-ray determina-
tions of the calcite—dolomite proportions
(Fig. 93). In fact, the calcite in the cavities
of the veins is better represented in these
samples. In accordance with petrography,
the late veins display a distinctly separate
group on the diagram.

As demonstrated from a number of car-
bonatite complexes and by experimental
work (Wyllie and Biggar, 1966), the crystal-
lization path presented on the triangular dia-
gram (Fig. 94) follows the general trend from
calcitic to dolomitic carbonatites. In this
work the silicate-opaque rich portion (phos-
corites) is added on the crystallization suc-
cession and considered to represent the first
segregation or crystallization from the car-
bonatite magma. ‘

Minor and trace elements

The values of minor and trace elements in
Tables 16 and 17 are summarized in Fig. 95,
thus enabling us to compare directly the
variation in elements in each group. Fe,O,
is depicted with a dotted line in the upper
part of Fig. 95 in correlation with siderophile
elements. Typical abundances in carbonatites
according to Gold (1966b) are indicated by
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filled circles (excluding La). The tie lines
in the groups of ultramafites, metasomatic
rocks and metacarbonatites show the pro-
posed succession of rocks, and, in the mag-
matic carbonatites, the sequence of crystalli-
zation. The hydrothermal stage (Stage III),
a deviation from the magmatic sequence, is
indicated by a dotted line. The principal
host mineral of each element is shown to the

right in Fig. 95. The following features
emerge:

TiOy, MnO and V form a geochemically
coherent group of elements showing distict
correlation with the variation in Fe,Os.
MnO in Stage III deviates slightly from
the general trend as does V in the metaso-
matic mica—amphibole rock. Except in the
late veins (Stage V), the abundance of mag-
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netite largely controls the concentrations
of these elements. Thus their concentrations
(TiOy 1.3—2.8 %0; MnO 0.4—0.7 °o; V 400—
700 ppm) are highest in the ultramafites and
in the phoscorites that are richest in magnet-
ite. The amounts of other Ti-rich minerals,
perovskite, and pyro-
chlore, are negligible compared to that of
magnetite. The geochemistry of TiO,;, MnO
and V is more complicated in the late veins
than in the other rocks. Fe is mainly in-
corporated in sulphide species, and high MnO

ilmenite, zirkelite

concentrations (0.9 °o) probably in carbon-
ates; V has not yet been traced to any mineral
The TiOy, MnO and V in the metasilicosovites
are below the »typical» values. The TiO,
in the magmatic carbonatites is below the
»typical» abundance but MnO and V are
within the range of averages.

Sulphur content in the Sokli rocks is about
half a per cent. The elevated concentration
(1.9 %) in the mica rock of the magmatic
core is probably due to hydrothermal activity,
which shows up distinctly in the rocks of
magmatic Stage III (S 3.7—4.1 %). Sulphur
is enriched in the final stage of the magmatic
carbonatites (S 5.8 %), where it occurs in
pyrrhotite, pyrite, sphalerite and baryte.

Phosphorus. The averages of P,Oj in all
rock groups are higher than the »typical»
value (1.73 %). In the ultramafites P,Oj
varies from 2.2 to 4.2 %o; in the metasomatites
variation is more pronounced 2.6 to 7.5 %o and
in the metacarbonatites PyOj is about 4.0 %b.
In the magmatic carbonatites P,O; decreases
conspicuously from 8.9 % to 1.6 %% as crys-
tallization progresses. The highest value of
10.2 % for PyO5 concides with the hydro-
thermal Stage (III). Apatite is the principal
or only phosphorus mineral, although in the
late veins there may be also rare late phos-
phates that have not yet been identified.
Lanthanum (100—200 ppm) in the ultra-
mafites, metasomatites and metacarbonatites
roughly follows the fluctuation of phosphorus,

indicating that La occurs mainly in apatite.
The pair (La—P505) shows a reversal trend
in the magmatic carbonatites. La becomes
concentrated (3400 ppm) in the late veins as
in carbonatite complexes in general (Heinrich,
1966). In the rocks of Stages I—IV La is
chiefly enriched in pyrochlore, Zr minerals
and apatite. The geochemistry of La in the
late veins is under study.

Niobium is the element that most charac-
teristically distinguishes geochemically the
magmatic carbonatites from the other rocks
in the massif. A striking feature is the low
Nb in the metasilicosévites (< 100 ppm) com-
pared to that (> 1000 ppm) in the magmatic
sovitic rocks. The enrichment of Nb
(1700 ppm) in the mica rocks of the magmatic
core is undoubtedly due to hydrothermal
activity. The strong concentration of Nb is
characteristic of the hydrothermal stage. Nb
may exceed 2 %o in individual samples of
apatite—ferriphlogopite rocks. The late veins
are depleted in Nb (600 ppm) relative to the
usual contents in the magmatic carbonatites.
As a whole, the abundance of Nb in the
magmatic carbonatites is above the »typical»
level of Nb in carbonatites (Nb + Ta 560 ppm).
Pyrochlore, followed by zirkelite, is the pre-
dominant mineral of Nb. The distribution
of Nb in other minerals has not yet been
studied.

Zirconium. The highest concentrations of
Zr occur in the rock groups of the ultramafi-
tes, metasomatites and metacarbonatites. In
the pyroxenite Zr is about one per cent and
in the other rock groups commonly over
100 ppm. The exception is metasilicosovite,
in which the Zr content is below 100 ppm.
Baddeleyite and zircon are the chief carriers
of Zr in these rocks. Other minerals (silicates,
opaques) may contain minor or trace amounts
of Zr as in other complexes (Heinrich, 1966).

The marked decrease in the Zr trend in the
magmatic carbonatites parallels the progress
of crystallization. The hydrothermal stage



is geochemically different also in respect of
Zr. The Zr content in the magmatic carbon-
atites is generally close to that of »typical»
(461 ppm) in carbonatites. The main con-
centration of Zr in mineral species declines
in the following order; zircon, baddeleyite,
zirkelite and pyrochlore.

Strontium and barium. The averages in
Fig. 95 show Sr to be concentrated in the
carbonate rich rocks whereas Ba appears to
remain stable in each rock groups. To study
the correlation between these elements and
the carbonate phase the Sr and Ba from
Tables 16 and 17 were plotted against COy
(Fig. 96).
tion with the CO, content, indicating that
Sr became enriched in the carbonate phase
independently of the host rock. Ba shows
a different geochemical character and has no
positive correlation with increasing CO; in

Sr has a marked positive correla-
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Fig. 96. Plot of Sr and Ba against COg;
taken from Tables 16 and 17.

data
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Table 20

Nb/s; Ta, U, and Th contents in selected samples
from different stages in the Sokli magmatic car-

bonatites
Drill Depth, Nb/5 Ta U Th
hole m pPpm ppm ppm ppm
STAGE I, PHOSCORITE
481 118.0 550 260 380 380
482 110.0 448 160 120 480
482 13.9 212 110 20 90
452 101.7 144 160 220 20
454 117.5 214 - 220 550 30
477 119.2 204 60 170 50

STAGE II, SILICOSOVITE AND SOVITE

464 74.7 60 60 120 30
» 75.5 818 20 20 110
Dy 80.0 110 80 180 50
» 25.4 36 60 60 20
» 100.0 222 10 20 50
425 42.5 40 20 - 30 30
428 37.4 72 20 30 20
» 44.2 420 20 — 210
» 134.0 1078 40 10 570
» 134.7 456 10 — 240
» 127.5 1264 90 20 890

STAGE III, PHOSCORITE AND APATITE-
FERRIPHLOGOPITE ROCK

447 79.0 322 — — 130
477 164.7 400 70 70 220
449 52.3 4236 80 10 2150

» 177.3 656 — — 190
450 244.1 1394 20 — 360
452 54.0 3016 120 80 970
454 45.0 126 60 30 130
436 40.6 4796 260 110 - 2330

STAGE 1V, SILICOSOVITE AND SOVITE

456 109.4 582 20 — 90
477 270.4 574 — 20 220
450 244.1 1394 20 — 360
428 49.1 1328 — —_ 270
» 50.7 702 20 _ 170
» 61.5 376 — — 80

the magmatic carbonatites. In the other rock
groups Ba is obviously incorporated in other
minerals than carbonates. Ba has become
strongly enriched in the late veins (Ba 2.9 %o).
Barite and barytocalcite have been identi-
fied from the veins. In the sdvitic magmatic

carbonatites Sr is close to the »typical»
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U+Ta

\n

50

Fig. 97. Plot of the proportions of U + Ta — Th — Nb/; in the magmatic carbona-

tites.
silicosovites; filled circles,

rocks; open squares, Stage IV sovites and silicosovites.

Filled triangles, Stage I phoscorites; open circles, Stage II sovites and
Stage III phoscorites and apatite—ferriphlogopite

Curve defines the trend

of crystallization of carbonatites, numbers refer to stages.

value whereas in the Sokli carbonatites Ba
is markedly below it.

Verwoerd (1967) has shown that meta-
carbonatite and magmatic carbonatite cannot
be distinguished by means of Sr and Ba con-
tent in South African and South West African
carbonatites. The same is true at Sokli.

Uranium, thorium and tantalum. The con-
tents of U, Th and Ta are too low to be de-
tected by the x-ray method used in all other
rocks except the magmatic carbonatites. The
analytical data of the U, Th and Ta in the
type samples from the magmatic carbonatites
are given in Table 20. The variations in
their proportions are given on a triangular
diagram in terms of U + Ta—Th—Nb/5 (Fig.
97). There is a distinct decrease in the U +

Ta trend with the succession of the magmatic
carbonatites and a contemporaneous increase
in the Nb/Ta ratio towards younger carbona-
tites. Pyrochlore is the principal mineral
to control the U + Ta—Th—Nb proportions.
The data from Fig. 97 show that two pyro-
chlore generations crystallized during Stage
II: an older U + Ta-rich and a younger Th-
As pointed out by Heinrich
(1966), the Th content generally increases

rich pyrochlore.

with decreasing age in carbonatites. By
plotting U/Th against NbyOz/Tay;05 in cama-
forites (phoscorites) Borodin et al. (1973) have
shown that the U/Th proportion decreases
with the increase in the NbyO;/TazO5 pro-
portion. The Sokli data are consistent with
these findings.



Geological Survey of Finland, Bulletin 313 95

Chemical characteristics of metasomatic
and hydrothermal alterations

The petrographical study has revealed the by hydrothermal activity that was mainly
mineralogical trends involved in the evolu- operative during magmatic Stage III. The
tion of metaphoscorites and metasomatites data that characterize the chemical nature
from ultramafites, and of metasomatites from of the alterations include 32 analyses, which
fenites. Alteration trends were also produéed are given in Tables 21, 22, 24, 26 and 27. The

Table 21

Alteration trends of Sokli magnetite olivinite based mainly on XRF-analyses (percentage by weight).
FeO determined chemically and Fe2O3 calculated from fotal iron.

b | 2 3 4 5 6 7 8 9 10
SiOg 23.5 14.5 28.4 20.3 27.4 26.5 21.4 13.5 28.2 38.2
TiOg 2.9 3.3 2.7 1.4 1.0 0.7 2.3 2.8 2.2 0.3
Al2Og3 0.9 1.7 2.2 2.5 4.3 7.3 0.8 2.4 8.2 10.1
Fea03 15.0 31.5 24.6 17.0 17.2 6.4 22.2 24.3 13.4 4.2
FeO 13.8 16.3 13.2 10.9 9.7 6.7 12.6 15.4 9.6 3.0
MnO 0.8 0.5 0.4 0.4 0.3 0.1 0.6 0.6 0.3 0.1
MgO 217.5 12.1 16.6 13.7 16.8 18.0 16.1 4 15.4 26.2
CaO 6.4 7.3 2.2 11.8 7.9 13.3 7.9 11.5 7.7 2.4
NagO 0.1 0.2 0.4 1.4 1.4 0.7 0.2 0.4 0.4 0.6
Ko0 0.6 0.8 1.7 2.2 3.3 5.9 2.2 2.3 6.3 9.4
P205 1.9 6.1 0.1 1.9 0.8 9.3 2.7 2.2 5.4 0.4
H20 2.2 2.7 5.8 1.8 2.0 2.3 4.1 1.7 2.5 3.4
COg 4.3 2.2 2.1 13.3 9.2 3.3 6.6 10.9 1.8 2.0
F 0.2 0.3 0.2 0.2 0.2 0.7 0.5 0.2 0.4 0.1
S 0.2 0.1 0.0 0.7 0.2 0.3 0.1 0.5 0.3 0.1
100.3 99.6 100.6 99.5 101.7 101.5 100.4 100.4 102.1 100.5

O=F, S 0.18 0.18 0.08 0.43 0.18 0.42 0.26 0.43 0.32 0.09
Total 100.1 99.4 100.5 99.1 101.5 101.1 100.1 100.0 101.8 100.4

Trace elements

Nb 0.01 0.01 0.01 0.03 0.01 0.01 0.02 0.03 0.02 0.06
A\ 0.07 0.09 0.08 0.04 0.04 0.01 0.08 0.09 0.05 0.00
Zr 0.01 0.58 0.37 0.05 0.05 0.44 0.17 0.21 0.11 0.79
La 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.02 0.00
Sr 0.06 0.03 0.02 0.15 0.09 L 0.11 0.12 0.12 0.08 0.05
Ba 0.02 0.04 0.07 0.06 0.05 0.07 0.05 0.03 0.08 0.09

Alteration trend into richterite rock and further into phlogopite rock

Magnetite olivinite. Drill hole 331 at 169.0 metres.

Slightly altered magnetite olivinite. Drill hole 413 at 41.0 metres.

Intensely serpentinized magnetite olivinite. Drill hole 358 at 118.5 metres.
Richterite rock derived from magnetite olivinite. Drill hole 194 at 359 metres.
Phlogopitized richterite rock. Drill hole 194 at 360.4 metres.

Mica (phlogopite) rock derived from richterite rock. Drill hole at 360.8 metres.

O Sk o0 B

Development of mica (phlogopite) rock from magnetite olivinite in drill hole 436

Slightly phlogopitized magnetite olivinite at 22.4 metres.
Moderately phlogopitized magnetite olivinite at 22.6 metres.
Intensely phlogopitized magnetite olivinite at 23.0 metres.
Mica (phlogopite) rock at 36.55 metres. .

-
Se,.
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Table 22

Alteration trends of Sokli pyroxenite based mainly on XRF-analyses (percentage by weight). FeO de-

termined chemically and FepOs calculated from total iron.

1 2 3 4 5 6 7

5i02 27.8 26.3 23.9 26.7 16.5 12.2 18.2
TiO2 2.9 1.5 1.9 3.1 2.3 1.9 1.9
AlpOg 4.8 2.9 4.1 8.9 3.1 2.2 2.0
Fes03 19.7 0.3 8.3 7.4 19.0 14.3 13.6
FeO 12.3 7.4 8.0 12.3 12.4 10.7 8.6
MnO 0.3 0.3 0.2 0.2 0.3 0.4 0.2
MgO 11.0 8.6 10.2 12.4 6.4 8.4 6.1
CaO 9.5 20.2 21.1 11.2 18.8 21.1 24.9
NazO 1.5 3.0 2.2 0.8 1.6 1.7 3.5
K20 2.6 1.4 2.6 5.7 1.3 1.1 0.7
P20s5 1.7 8.1 10.8 6.5 8.9 11.1 7.6
H20 1.9 1.6 1.9 2.5 1.3 1.5 1.3
COg2 4.1 7.1 4.9 2.5 7.6 11.5 11.9
F 0.1 0.3 0.5 0.4 0.4 0.8 0.3
S 0.3 0.3 0.6 14 0.3 0.8 0.3

100.5 99.3 100.8 100.8 101.0 100.1 101.1
O=F,S 0.19 0.38 0.51 0.87 0.32 0.74 0.38
Total 100.3 98.9 100.3 99.9 100.7 99.4 100.7
Trace elements
Nb 0.00 0.00 0.00 0.01 0.01 0.02 0.01
v 0.07 0.04 0.04 0.04 0.07 0.06 0.04
Zr 1.06 0.13 0.49 0.10 0.83 1.02 0.73
La 0.00 0.01 0.01 0.01 0.01 0.02 0.01
Sr 0.03 0.09 0.10 0.07 0.06 0.14 0.11
Ba 0.05 0.04 0.06 0.15 0.03 0.12 0.04

Drill hole 358

s 00 D3

Drill hole 193

At 212.1 metres. Slightly phlogopitized pyroxenite.
At 259.4 metres. Alkali amphiboie rock derived from pyroxenite.

At 267.7 metres. Phlogopitized alkali amphibole rock derived from pyroxenite.
At 267.9 metres. Mica (phlogopite) rock derived from former rock.

5. At 133.2 metres. Pyroxenite with moderately developed phlogopite and alkali amphibole.
6. At 125.0 metres. Phlogopite bearing alkali amphibole rock derived from pyroxenite

with subordinate aegirine.

7. At 130.5 metres. Aegirine- and phlogopite-bearing alkali amphibole rock derived from pyroxenite.

problem of sampling such highly variable
rock types was approached by studying petro-
graphically a number of samples from each
alteration trend and then selecting represen-
tative samples for analyses. The samples
analysed for a particular alteration trend
where usually taken from the same drill hole.
Seven suites of alteration trends are charac-
terized by the following changes:

Alterations from magnetite olivinite

— into richteritized rock and
mica rock (in metacarbonatite area, Fig. 11,

trend 1)

further into

— into mica rock (in magmatic c:ore,‘Fig. 11,

trend 7).

Alterations from pyroxenite

— into alkali amphibole rock and further
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For details of rock types and localities, see Tables 21 and 22
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Fig. 98. Addition/subtraction diagram for major elements in alteration trends from magnetite oli-

vinite based on the atoms per standard cell of 160 oxygen atoms.
A. Into richterite rock and further into mica rock (in metacarbonatite area).

B. Into mica rock (in magmatic core).

Lines approximated by the least squares.

Numbers as in

Table 21.

elements. Thus an addition/subtraction
method was applied to characterize the chem-
ical changes. An unaltered magnetite olivinite
and a slightly altered pyroxenite (the least
altered sample of pyroxenite found so far)
establish a foundation for chemical compari-
son that starts in these unaltered rocks and
passes into different alteration trends.

Based on the data of Table 23, Figs. 98 and
99 illustrate the progressive quantitative
changes in major and minor elements in 160
anion cells. The variation is notably irregu-
lar. Whenever the change is progressive a
straight line approximated by least squares
is drawn in the addition/subtraction dia-

grams (Figs. 98 and 99).
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Fig. 99. Addition/subtraction diagram for major elements in alteration trends from slightly altered
pyroxenite based on atoms per standard cell of 160 oxygen atoms.

A. Into alkali amphibole rock and further into mica rock (in metacarbonatite area).

B. Into aegirine bearing rocks (in metacarbonatite area).

Lines are approximated by least squares.

Numbers as in Table 22.

Alteration from magnetite olivinite into
richterite rock and further into mica rock in
the metacarbonatite area (Fig. 98, A), and
into mica rock in the magmatic core (Fig. 98,
B) shows more or less coherent chemical
changes. The key features revealed by the
data in Fig. 98 can be summarized as follows:

Gains: There is a considerable and pro-

gressively addition of Al and K, and a small
addition of Na. The slopes of the lines for
Al and K are distinctly steepest in the mica-
tization of the magnetite olivinite (Fig. 98, B);
in richteritization (Fig. 98, A) the addition of
Na is more pronounced.

Losses: The most conspicuous feature is the
abrupt and marked decrease in Mg displayed
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by both trends. The loss of Mg reflects a
rapid alteration in olivine abundance in
these rocks. There are slight but distinct
declining trends in Ti and in Mn with similar
abundances in both alteration trends.

No definite trends: There is a wide fluctua-
tion in the distributions of Si, Ca, OH, P and
‘C in the alteration varieties but without any
systematic trend. Fe is so regular that, in
both series, its abundance first increases and
then decreases. Note that neither regular
apatitization nor carbonatization have oc-
curred. )

The alteration of pyroxenite into aegirine-
‘bearing rocks (Fig. 99, B) shows distinct el-
ementary gains and losses and is thus the
most regular type of chemical variation in
all the alteration series studied. The con-
centrations of Ca, C, P and Na increase in
that order. The increase in the concentrations
of Ca and C is closely related to the crystalliz-
ation of calcite, the increase in P to apatitiza-
tion and the increase in Na to development
of alkali amphiboles and aegirine. There is a
large decrease in the concentration of Si, a
moderate decrease in Fe, Mg, OH, K and Al,
and a slight decrease in Ti. Mn appears to be
‘constant.

The chemical variation was more compli-
cated during the metasomatism that produced
alkali amphibole rock and mica rock from
pyroxenite (Fig. 99, A). Ti and Al indicate
similar decreases; Mn remained more or
P and Ca increased at about
the same concentrations. The loss of Si was
not so pronounced. Correspondingly, Fe de-

less constant.

creased more than in the aegirinic suite. The
(Fig. 99, number
7), deviates conspicuously from the general
trend of Na, which was depleted, and of K,
‘OH and Mg, which were increased. These

end product, the mica rock

changes are closely related to the intense
phlogopitization in the rock.

Chemical changes in major and minor el-

ements during the metasomatic alteration of
pyroxenite can be summarized as follows:

Gains: Ca, P, Na and C (Na and C were lost
in the mica rock).
Losses: Fe, Si, Al, Ti, Mg, K and OH (Mg, K

and OH were gained in the mica
rock).

Trace elements in the alteration trends
of magnetite olivinite and the pyroxenite

The trace element trends relevant to the
alteration trends of magnetite olivinite and
pyroxenite are given in Figs. 100 and 101.
The tie lines indicate the variation in trace
elements as the alteration proceeds from left
(unaltered rocks) to right in the diagrams.
The principal features in the trace element
abundances during the alterations shown in
Figs. 100 and 101 are as follows:

%

1.0 T T T T T T

gsr w

Fig. 100. Variation in the abundances of the trace
elements analysed in the alteration trends of
magnetite olivinife. Numbers as in Table 21.
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Fig. 101. Variation in the abundances of the trace

elements analysed in the alteration trends of
pyroxenite. Numbers as in Table 22.

Zirconium: An irregular variation in Zr
indicates the original fluctuation in Zr in
magnetite olivinite and pyroxenite rather
than a trend during alterations. The low
Zr (0.01 %) in the unaltered magnetite oli-
vinite is exceptional (Fig. 100, sample 1) be-
cause the average for the magnetite olivinite
is 0.14 %o (Table 16).

Niobium: Nb remains low in all alteration
trends but the formation of mica rock from
the magnetite olivinite in the magmatic core
(Fig. 100, samples 7—10), where it is con-
centrated into the mica rock.

Lanthanum: There is no significant varia-
tion in La.

Vanadium: The decreasing trend in V,
which is the most marked of all the altera-
tion trends in ultramafites is the most regular
feature shown by any of the trace elements.

Barium and strontium: There is an irreg-
ular but distinet increase in Ba and Sr in
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all the alteration trends. The only exception

is Sr in the transformation of magnetite oli-

vinite into the mica rock in the magmatic

core (Fig. 100, samples 7—10). This accords

with the depletion in carbonates (Fig. 98, B).
The general variation in the trace element

abundances can be summarized as follows:

Gains: Ba, Sr

Loss: V

No definite trend: Zr, La, Nb

Table 24

Alteration trend of fenite in the Sokli massif
based mainly on XRF-analyses (percentage by

weight). FeO determined chemically and Fe2Os3

calculated from total iron.

1 2 3 4 5 6
SiOg2 41.6 417 372 258 226 14.8
TiOg 0.4 0.3 0.3 0.4 0.4 0.2
AlpOg 9.6 6.1 7.0 4.1 4.3 4.4
Fe203 4.3 9.0 7.0 6.1 3.3 4.1
FeO 3.3 2.8 3.1 3.7 3.8 129
MnO 0.0 0.4 0.4 0.5 0.3 0.4
MgO 7.8 1 7.9 94 115 10.8
CaO 11.1 152 153 22.6 245 199
Na20 6.1 6.1 5.9 3 2.2 0.8
K20 1.8 0.4 1.2 2.7 3.2 3.2
P205 1.5 1.5 1.4 5.3 1.8 0.5
H20 0.9 0.9 1.4 1.5 1.6 1.5
CO2 8.2 6.6 9.1 124 17.8 19.7
F 0.2 0.1 0.1 0.5 0.2 0.1
S 0.2 0.1 0.0 0.0 0.0 6.1

97.0 983 973 987 975 994
O=F,S 0.18 0.09 0.04 021 0.08 3.09
Total 96.8 982 973 985 974 96.3
Trace elements
Nb 0.02 0.01 0.02 0.02 0.02 0.04
\% 0.01 0.02 0.02 0.01 0.01 0.00
Zr 0.03 0.08 0.05 0.04 0.02 0.01
La 0.02 0.01 0.02 0.04 0.02 0.02
Sr 0.22 0.14 026 0.38 047 0.31
Ba 0.09 0.20 0.12 0.06 0.09 0.46
1. Fenite, DH 259 at 84.4 metres
2. Pyroxene rock, DH 441 at 285.8 metres
3. Calcic amphibole—alkali amphibole rock derived

from pyroxene rock, DH 441 at 287.7 metres

4. Mica—alkali amphibole rock from the former
rock, DH 441 at 287.8 metres

5. Mica—alkali amphibole rock derived from fe-
nite, Drill hole 259 at 84.7 metres

6. Mica rock formed from the former rock, Drill
hole 259 at 86.2 metres
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Alteration from fenites

There are earlier reports of alkali amphi-
bole rocks and mica rocks from the carbon-
atite—fenite contact zone, but their origin has
not been established (Vartiainen and Woolley,
1976). In the area of metacarbonatites and
metasomatites drillings have since shown that
these rocks were transformed from fenites
by metasomatism related to the carbonatite

intrusion. Hence, these rock varieties are

second-generation metasomatites. The chem-
ical changes (Table 24) in the major and
minor elements involved in the transforma-
tions of the fenites are given on the basis of
the number of ions per standard cell (Table
25); the changes are visualized by an addition
subtraction diagram (Fig. 102). As they pass
from pyroxene rock (Fig. 102, number 2) into
alkali amphibole-bearing variants (Fig. 102,
numbers 3—5) and ultimately into mica rock
(Fig. 102, number 6), the chemical changes

T +15
T +10
1T+5

+4
+2 4 A

*2 1 Mn

+6 MQ

+4 1 Vvi-
5l Y,

-2 1

Fig.

102. Addition/subtraction diagram for major elements in alteration trends-of fenite
based on atoms per standard cell of 160 oxygen atoms.

Lines approximated by the least

squares. Numbers as in Table 24.



Table 25

Compositions of rocks in the alteration trend of
fenite in the Sokli massif in cations per 160 oxygen
atoms

From Table 24

1 2 3 4 5 6
Si 39.73 40.51 36.03 2525 21.80 15.42
Ti 0.29 0.22 0.22 0.29 0.29 0.16
Al 10.81 6.98 7.99 4.73 4.89 5.40
Fed+ 3.09 6.58 5.10 4.49 2.40 3.22
Fe2t+ 2.64 2.27 2.51 3.03 3.07 11.24
Mn 0.00 0.33 0.33 0.41 0.25 0.35
Mg 11.10 10.28 11.41 13.71 16.53 16.78
Ca 11.36  15.82 15.88 23.70 25.32  22.22
Na 11.30 11.49 11.08 7.02 4.11 1.62
K 2.19 0.50 1.48 3.37 3.94 4.25
OH 5.13 5.83 9.05 9.79 10.29 10.43
P 1.21 1.23 1.15 4.39 1.47 0.44
C 10.69 8.75 12.03 16.57 23.44  28.03
O 154.27 154.17 150.95 150.21 149.71 149.57

For details of rock types and localities, see Table
24

display conspicuous coherent trends, exclud-
ing Fe and P which fluctuate irregularly. Ti
and Mn are almost constant. The pyroxene
rock, which is mainly composed of pyroxene
and recrystallized albite, is believed to have
been formed at elevated temperature and
only slightly affected by metasomatism. This
is demonstrated by the changes in Si, Mg,
Na, K and C (number 2 in Fig. 102) that are
contrary to the common trend of elementary
variation. Mg and K that were expelled
during the first stage in the transformation
of fenite presumably re-entered the rock
as metasomatism advanced. After the for-
mation of the pyroxene rock, the continuous
chemical changes in the transformation of
fenite into metasomatites took place in the
following order of decreasing intensity:

Gains:
Losses: Si,

Ca, C, Mg, OH, Fe, K.
Na, Al

The variations in trace element abundances
are given in Fig. 103. The data reveal that:
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Fig. 103. Variation in the abundances of the frace
elements analysed in the alteration of fenite.
Numbers as in Table 24.

— Nb, La and V exhibit no significant varia-
tion,

— Zr increases first and then decreases
clearly,

— Sr and Ba are irregular but contrary to
the mutual variation and show increasing
tenors.

Hydrothermal alterations

Hydrothermal alteration of magnetite
olivinite into a rock resembling
magmatic phoscorite (Stage III)

Five samples were analysed (Table 26) to
demonstrate the chemical wvariation in this
alteration trend. Total Fe was calculated
to Fe;,O3 and hence the totals exceed one
hundred for the first four samples. Weight
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Table 26

Alteration trend of Sokli magnetite olivinite into
magmatic-like phoscorite in DH 456 based mainly
on XRF-analyses (percentage by weight)

i 2 3 4 5

SiO2 4.4 12.6 10.5 18.1 20.4
TiO2 2.0 2.1 1.4 9.2 13.2
Al203 0.7 0.9 1.1 1.0 1.0
Fe2Og* 68.2 59.5 46.2 21.8 22.1
MnO 0.7 0.7 0.6 1.4 1.4
MgO 9.2 15.8 14.9 17.6 14.5
CaO 6.1 4.7 10.3 13.0 11.3
Nag0 0.1 0.2 0.4 0.8 1.8
K20 0.7 1.4 1.6 1.8 1.7
P205 1.6 1.8 3.7 7.3 5.2
COz + H20+ 6.0 3.1 9.2 9.4 6.0
S 1.8 1.4 3.1 0.1 0.9

101.5 1042 103.0 1015 99.5
O=35 0.90 0.70 1.55 0.05 0.45
Total 100.6 103.5 1014 1014 99.0

Trace elements

Nb 0.02 0.07 0.09 0.45 0.53
\ 0.07 0.07 0.05 0.06 0.06
Zr : 0.01 0.06 0.26 0.95 1.55
La 0.03 0.01 0.02 0.03 0.03
Sr 0.07 0.06 0.14 0.21 0.15
Ba 0.07 0.08 0.07 0.12 0.10

* Total iron

1. Depth 122.9. Coarse-grained magnetite-rich
olivinite with large-flaked phlogopite.

2. Depth 122.6. Coarse to medium-grained rock.
Fine-flaked ferriphlogopite generation modera-
tely developed. The first richterite needles have
crystallized.

3. Depth 122.4. Medium-grained rock. Fine-flaked
ferriphlogopite and richterite are the main
silicates. Pyrochlore and zircon appears.

4. Depth 121.8; 5. Depth 122.2. Medium-grained
"rock with flowage texture. Richterite is a
dominant silicate. Pyrochlore and zircon are
considerably more abundant. The amount of
ilmenite is marked.

oxide percentages together with the trace
elements were plotted on the variation dia-
gram (Fig. 104). Sodium was constantly
added and hence Na;O was used as an index
of the degree of alteration. The principal
chemical changes apparent from Fig. 104 and
the relationship of the chemical changes to
mineralogy are as follows:

1. There is a high decrease in iron due to
the replacement of magnetite by silicate
minerals and carbonates.

2. Addition of TiOy and P,Oj are the most
prominent increases in major compo-
nents. The increase in TiO, is due to
the crystallization of ilmenite, and that
of P;O5; to apatitization. Some titanium
crystallized as ilmenite, may derive from
the decomposition of magnetite.

3. MgO and SiO, show similar additative
trends, which can be attributed to the
increase in richterite. Nevertheless, most
of its constituents derive from altered
olivine. Although the samples analysed
were collected from near each other, the
original variation in the abundances of
magnetite and olivine may reflect varia-
tion in MgO and SiO, and also in Fe,O;.

4. The increase in Na,O is manifested by
increase in richterite and pyrochlore
abundances.

5. Carbonatization has brought from an ex-
ternal source all the CO, that is in mag-
netite olivinite.

6. Strontium and barium follow closely the
variation in CO, + HyO™.

7. The increase in potassium and aluminium
is indicated by the development of ferri-
phlogopite.

o=

MnO follows a similar trend to TiO,.
Sulphur displays strikingly irregular
variation, which indicates sulphidization
being independent of the usual alterat-
ions process.

10. There is a considerable increase in Nb

and Zr. Some primary baddeleyite crys-
tals showing no signs of alteration into
zircon have been noted, suggesting that
hydrothermally introduced zirconium
crystallized as zircon. Niobium is in-
corporated in pyrochlore.

11. There are no significant changes in the

abundances of V and La.
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Fig. 104. Variation in the major, minor and trace elements against NaO in the
hydrothermal alteration of magnetite olivinite into a rock resembling magmatic
Stage III phoscorite. Numbers as in Table 26.

The new minerals were produced in the
altered magrnetite olivinite by the hydrother-
mal process as follows:

Element added Mineral produced

Na Richterite
Na + Nb Pyrochlore
Zr Zircon

Ti (Mn) Ilmenite

P+ Ca Apatite
CO, + Ca (Sr + Ba) Calcite
K + Al Ferriphlogopite

Hydrothermal alteration of magmatic
phoscorite I into phoscorite III

The chemical changes in this alteration
trend were studied by three analyses (Table
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Table 27

Mainly XRF-analyses in weight percentages show-

ing the alteration trend from the Sokli magmatic

phoscorite of Stage I into hydrothermal phoscorite

of Stage III; compositions in cations per 160
oxygen atoms

1 2 3
SiO2 12.7 14.4 16.1
TiO2 1.1 1.6 1.0
Al203 0.1 0.1 1.4
Fe203 9.7 28.9 15.4
FeO 22.1 16.6 10.6
MnO 0.5 0.7 0.4
MgO 14.0 14.8 12.8
CaO 16.4 10.0 16.8
Na20 0.1 0.1 1.2
K>0 0.1 0.1 2.8
P205 13.2 7.6 112
CO2 1.8 1.7 5.1
S 3.6 14 1.3
95.4 98.0 96.1
O=S 1.80 0.70 0.65
Total 93.6 97.3 95.4
Trace elements
Nb 0.16 0.22 0.58
v 0.03 0.05 0.03
Zr 0.21 0.18 0.20
La 0.02 0.01 0.02
Sr 0.10 0.06 0.16
Ba — 0.04 0.28
U 0.038 0.012 0.017
Th 0.038 0.048 0.102
Ta 0.026 0.016 0.030

Composition in cations

Si 15.81 17.44 18.34
Ti 1.03 1.46 0.86
Al 0.15 0.14 1.88
Fe3+ 9.09 26.33 13.20
Fe2+ 23.01 16.81 10.10
Mn 0.53 0.72 0.39
Mg 25.98 26.71 21.74
Ca 21.87 12.97 20.51
Na 0.24 0.23 2.65
K 0.16 0.15 4.07
P 13.91 .79 10.80
C 3.06 2.81 7.93
(0] 160.00 160.00 160.00

-

Unaltered Stage I phoscorite. Drill hole 482

at 118.0 metres.
2. Serpentinized Stage I phoscorite.
482 at 110.5 metres.

3. Stage III phoscorite derived from Stage I
phoscorite. Drill hole 482 at 109.5 metres.

Drill hole

27). The results are visualized in Fig. 105,
where major, minor and trace elements are
given on variation diagrams. The major and
minor elements were calculated to a standard
cell of 160 anions. The internal relations of
U + Ta, Th and Nb/5 are presented on a
triangular diagram (Fig. 105, B). In the dia-
grams (Fig. 105) the alteration of the phoscor-
ite I proceeds from left to right. Of the major
elements, Si shows an increasing and the
others (Fe, Mg, Ca and P) a decreasing trend
due to the hydrothermal process. The in-
crease in Fe can hardly be wholly attributed
to the hydrothermal introduction; it more
likely reflects the original difference in Fe
between the samples analysed.

The alteration at the first stage (Fig. 105,
break line) was mainly autometasomatic as
is indicated by the serpentinization of olivine.
The addition of Ba and the increased pro-
portion of Th and Nb in U + Ta—Th—Nb/5
ratios were the only marked chemical
changes at this stage compared with unal-
tered phoscorite I. The second stage (Fig. 105,
number 3) represents a truly hydrother-
mally altered type that contains richterite,
clinohumite, ferriphlogopite and carbonate as
the main minerals of the alteration genera-
tion. The chemical changes involved in the
hydrothermal alteration of the phoscorite I
are:

1. Significant increase in C, K, Na, Al and Ba

2. Moderate increase in Si and Sr

3. Increase in Nb in U + Ta—Th—Nb/5 ra-
tions.

The additions of these elements are com-
pensated by the decrease in Fe, Mg, P, Ti
and Mn.

Conclusion on the chemistry of
metasomatic alterations

The character of the metasomatism in the
Sokli complex is indicated by the chemical
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Fig. 105. Variation diagrams for the alteration of magmatic phoscorite I into mag-
matic phoscorite III. Numbers as in Table 27. Tie lines indicate the trend of
alteration.

A. Variation in the major and minor elements on the basis of atoms per standard
cell of 160 oxygen atoms.

B. Triangular diagram in terms of U + Ta—Th—Nb/5.

C. Variation in trace elements.

data on the different alteration trends. The
analyses show elemental gains and losses
compared to the unaltered rocks. The exact
chemical balance of the overall complicated
metasomatism, the amount of elements trans-
fered from one alteration system to another
and the amount of certain elements actually
introduced into or expelled out from the
complex during metasomatic alterations is
difficult, if not impossible, to calculate be-
cause there is no way of determining the
volumes of the alteration varieties. Vartiai-

nen and Woolley (1976) attempted to eluci-
date the quantitative changes in the fenite
aureole of Sokli for the major elements. An
approach at evaluating the chemical balance
in the whole Sokli complex on a qualitative
basis is given in Table 28, which shows the
changes involved in passing from country
rocks into fenites, and from ultramafites and
fenites into the main altered rock varieties
in the area of metacarbonatites and in the
transitional zone of metasomatites. The table
also illustrates the changes involved in the
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Table 28

Summary of gains and losses in

the metasomatic alteration of the Sokli complex

Metasomatic trends

Gains/Losses

Fenite aureole Al

From granite gneiss
— into sodic fenite
— into potassic fenite
From amphibolite/
hornblende schist

— into sodic fenite
— into potassic fenite

+ |

++
+0O

Metacarbonatite area
and the transitional
zone of metasomatites

From magnetite olivinite

— into richteritic rocks

— into mica rock

From pyroxenite

— into amphibolic and
mica rocks

— into alkali amphibole
and aegirine-bearing
rocks

From fenite

— into armphibolic and
mica rocks

Development of

metasilicosovites

00

OO

Mn Mg Ca Na K OH P C

.
v

++

+ e

-t
|

O

+O
++
1

1

O
O

00O
++
+ b
++

o

4 - ++

O

++ + -

+ 4 2 + +

-+ major gain
minor gain
no definite trend
major loss
minor loss

| |O++

development of metasilicosévites. The meta-
somatic trend in the development of meta-
silicosovites was not studied by analyses. The
principal chemical changes involved in these
transformations can be established by com-
paring the average composition of metasilico-
sovites with the compositions of the rocks
from which they are derived. This is done in
Table 29. The results show that large-scale
elemental migrations were involved in the
metasomatic alterations within the Sokli com-
plex.

As discussed earlier (op. cit.) and indicated
by Table 28 the elemental changes in the
fenite aureole are in the order of decreasing
abundance as follows:

Added: Na, K, OH, Fe, Ti, Mn
Removed: - Si, Ca, Al

The overall elemental changes during the
metasomatic alterations and development of
metasilicosovites within the carbonatite mas-
sif can be deduced from the Table 28 as fol-
lows:

Added: Ca, C, P, K, Na
Removed: Si, Mg, Fe, Ti, Mn

With regard to the whole Sokli complex,
it is evident that metasomatic processes intro-
duced Na, K, P, OH and CO; (= C) and ex-
pelled Si, Mg, and Fe from the altered rocks.
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Table 29
Cornparison of the composition of the Sokli metasilicosévite and its precursory rocks (percentage by
weight)
1 2 3 4 5 Average  Metasilico-  aing ©  Losses
1—5 sovite * :
Si0g 37.8 23.6 21.1 26.5 23.9 26.2 7.1 —_
TiOg 0.9 1.0 2.2 0.7 1.9 1.4 0.4 —
Al203 7.5 4.6 2.0 7.3 4.1 4.8 1.7 —
Fe203 7.0 9.4 19.3 6.4 8.3 - 10.8 5.8 —_
FeO 3.1 4.2 8.7 6.7 8.0 6.5 2.7 —
MnO 0.3 0.3 0.5 0.1 0.2 0.3 0.3
MgO 7.9 9.7 18.2 18.0 10.2 12.8 7.6 —_—
CaO 15.8 21.7 14.2 13.3 21.1 18.2 41.0 +
K20 1.3 3.2 2.0 5.9 2.6 3.1 1.2 —_—
P>03 4.8 7.1 4.4 9.3 10.8 7.4 4.2 —
CO2 8.1 9.6 8.5 3.3 4.9 7.1 27.5 +

1. Amphibole rock (from Table 16); 2. Mica-amphibole rocks (from Table 16); 3. Metaphoscorites (from
Table 18); 4. Mica rock derived from magnetite olivinite (Table 21/number 6); 5. Phlogopitized alkali
amphibole rock derived from pyroxenite (Table 22/number 3).

* From Table 16.

Some of the Ca depleted from the fenite aur-
eole may have migrated inwards and been
a partial cause of carbonatization within the

massif. The development of metasilicosfvi-

tes, presumably required the introducticn of
Ca from an external source. The migrations
of Ti, Al and Mn may be attributed to inter-
nal transfer within the complex.

DISCUSSION AND SUMMARY

Numerous researchers have discussed the
origin of carbonatites, e.g. Heinrich (1966),
Wyllie (1966 a), Verwoerd (1967), Borodin and
Kapustin (1968), Hyndman (1972), Frolov
(1975), Kapustin (1976) and (Le Bas, 1977).
The various genetic hypotheses proposed in
these discussions, and some others that apply
to certain local conditions, are compiled in
Table 30. The data are arranged chronologi-
cally. Metasomatic and magmatic groups
were established to show the two main hypo-
theses for the origin of carbonatites. If the
origin is magmatic the supposed parent mag-
ma for carbonatites and the chief develop-
ment processes of carbonatite from the parent
magma are given. A comparison between the

results obtained by Western and Soviet
scientists and given in Table 30 reveals that:

Western Soviet
Metasomatic origin 3 5
Magmatic origin 39 9
Metasomatic + magmatic origin 4 5

Although the review in Table 30 may be
criticized in detail and representativeness,
the results show plainly that Western sci-
entists favour a magmatic origin for carbon-
atites whereas their Soviet colleaques show
no definite preferance for any of the different
hypotheses. The chronology indicates, how-
‘ever, that the magmatic origin is coming more
popular in the Soviet school.



Table 30

Chronologically arranged simplified hypotheses for the origin of carbonatites

Author Year Loeality - Origin Parent magma Development of carbonatite magma,
Meta- Mag- fluid or residual melt
somat, matic

Brogger, W. C. 1921 Fen, Norway X (Alkalic magma?) Calcite magma by melting of limestone

Bowen, N. L. 1924 Fen, Norway X

Tomkeieff, S. I. 1938 Fen, Norway b4 Alkali pyroxenite Crystallization differentiation

von Eckermann, H. 1948 Alno6, Sweden bd Carbonatitic liquid Limited crystal differentiation and

gravitational settling

Holmes, A. 1950 General X Carbonatitic fluid

Strauss, C. A. and 1951 Magnet Heights, b4 Peridotite Differentiation

Truter, F. C. Africa

Davies, K. A. 1952 Elgon and Ugan- b4 Pyroxenite Late derivative of igneous activity

da, Africa

Russell, H. D. et al. 1954 Palabora, S. b'd Carbonatite magma

Africa

Bassett, H. 1956 Africa x Nepheline syenite Separation of carbonatite magma by

slow cooling

Pecora, W. T. 1956 General X Crystallization yields carbonatic

. - o : - ) solutions

Smith, W. L. 1956 Africa, general X Pyroxenite ? Concentration of carbon dioxide or

of carbonatitic fluid

Bouwer, R. F. 1957 Palabora, Africa X Alkaline magma Differentiation

Saether, E. 1958 Fen, Norway (x) X Alkalic peridotite Crystallization differentiation

King, B. C. and 1960 Africa X Carbonated alkali Fractional crystallization

Sutherland, D. S. peridotite

Wyllie, P. J. and 1960 General X

Tuttle, O. F.

von Eckermann, H. 1961 Alnd, Sweden X Kimberlite or Immiscible liquidation

melilitebasalt

Tomkeieff, S. L. 1961 USSR X X Alkali peridotite Magmatic carbonate by metasomatic

process

Pecora, W. T. 1962 Bearpaw Moun- X ?

tains, U.S.A.

Erikson, R. L. and 1963 Magnet Cove, X Olivine basalt Fractional crystallization and

Blade, L. V. USA differentiation

Dawson, J. B. 1964 General X Carbonatite

Rimskaya-Korsakova, 1964 Kovdor, USSR b d

O. M.

Hanekom, H. J. et al. 1965 Palabora, S. Africa x X

King, BR. C. 1985 Ugznda, Africa X Tjolitic nephelinite Differentiation

Kukharenko, A. A. 1965 Kola and b4

et al. North Karelia,

USSR
Temple, A. K. and 1965 Powderhorn, X

011
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Grogan, R. M.
Bailey, D. K.
Dawson, J. B.

Garson, M. S.
Johnson, R. L.

King, B. C. and
Sutherland, D. S.
Wimmenauer, W.

Wyllie, P. J.

Verwoerd, W. J.

Borodin, L. S. and
Kapustin, Yu. L.
Koster van

Groos, A. F.

and Wyllie, P. J.

Ternovoy, V. J. et al.

Currie, K. L.
Egorov, L. S.

Epstein, E. M.
Watkinson, D. H.
Nash, W. P.

Pozaritskaya, L. K.
and Samoilova, V. S.
Romanchev, B. P.
Borodin, L. S. et al.
Rankin, A. H.

Fesq, H. W. et al.

Frolov, A. A.
Gittins, J. et al.

Janse, A. J. A.

Koster van Groos,
A. F.

1966
1966

1966
1966

1966
1966

1966 b

USA
Zambia, Africa
General

Malawi, Africa
Shawa and
Dorova, Rhodesia
Uganda, Africa

Kaiserstuhl,
W. Germany
General

South Africa,
general
General, USSR

General

Kovdor, USSR
Oka, Canada
Maimecha-Kotui,
USSR

USSR

Oka, Canada
Iron Hill, USA

Eastern Siberia,
USSR

East Africa
USSR

Wasaki,

East Africa
Oldoinyo Lengai,
Africa, general
General

Premier mine,
South Africa
General

Arvida, Quebec,
Canada

Nama plateau,
South West
Africa

General

IS

Upper mantle material
Basalt

Mica peridotite
Ijolite

?

- Olivine nephelinite

Carbonated alkali pe-
ridotite, nephelinite
or primary alkali car-
bonate magma

Basalt

Alkali basalt

Alkali carbonatite

Upper mantle material
Ultrabasic alkaline

Carbonated nephelinite
Carbonated mafic
nephelinite

Alkali silicate

Ijolite,
hyperalkaline silicate

MNornhalirifa
NEpnelinie

Peridotite

»Kimberlite»

Kimberlite

Alkaline ultrabasic

Carbonatite

Volatile-rich fugitive fraction
Differentiation or preferential gas
streaming

Differentiation

Residual fluid derivative

Enrichment of lime in late
crystallization

Immiscible fractionation

Diffusion-differentiation

Differentiation and interaction with
alkaline carbonate emanations

Hydrothermal cavity filling
Desilication by flux of an aqueous phase
Formation of immiscible carbonate melt

Fractional crystallization
Separation of carbonate fluid

Immiscibility differentiation
Immiscible separation ©
carbonatite magma
Immiscible carbonatite melt by
differentiation

Fractionation

o

Prolonged differentiation

Differentiation, stoping, assimilation
and metasomatism

Concentration of carbonate droplets
in mantle
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1. Crystallization differentiation, fractional
crystallization
Gravitational settling

3. Diffusion differentiation, preferential gas
streaming

4. Desilication by flux of an aqueous phase

5. Immiscibility differentiation, immiscible
liquidation
Liquidation and filterpressing

7. Differentiation and introduction of CO,

8. Concentration of carbon dioxide or car-
bonatitic fluid

9. Concentration of lime in late crystalliza-
tion

10. Residual fluid derivation

The number of hypotheses for the origin
of carbonatites and the many proposals for
the development processes of carbonatites
from parent magmas suggest that there are
several universally acceptable theories that
elucidate the carbonatite problem. The loca-
tion of the Sokli complex has been ascribed
to deep tensional faulting in the foreland
caused by down-buckling of crystal plates
during the Caledonian orogeny (Vartiainen
and Woolley, 1974). The zone in which Sokli
occurs is called the Kandalaksha deep frac-
ture (Paarma and Talvitie, 1976). Initially
all the Sokli carbonatites were considered
to be magmatic (Paarma, 1970; Vartiainen
and Woolley, 1974); only later was the pres-
ence of metasomatic carbonatites demonstra-
ted (Mikeld and Vartiainen, 1978; Vartiainen
and Paarma, 1979). The magmatic character
of carbonatites is evidenced not only by pet-
rological features but also by the isotopic
composition of oxygen (6180 about + 7 %o,
Dontsova et al., 1977), by the sulphur isotopes
(6%4S -0.6—5.6 %o, Mikeld and Vartiainen 1977)
and by the fluid inclusion study in apatite
(Haapala, 1978). Before the parent magma of
the Sokli magmatic carbonatites can be estab-
lished a simultaneous and critical examina-
tion of all the complexes in the Kola alkaline

8
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rock province must be carried out. This is,
however, beyond the scope of this study,
which is restricted to a reconstruction of the
Sokli complex. A suramarized reconstruction
is given in Fig. 106.

Intrusion of ultramafites: Proterozoic and
Paleozoic ultramafites occur in the region
of the alkaline rock province of Kola (Kukha-
renko et al., 1965). In the Sokli area ultra-
mafites occur both within the carbonatite
massif and beyond of it as the Tulppio olivin-
ite massif (Fig. 1). The ultramafites are not
dated, but the following arguments suggest
that they are not comagmatic:

Ultramafites in the
carbonatite massif

Tulppio olivinite

Olivinite is medium
grained

Magnetite olivinite is
from coarse-grained to
pegmatoidal

Olivine is enriched
in Ni (0.3%0) and
depleted in MnO
(0.11 %)

Pyroxene is enstatite

Olivine is depleted in Ni
(<.0.05%) and enriched
in MnO (> 0.7 %)

Pyroxene is diopside

Magnetite content is
generally 10—30 vol-%o

Magnetite content is °
generally 1—2 vol-%

Baddeleyite is an acces-
sory mineral

Baddeleyite is lacking

Differences in the average composition of magnet-
ite (Heindnen and Vartiainen, 1980)

TiO2 0.08 %0 2.78 %%
MnO 0.02 % 0.58 %0
V205 0.04 %o 0.21 %o
Al2Og3 0.08 % 0.32 %0
Cr203 0.04 °/o 0.01 %/

The mode of emplacement of the ultra-
mafites in the Sokli massif is unknown be-
cause the structure of the original formation
was disturbed by later alteration processes,
carbonatite intrusions and tectonics. The
ultramafites were presumably emplaced as
composite arc-like bodies that were later
broken into small blocks and pieces (Fig. 3).

The origin and mutual relations of the
olivinites and pyroxenites in alkali rock com-
plexes are disputable. Kukharenko et al.,
(1965, 1971) regard olivinites and pyroxenites
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as separate intrusions in the complexes of
Kola. Borodin and Kapustin (1968) distin-
guish primary olivinites and pyroxenites from
which a new generation of olivinites and
pyroxenites developed by metasomatic frans-
formation within the same complexes in Kola,
Maimech-Kotui and Aldan provinces. The
olivinite—biotite pyroxenite series of Palabo-
ra are suggested by Russel et al. (1954) to be
reactionary rocks between rmagmatic carbon-
atites and granites. According to Hanekom

et al. (1965), the pyroxenite of Palabora is

magmatic but the plug-like bodies of dunite
are pneumatolytic—metasomatic alteration
products of pyroxenite. Bouwer (1957) has
described both of them as intrusive rocks,
as has the present geological staff of Pala-
bora (Palabora Mining etc. 1976). Johnson
(1966) proposes a magmatic parentage for the
Shawa dunite, and the pyroxenite of Powder-
horn is definitely an intrusive rock (Temple
and Grogan, 1965). Boettcher (1967) distin-
guishes two different pyroxenite intrusions
derived from a common parent magma in the
Rainy Creek complex. In the Sokli massif
the sharp contacts between the magnetite
olivinite and the pyroxenite suggest separate
intrusion stages for these rocks. The magmat-
ic origin for these rocks is further supported
by the fact that olivine is not replaced by
pyroxene, or vice versa, and by the lack of
possible precursory rocks from which the
magnetite olivinite and the pyroxenite could
have been metasomatically transformed. Thus
there are two different ultramafic groups in
the Sokli area: the Tulppio olivinite massif
which if not proterozoic, is a primary olivin-
ite in the sense of Borodin and Kapustin
(1968), and the ultramafites in the carbonatite
massif.

Metamorphism of ultramafites: The ’em-
placement of the ultramafites was obviously
succeeded by a tranquil period in the evolu-
tion of the complex before the fenitization

processes went into action. During that time
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‘the ultramafites underwent slight autometa-
‘morphic and Na-metasomatic changes. In
the magnetite olivinite, olivine changed into
serpentine; in pyroxenite, diopside altered
into calcic amphibole (sodian edenite) accom-
panied by a slight increase in Na. As a re-
sult of amphibolization, amphibole rock with
sodian edenite was formed (Fig. 106). Similar
hornblende calcite rocks have been described
from the Afrikanda massif (Borodin and Ka-
pustin, 1968), where their formation was as-
sociated with general metasomatism.

Stage of alkali metasomatism: Multi-stage
and basically alkaline metasomatism with
far-reaching effects is an essential part of
the evolution of the Sokli complex.
it can be subdivided into metasomatism in
the fenite aureole and in the massif. It is
generally accepted that fenitization precedes
the emplacement of alkali rocks and carbon-
atites (Heinrich, 1966, McKie, 1966; Borodin
and Kapustin, 1968; Le Bas, 1977).
logically fenitization at Sokli took place be-
tween the emplacement of the ultramafite
and the carbonatite.
which included fenitized granite gneisses,
amphibolites and hornblende schists, and the
fenitization process have been described pre-
viously in detail (Vartiainen and Wonlley, .
1976). The relationship of the metasomatic
alteration processes in the ultramafites to

Areally

Chrono-

The fenite aureole,

the fenitization of granite gneisses, amphib-
olites and hornblende schists in terms of
time and material is an interesting problem.
All these rocks existed in the Sokli complex
at the onset of the fenitization process. At
Kovdor, which is the alkali rock complex
nearest to Sokli (60 km SE of Sokli), persist-
ent and intricate alteration processes acted
upon the ultramafites of the complex. Ac-
cording to Kukharenko et al. (1965), they
were active after alkali magmatism. In con-
trast, Borodin and Pavlenko (1974) maintain
that these processes preceded the emplace-
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ment of ijolite and other rocks. Borodin and
Pjatenko (1978) later came to the conclusion
that the alkaline and alkaline-carbonatic
»through-magmatic» emanations from these
magmas subjected the local rocks to intense
metasomatic re-working. The metasomatism
of the Palabora pyroxenites is considered
to have taken place before the formation of
the carbonatites (Hanekom et al., 1965),
whereas the Archean gneisses are presumed
to have undergone fenitization at the same
time as pyroxenite metasomatism (Palabora
Mining etc.,, 1976). Hence the metasomatic
alteration processes in the ultramafites are
not generally considered to be associated with
fenitization. The only reported example of
fenitization of an ultramafite seems to be
that from Rangwa, where autometasomatic
fenitization has transformed peridotite into
uncompahgrite (Le Bas, 1977, p. 273).

The intense gas and fluid emanations that

Gaines

Fenite area
Alteration of
ultramafites

The main features of both processes are
the increase in alkalies and CO, and the
depletion in Si. Both processes result partly
in the formation of the same minerals: alkali
Alkali
metasomatism as a change in the composition

amphiboles, aegirine and phlogopite.

Na, K, COy, Fe, Ti, Mn

Na, K, CO,, Ca, P

produced fenitization probably also caused
explosive brecciation in the fenite area and
particularly in the adjacent ultramafites, just
as when the explosive breccias developed in
the Kovdor massif (Landa, 1971). Thus orig-
inally massive ultramafites broke up and
channels were opened in them along which
the metasomatizing gases and solutions cir-
culated. Consequently, there is every reason
to assume that the metasomatic alteration of
ultramafites started at the latest during the
closing stages of fenitization, and that the
alteration processes in ultramafites may be
compared to fenitization and that they are
not separate events.

The fact that fenitization and metasomatic
alteration of the ulframafites took place con-
temporaneously and in association with ex-
tensive alkali metasomatism is reflected in
their geochemical character. The qualitative
changes in the compositions were (Table 28):

Losses

Si, Ca, Al

Si, Mg, Fe, Ti, Mn

of the amphibole in the fenite area has been
described by Vartiainen and Woolley (1976,
p. 74—75); for the massif it is shown in Fig.
91. Na metasomatism in the alterations of
olivine and pyroxene can be given as follows:

NagO (/o)
Olivine Richterite 04* ————— 67
Diopside Aegirine 02—04 —m— 13.5
Diopside Alkali amphibole 02—04 ——mm 9—I11

* estimated on the basis of olivine from Alné (von Eckermann, 1974) and Kovdor (Kukharenko et al.,

1965).



During the fenitization and metasomatic
alteration of the ultramafites some elements
were expelled, mainly because, in the fenite
area, plagioclase altered into albite, and horn-
blende into alkali amphiboles. Thus Ca and
Al were liberated. In the ultramafites the
carbonatization and silicatization of magnet-
ite liberated Fe, Ti and Mn, and the altera-
tion of olivine produced Mg for expulsion.
If the transfer of elements between the fenite
area and the ultramafites had been possible,
the Ti and Mn liberated from the ultramafites
would have largely, and Fe to some extent,
increased the abundances of these elements
in the fenite area; correspondingly, the Ca
liberated in the fenite area would have been
consumed in the carbonatization of ultrama-
fites. Consequently, during the alkali meta-
somatism at Sokli Na, K, CO,, P and (OH)
must have been introduced into the complex
and Si, Mg, Fe and Al expelled from it.

It is not easy to imagine that the elements
that entered the complex (Na, K, CO, P,
OH) derived from anywhere else other than
the same source as the carbonatite magma or
itself. How and
where the elements liberated during the al-

the carbonatite magma

teration process (Si, Mg, Fe, Al) were trans-
ferred is the concern of experimental rather
than descriptive petrology.

The alkali
stage was presumably followed by intense
CO, metasomatism, i.e. by carbonatization

Carboenatization: metasomatic

before and possibly partly during the em-
placement of carbonatite. The carbonatiza-
tion gave rise to the metasilicosévites (Fig.
11). It used to be assumed (Vartiainen and
Woolley, 1975, p. 83) that the partial pressure
of CO, dropped during fenitization, and that
other gases became predominant (Hy;O, F, S,
SO,) towards the end of carbonatization.
The fenites at Sokli are exceptionally rich
in carbonate (op. cit. p. 53), and the fenite
area is characterized by a network of carbon-
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ate veins accompanied by phlogopitization
of fenites (op. cit. p. 35). The latter features
in particular suggest that during or after the
final fenitization stage the fenite area may
have been affected by the CO, metasoratism
that gave rise to the extensive formation of
metasilicos6vites in the massif. The calcite
rocks that developed in association with feni-
tes at Kaiserstuhl (Wimmenauer, 1966) sug-
gest carbonatization after fenitization. Garson
(1966) has described metasomatic carbonate-
silicate rocks from the Tundulu magmatic
carbonatite complex. Armbrustmacher (1979)
has reported magmatic and metasomatic car-
bonatites from the Wet Mountain area in
Colorado. Marked hydrothermal—metasoma-
tic mass transfer at.Fen has led to the forma-
tion of calcitic rocks from fenites and other
rocks (Barth and Ramberg, 1966). According
to Kapustin (1976 a), hydrothermal—metaso-
matic carbonatites develop in carbonatite
complexes after the emplacément of magmat-
ic carbonatites. Contact relations at Sokli
demonstrate that the metasilicos6vites acted
like intrusive rocks, brecciating the older
rocks in the same way as the metasomatic
carbonatites at Powderhorn (Temple and
Grogan, 1965). The banding and oriented
structures so typical of the Sokli metasilico-
sovites show that these rocks underwent
marked remobilization. The magmatic car-
bonatites intersect the metasilicosovites, al-
though ill-defined contact relations between
them also occur.

The carbonatization process that acted upon
the carbonatite massif might have been al-
most entirely CO, metasomatism, provided
that the large amounts of Ca that were liber-
ated from the fenite area (Vartiainen and
Woolley, 1976, p. 74) were available to form
carbonates. Carbonatization acted mainly
upon the rock variants that developed from
ultramafites and fenite fragments through
alkali metasomatism (Fig. 11). Hence, these
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rocks became depleted in the following ele-
ments (Table 29):

Si, Ti, Al, Fe, Mg and K.

Intrusion of magmatic carbonatites: Con-
tact relations indicate that the development
of the Sokli complex came to an end with
the formation of magmatic carbonatites. They
crystallized in two main phases separated
by a pneumatolytic-hydrothermal episode.
The late carbonate veins crystallized at the
very end. Alkaline lamprophyre dykes ob-
viously formed throughout the development
of the magmatic carbonatites. The petro-
chemical crystallization curve (Fig. 94) illus-
trates the succession of the rock-type forma-
tion as suggested by the contact relations.

The emplacement and crystallization of the
first or early carbonate magma represent the
plutonic intrusion model. The emplacement
was intense (brecciation), but as demonstrated
by the segregation of heavy minerals (mag-
netite, olivine, apatite) into phoscorites (Stage
I) and by the massive and tabular structures
in silicosovites and sovites (Stage II) crys-
tallized from calcitic magma, the crys-
tallization was tranquil. The magmatectonic
brecciation of phoscorites by early sovites
reveals that the calcitic magma had not com-
pletely crystallized after the segregation of
phoscorites. The magnetite-banded struc-
tures indicate a téndency towards gravitative
differentiation. The sharp contacts and the
assimilation relations between the early sovi-
tic rocks demonstrate that the magma crys-
tallized irregularly. Presumably the very
first magmatic intrusive was pipe-like in
shape and thus largely contributed to the
shape of the magmatic core exposed at the
present erosion niveau (Fig. 3).

The other carbonatite complexes cut by a
deep niveau also exhibit rock associations
similar to the phoscorites and early sovites
at Sokli. At Palabora carbonatite (sovite)

intersects and brecciates phoscorite (Russel

et al., 1954). Phoscorite also grades in places

into older banded carbonatite, suggesting that
the latter may have formed from phoscorite
through replacement (Lombaard et al., 1964).
According to Hanekom et al. (1965), the Pala-
bora phoscorite and the older banded carbon-
atite are metasomatic alteration products
Current opinion (Palabora Mining
etc., 1976) has it that rocks are intrusive and
show the emplacement succession: phoscorite
— banded carbonatite. According to Ver-
woerd (1967, p. 24), »the rapid alteration be-
tween phoscorite and carbonatite would be
due to the simultaneous emplacement and

of dunite.

upward movement (with local erasure of con-
tacts through metasomatism) of two immis-
cible liquids.» Borodin et al. (1973) hold that
camaforites (phoscorites) are partly magmat-
ic, partly metasomatic rocks (probably cor-
responding to the metaphoscorites at Sokli)
that have an accurately defined position in
the evolution history of the alkali rock com-
plexes before the appearance of carbonatites.
According to Lapin (1978), the camaforites
were formed through crystallization differen~
tiation and liquation during the processes
that gave rise to the carbonatites.

The second intrusive magmatic carbonatite
phase was preceded by a period of intense
pneumatolytic—hydrothermal activity (Stage
IIT). The gases and solutions associated with
it were under considerable pressure and gave
rise to explosive brecciation (as had fenitiza-
tion earlier). This produced cracking, joint-
ing and above all a deep-seated fracture
stockwork in the centre of the magmatic core
(Fig. 3), where the hydrotherral activity
was most intense. The position of the pneu-
matolytic—hydrothermal stage has been de-
duced from the contact relations between the
rocks and mineral alterations. The apatite—
ferriphlogopite rocks that deposited hydro-
thermally in the fractures and joints inter-
sect the Stage I and II carbonatites, meta-
silicostvites and metaphoscorites but not the
Stage IV and V carbonatites. The rocks of



the Stage I and II show more of the mineral
alteration such as ferriphlogopitization,
sulphidization of magnetite and zirkelitiza-
tion of pyrochlore than the rocks of the Stage
IV. Apatite inclusion studies (Haapala, 1978)
demonstrate that pneumatolytic—hydrother-
mal activity has left its mark on a large area
around the central fracture stockwork.

The first copper mineralization at Palabora
developed in the fracture stockwork in the
early carbonatites as a result of pneumato-
lytic—hydrothermal activity corresponding to
that at Sokli before the emplacement of trans-
gressive carbonatites (Lombaard et al., 1964;
Hanekom et al., 1965). At Jacupiranga, apa-
tite, magnetite and sulphide veinlets that cut
the older carbonatites and were formed in a
period between two carbonatite emplace-
ments (Melcher, 1966) seem to represent the
hydrothermal stage rather than the fractiona-
tion of the magma. At Oka, the hydrother-
mal activity that produced biotitization and
introduced thorium pyrochlore took place
after two carbonatite emplacements but be-
fore the formation of the late carbonate veins
(Gold et al., 1967).

The pneumatolytic—hydrothermal stage at
Sokli was succeeded by the second intrusive
magmatic carbonatite phase (Stage IV). It
differs from the previous phase in being cal-
citic—dolomitic and having more fluidized
magma, and also in that no phoscorites were
developed. The fluidal feature is demonstrat-
ed by the flow structures and vertical band-
ing in dolomite-bearing silicosévites and sovi-
tes. These structures also suggest that the
rocks, which were previously consolidated in
the conduit of the magmatic core plug, were
not only brecciated and assimilated but also
moved upwards at least in relation to the
metacarbonatites and metasomatites. The
cone dykes that intruded the metasomatic
areas produced wedge-shaped blocks (Var-
tiainen and Paarma 1979, p. 1298) that poss-
ibly slid downwards along the surfaces of
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the cone dykes. The vein-like beforsites rep-
resent the last crystallization products of
this stage.

The movement of carbonatites in their
conduit is a typical mode of emplacement
in the second magmatic phase at Sokli. It
is best shown in volcanic and subvolcanic
intrusives, such as those in Rufunsa province,
where volcanic carbonatites have transferred
intrusive carbonatites upwards. For more
deep-seated complexes this mechanism has
been described from Iron Hill (Temple and
Grogan, 1965), where carbonatites have
moved upwards, and from Oka, where »a late
ijolite intrusive phase followed by movement
in a somewhat mobile carbonatite...» (Gold
et al., 1967, p. 1134).

Almost any carbonatite complex that has
been sufficiently well studied reveals that
crystallization of the veins containing baryte,
fluorite and rare earths (Stage V) is the final
event in the formation of magmatic carbon-
atites. The same is true at Sokli. The late
veins are concentrated within the central
fracture system.

The predominant factor in the classifica-
tion of carbonatites is often the depth facies.
As already pointed out, the Sokli complex
is plutonic and developed at temperatures
ranging from 700° to 300°C (Vartiainern and
Woolley, 1976; Mékeld and Vartiainen, 1978).
Sokli can be classified in the following groups
(some characteristic features of groups men-
tioned):

The position of Sokli according to
some classifications

Deep-seated plutonic stem. Garson, 1966
Carbonatites associated with

pyroxenite and olivine

vermiculite pegmatoid

Plutonic mesozone. Heinrich, 1966
Ring structure well defined,
typical fenitization
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High-medium temperature Borodin and
stage 700°—300°C. Kapustin, 1968
Intrusive bodies, injection

metasomatic zones, vein fillings

Medium deep, formed at Frolov, 1975
depth of 5 to 6 km.
Intrusives with cores,

circular horizontal section

The carbonatite complex that most re-
sembles Sokli in structure and lithological
associations is Glenover in South Africa,
which has a plug-like carbonatite core and
forking cone dykes that extend from the core
to pyroxenite (Verwoerd, 1967). Palabora is
rather like Sokli in evolution history, forma-

tion depth and lithological association (sye-
nite excluded). In the Kola alkali rock prov-
ince the complex that most resembles Sokli
is Vuorijarvi (Kukharenko et al., 196%), which
contains in addition to carbonatites and pyro-
xenites small amounts of ijolite. Carbonatite
complexes exhibiting, like Sokli, the associa-
tion carbonatite—ultramafites (and/or their
alteration products)—fenite are rare. Worth
mentioning are Firesand (Gittins, 1966) and
Cargill in Canada (Sandvik and Erdosh, 1977),
in which, however, the presence of fenite is
not well-established, and Arbarastah in the
USSR (Borodin, 1974), which contains minor
intraformational gyenite portions (that might
be interpreted as fenite fragments).
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