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Abstract

In the Fen complex (Telemark, S.E. Norway), carbonatites of different compositions have penetrated
feldspathic fenites (alkali feldspar(s) + aegirine augite + alkali amphibole) or older carbonatites,
inducing different types of contact metasomatic alterations in their wall-rocks. (1) Pyroxene sgvite
has induced alkali metasomatism (i.e. fenitization s.s.), with alkali feldspars remaining stable and
aegirine-augite transformed to nearly pure aegirine. (2) Sgvite and dolomite carbonatite with phlogopite
and/or alkali or alkali-calcic amphibole have caused replacement of feldspathic fenite by phlogopite,
i.e. magnesium metasomatism. (3) Granular (dyke facies) ferrocarbonatite has increased the ferro-
magnesian components in calcite in wall-rock sgvite. (4) Heterogeneous (pyroclastic) ferrocarbonatite
induced pseudomorphic replacement of phlogopite by chlorite (leaching of alkalis). The different
contact metasomatic processes reflect contrasts in compositional character among carbonatite magmas
in the Fen complex, which may be evaluated in terms of differences in alkali and magnesium carbonate
activities. The different types of carbonatite magma represent the products of local evolutionary
trends, and are genetically related to spatially associated silicate rocks, rather than to a single ‘primitive’

carbonatite parent magma.
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Introduction

ALL metasomatic processes related to the empla-
cement and crystailization of magma can convey
important information about the geochemical
character of the liquids responsible, especially
when the alteration processes at the immediate
contact between intrusions and country rocks
(contact metasomatism) are taken into consider-
ation. Such information is of great value for the
discussion of the compositional evolution of car-
bonatite magmas, as carbonatites in many cases
only preserve an incomplete memory of magmatic
processes, due to late- or post-magmatic re-equi-
libration and loss of material (Gittins, 1979;
Andersen, 1984; 1987b; Dawson ez al., 1987).
Carbonatite magmas are the results of complex
chains of processes, involving liquid immiscibility
between carbonate and silicate melts, fractional
crystallization and exchange of components
between magmas and fluid phases (e.g. Le Bas,
1977; Treiman and Essene, 1985). According to
some authors, strongly alkaline carbonatite mag-
mas with Na,CO; > CaCOj; (akin to the Oldoynio
Lengai-type natrocarbonatite; Dawson, 1962) are

parental to more common, alkali-poor carbona-
tites (e.g. sgvite, 1.e. calcite carbonatite). Alkali-
rich carbonatite magmas are thought to evolve
into normal, alkali-poor calcitic carbonatite mag-
mas by loss of alkalis to magmatic fluids after
initial formation of the carbonatite magma (Daw-
son, 1964; Gittins and McKie, 1980; Dawson et
al., 1987; Woolley, 1982; Le Bas, 1981, 1987).
When brought into contact with less peralkaline
wall-rocks, a fluid phase exsolving from a natro-
carbonatite-type magma would deposit some of
its alkali-content in minerals formed in meta-
somatic reactions. Hence, the presence of country
rocks metasomatically enriched in alkalis next to
carbonatite intrusions, is good evidence of high
initial alkali concentrations in the carbonatite
magmas.

Although alkali-enriched metasomatic rocks
are widespread in carbonatite and alkaline silicate
rock complexes, they are by no means the only
metasomatic rocks formed in such settings (e.g.
Andersen, 1984, 1986). The processes by which
the alkali-poorer metasomatic rock-types form
have not been investigated in any detail. The aim

Mineralogical Magazine, September 1989, Vol. 53, pp. 395414

© Copyright the Mineralogical Society



396

of the present study is therefore to characterize
the metasomatic processes associated with differ-
ent types of carbonatite intrusions, from field,
petrographical and mineralogical data, and to
explore the potential of these processes as indi-
cators of magma composition and evolution. The
Fen complex in Telemark, Norway is well suited
for a case study of these processes, as it exhibits
a varied suite of carbonatites and contact metaso-
matic rocks.

The Fen complex

The Fen complex (Fig. 1) was emplaced in the
Cambrian (540-550Ma, Andersen and Taylor,
1988; Andersen and Sundvoll, 1987; Dahlgren,
1987). It consists of a central carbonatite and alka-
line silicate intrusive complex surrounded by
metasomatized country rocks, and numerous
minor satellite intrusions. The pioneering work
of Brggger (1921) established it among the type
examples of its kind. Since that time, the geology,
petrology and geochemistry of the complex have
been extensively restudied (e.g. Sther, 1957,
Bergstgl and Svinndal, 1960; Barth and Ramberg,
1966; Kresten and Morogan, 1986; Andersen,
1983, 1984, 1986, 1987a,b, 1988; Andersen and
Qvale, 1986).

The silicate members of the complex include
ijolitic rocks (nepheline + sodic pyroxene),
nepheline syenite and damtjernite, which is a
phlogopite-bearing  ultramafic = lamprophyre
(Dahlgren, 1987). Based on published petro-
graphic observations and geochemical data, it is
possible to divide the carbonatites into four
‘groups’, as indicated in Table 1. The group 1
carbonatites are spatially associated with ijolitic
rocks and nepheline syenite, whereas the group
4 pyroclastic intrusions are associated with dia-
tremes of damtjernite-like silicate rocks; each of
these rock associations probably reflects close
genetical relationships between the silicate and
carbonatite members (Sxther, 1957; Mitchell and
Brunfelt, 1975; Andersen and Qvale, 1986;
Andersen, 1988).

The present level of erosion through the com-
plexrepresents a section through the shallow crust
(ca. 1-3km, Szther, 1957). Carbonatites are the
most abundant magmatic rocks exposed within
the central complex, constituting 60% of the total
outcrop area, with intrusive silicate rocks amount-
ing to less than 20%, and different types of meta-
somatically altered country rocks making up the
rest. Gravimetric data indicate that the central
complex is underlain by a cylindrical body of
dense material, probably mafic silicate rocks,
extending from a few hundred metres below the

T. ANDERSEN

present surface to at least 15 km depth (Ramberg,
1973).

Metasomatic alteration

In the Fen complex, alkali-enriched meta-
somatic rocks are restricted to the western peri-
meter (Fig. 1). Such rocks associated with alkaline
igneous rocks and/or carbonatites are known as
fenites, and the process of their formation is
referred to as fenitization (e.g. McKie, 1966; Ver-
woerd, 1966). These terms were introduced by
Bregger (1921) and were originally coined for
alkali syenitic metasomatic rocks formed from a
meta-granitic protolith by introduction of Na,O
and leaching of SiO,. This definition has been con-
siderably extended in later studies, to include (a)
all alkali-metasomatized rocks, disregarding their
actual composition or protolith (Verwoerd,
1966), or (b) all rocks metasomatized by emana-
tions from alkaline silicate rocks or carbonatites,
whether or not alkalis have been mobile (v. Eck-
ermann, 1948; McKie, 1966; Heinrich, 1966). In
the present paper, definition a is used, in agree-
ment with Brggger’s (1921) conception of fenitiza-
tion as a process involving alkali-enrichment.

Kresten (1988) distinguished between aureole
fenites, produced by metasomatism extending
tens to hundreds of metres from its magmatic
source, and contact fenites, formed by processes
at the wall-rock to intrusion interface only. The
most important features of aureole (A) and con-
tact (C) metasomatic processes in the Fen com-
plex are summarized in Table 2. Contact
fenitization induced by group 1 carbonatite
intrusions will be discussed more fully along with
other types of contact metasomatism below.

Sather (1957), Kresten and Morogan (1986),
Kresten (1988) and Morogan (1988) have pre-
sented field evidence, petrographical obser-
vations and geochemical data to support the
hypothesis originally set out by Brggger (1921),
that most of the aureole fenites in the complex
were formed by fluids originating from ijolitic and
related alkaline silicate magmas, before the
emplacement of the carbonatites, pyroxene
spvite/silicosgvite magmas having only minor and
local fenitizing influence. Verschure and Maijer
(1984 and pers. comm.) have distinguished
between two metasomatic events in the fenite aur-
eole, the first (here called A,) producing acmite
or sodic amphibole, the second (A,) forming stilp-
nomelane at the expense of these minerals. From
their preliminary data (Verschure and Maijer,
1984), it is not clear whether the A, metasomatic
episode involved introduction of alkalis, that is
if it can be said to be a fenitization process in
the restrictive terminology adopted here.
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Fic. 1. Simplified geological map of the Fen complex, based on published maps by Sather (1957), Dahlgren
(1978) and Andersen and Qvale (1986). Sampling localities are indicated.
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Table 1. Petrographic and geochemical characteristics of carbonatites in
the Fen complex.

Group Rock type Characteristic minerals Geochemistry

1 Sgvite Ce, sodian Cpx, Amph
(Dykes)
Silicossvite + feldspar + nepheline egp<-12 at 540 Ma
(Dykes) -

5180gyou = +5.7

2 Sevite Cc, Phl, Amph, Apt + Dol + 5.7 -+ 8 %o
(Dykes)
Dolomite Dol, PhY, Apt, Cc 313¢ppg =
carbonatite
(Dykes) -3 to -5 %o
Apatite rock Apt, Mt, Phl1, Amph, 1000-7000 ppm Sr
{Inclusions in Cec, dol 50-900 ppm Nd
carbonatite)

3 Ferrocarbonatite Ankerite, Mt, Py, Amph
(Dykes)

4 Ferrocarbonatite Ankerite, Mt, Py, Chl egp>-10 at 540 Ma
{Pyroclastic 518°SMOW >+ 8 %o
intrusions)

513cppg > -3 %o

500-1700 ppm Sr
800-5000 ppm Nd

Petrographical data from Andersen {1984, 1986, 1988) and Andersen and
Qvale (1986), geochemical data from Andersen {1987a). Abbreviations:
Cpx = clinopyroxene, Amph = amphibole, Ph] = phlogopite, Chl =
chtorite, Apt = apatite, Cc¢ = calcite, Dol = dolomite, Mt = magnetite,
Py = pyrite. Underlined: characteristic / essential silicate mineral.

Table 2. Characteristics of metasomatic events in the Fen compliex.
Event Source Affects Characteristic minerals
Before After
Aureole metasomatism:
Al Ijolite etc. Granitic Albite + microcline Aegirine-augite, sodian
gneiss + quartz + biotite amphibote, perthite
As ? Al fenite See above Stilpnomelane
Az Groundwater Ferrocarb. Ankerite, magnetite, Hematite + calcite +
pyrite dolomite
Granitic Albite + microcline Quartz + calcite + albite
gneiss + quartz + biotite + chlorite + hematite
+ hornblende
Contact metasomatism:
¢ Group 1 Ay fenite See above Acmite, atkali feldspar
carbonatite
Co Group 2 Ay fenite See above Phlogopite + sodian
carbonatite amphibole + calcite
C3 Group 3 Bi-amph Low Mg-Fe-Mn High Mg-Fe-Mn
carbonatite sgvite calcite caicite
Ca Group 4 Dol. carb. Dolomite + phlogopite Chlorite + calcite +
carbonatite dotomite + quartz
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A third, later metasomatic event of aureole
extent (A;), was caused by interaction between
rocks and groundwater-derived hydrothermal
fluids infiltrating the eastern part of the complex,
leading to oxidation of ferrocarbonatite to hema-
tite carbonatite, locally known as ‘rgdberg’, i.e.
‘red-rock’ (Szther, 1957; Andersen, 1984,
1987b). The effect of the A; metasomatism can
be traced for several hundred metres into the
country rock gneiss (Andersen, 1984), and post-
dates all but the latest pulses of pyroclastic group
4 ferrocarbonatite in the eastern part of the com-
plex (Andersen and Qvale, 1986).

Contact metasomatism: geology and petrography

C,: contact metasomatism associated with group
1 carbonatites. Dykes and veins of pyroxene sgvite
have intruded into A, fenites which consist of
alkali feldspar + aegirine augite + sodic amphi-
bole (Kresten and Morogan, 1986). The meta-
somatic effect of this type of carbonatite magma
on the A, fenite is well illustrated by the contact
relations of minor group 1 dykes and veins
exposed in roadcuts at Ulefoss (Figs 1 and 2).

FiG. 2. The effect of C; contact metasomatism on clino-
pyroxene in A, aureole fenite, sample U6, drawn from
photomicrograph. Phase identification: Ruled, calcite
(in vein); black, dark green, pleochroic pyroxene;
shaded, colourless, non-pleochroic pyroxene; white,
alkali feldspar. The figure shows a clinopyroxene + feld-
spar vein belonging to the A, fenite (vein fenite; Kres-
ten, 1988), cut by a pyroxene sgvite vein (group 1).
The A, pyroxene is characterized by Ac-contents well
below 90 mole %. Approaching the carbonatite vein,
the pyroxene crystals lose their colour, and change in
composition to Ac > 90 mole %. The pyroxene habit
is not affected by this process.

The pyroxene of the A; aureole fenite away
from the pyroxene sgvite is a green, pleochroic
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aegirine-augite (Fig. 2). At the interface to the
carbonatite, and a few millimetres into the wall-
rock, the pyroxene has been bleached, to become
pale and non-pleochroic. In this process, pre-car-
bonatite pyroxene grain-shape and delicate struc-
turés such as ‘comb-layering’ along pre-C, veins
in the fenite are retained undisturbed. The matrix
feldspar of the A, fenite is a cloudy mesoperthite
(Ab.g + Or.gs). At the contact with the carbona-
tite, this feldspar is overgrown by clear alkali
feldspar. Microprobe analyses indicate a compo-
sition of Ab,5O0rs.

C,: contact metasomatism associated with group
2 carbonatites. The wall-rock alterations caused
by biotite sgvite and dolomite carbonatite is of
much greater intensity and areal extent than the
small-scale contact metasomatism accompanying
the pyroxene sgvite. Relics of the A, fenite
mineral assemblage (alkali feldspar + sodic pyr-
oxene + sodic amphibole) can be found within
the zones modified by C, contact metasomatism.
Along the contacts of the carbonatites, the felds-
pathic A, fenite has been altered to dark aggre-
gates of mica + amphibole + calcite + apatite
(Fig. 3). At the contact with dykes or veins, the
alteration reaches only millimetres to centimetres
into the wallrock, as illustrated in Fig. 3. Near
major intrusions or dyke-swarms (e.g. in the Cap-
pelen quarry and S.E. of Ulefoss, the fenite is
very thoroughly altered for metres away from the
intrusive rocks, leaving only mantled relics of the
A, aureole fenite.

C;: contact metasomatism associated with group
3 carbonatite. In the Cappelen quarry, swarms of
1-10mm wide, monomineralic ferrocarbonatite
veins cut through sgvite and altered fenite. The
veins are continuous for several metres along
strike, and not visibly connected to any larger
ferrocarbonatite intrusions. The contact relations
between the ferrocarbonatite veins and the sgvite
host-rock are illustrated in Fig. 4. All veins, evea
the thinnest, are surrounded by metasomatic
zones, wider than the veins themselves, in which
white, coarse-grained calcite of the sgvite has re-
crystallized to grey, fine-grained calcite. The
effects of C; contact metasomatism also show up
in the cathodoluminescence properties of the
minerals: whereas the matrix calcite shows strong
orange luminescence (normal for Fen sgvites), the
luminescence of the metasomatic zones is less
intense, whereas the ferrocarbonatite veins them-
selves are non-luminescent. The C; meta-
somatism seems to have no mineralogical effects
on the C, silicate mineral assemblage in the wall
rock of the group 2 carbonatites.

C,: contact metasomatism associated with group
4 carbonatite. In the composite pyroclastic
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FiG. 3. The effect of C, contact metasomatism on feld-
spathic A aureole fenite, drawn from photograph. The
figure shows a block of group 1 sgvite, containing a
xenolith of A, fenite, from the Cappelen quarry. At
the contact between sgvite and fenite, a reaction rim
of the C, mineral assemblage (phlogopite + amphibole,
black) has formed at the expense of alkali feldspar +
sodic clinopyroxene (shaded). The sgvite is an equiva-
lent to sample C5.

Fic. 4. The effect of C, contact metasomatism on sgvite,
drawn from a rock slab (sample C 10 from the Cappelen
quarry). Numbers refer to carbonate analyses in Table
7. The black veins consist of ferrocarbonatite; the white
areas represent unaffected sgvite. The grey zones are
recrystallized and discoloured, and show reduced
cathodoluminescence intensity. Length of scale bar:
Scm.
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intrusion making up the eastern part of the Fen
complex, fragments of different wallrocks are
intermixed with magmatic material of ferro-
carbonatite and mafic silicate composition
(Andersen and Qvale, 1986). Most gneiss frag-
ments have been transformed to chlorite + quartz
+ albite, butitis commonly not easy to distinguish
between the effects of magmatic fluids and post-
magmatic re-equilibration within this intrusion
(Andersen and Qvale, 1986; Andersen, 1987b),
nor is it always possible to identify the origin of
the silicate rock fragments in the intrusion. How-
ever, in the contact zone of the intrusion at
Torsnes (Fig. 1) an exposure of cross-cutting con-
tact to a group 2 dolomite carbonatite dyke can
be observed. Since this rock has not been physi-
cally incorporated into the fluidized magma, prim-
ary textures can still be discerned (Fig. 5).

This carbonatite dyke has contained phlogopite
phenocrysts set in a dolomitic matrix. The pheno-
crysts have been transformed to chlorite, which
is olive green and transparent along the rims, and
brownish and cloudy in central parts of the crys-
tals. The crystals have partly disjoined along the
basal cleavage, where lamellae of calcite have
been formed (Fig. 5).

o B
Fic. 5. The result of pseudomorphic replacement of a
phlogopite phenocryst in dolomite carbonatite (group
2) with chlorite + calcite + quartz, as an effect of C,
contact metasomatism. Sample To-2 from Torsnes.

Chronology of metasomatic events

When related to published data on the Fen
intrusive and metasomatic rocks (Szther, 1957;
Andersen, 1984; Andersen and Qvale, 1986), the
present observations allow a relative chronology
for the different magmatic, aureole (A), and con-
tact (C) metasomatic events in the complex to
be worked out.
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It is clear from structures such as illustrated
in Fig. 2 that the C; contact metasomatism post-
dates the A aureole fenitization. From cross-cut-
ting relationships, the group 2 and 3 carbonatites
have been interpreted as younger than the group
1 pyroxene sgvite and its associated rocks
(S=ther, 1957). The C, contact metasomatism can
accordingly be interpreted as younger than both
A, and C| metasomatic events, although C; and
G, affect rocks in geographically separated areas.
The presence of secondary stilpnomelane in group
2 carbonatites suggests that the A, aureole meta-
somatism occurred after the emplacement and
solidification of these carbonatites. If so, A, post-
dates the C, event. The C; contact metasomatism
affects pre-existing group 2 carbonatites, and must
thus postdate C,. Its temporal relationship to A,
cannot be determined. The group 4 hetero-
geneous ferrocarbonatite cross-cut intrusive rocks
of the type allied to the C, metasomatism, and
thus the C, metasomatic event postdates C,, and
possibly also C; and A,. A; (postmagmatic oxi-
dation) is the only post-C, metasomatic event
recorded in the Fen complex.

Mineral chemistry
Analytical methods

Pyroxenes, amphiboles, micas and most carbo-
nates were analysed with an ARL-EMX electron
microprobe, equipped with a LINK energy dis-
persive analyser. Standard operating conditions
were: 15kV acceleration voltage, 1nA beam cur-
rent and 100 seconds counting time. The raw-data
were reduced on-line, using the commercial
ZAF4/FLS computer program (Statham, 1976).
Chlorites and the carbonates in sample To-2 have
been analysed with a fully automatic Cameca
CAMEBAX wavelength-dispersive  electron
microprobe (15kV, 10nA), using on-line PAP
corrections. Both of these procedures allowed the
simultaneous quantitative analysis of up to 14 ele-
ments. The microprobes were calibrated using a
series of natural and synthetic mineral standards.
Structural formulae were calculated on the basis
of fixed numbers of cations, in the case of pyrox-
enes and chlorites, Fe’* was estimated assuming
charge balance to fixed numbers of oxygen anions.
Use of a calculated Fe**/Fe?* ratio can induce
an error in the Fe?*/(Fe?* + Mg) ratio, because
it is influenced by analytical error in SiO,. From
repeated analyses on a series of natural and syn-
thetic standards, a maximum analytical error of
+1.0wt.% absolute (2¢-values) in SiO, is
expected in an energy dispersive analysis. This
will propagate to an error of £7-8% in the calcu-
lated atomic Fe?*/(Fe** + Mg) ratio for a clino-

pyroxene. The corresponding error in a wave-
length-dispersive analysis is significantly less.

Results

Pyroxene. Pyroxene analyses from A; fenite
matrix and the C, contact metasomatic zones
adjacent to pyroxene sgvite are plotted in Fig.
6, selected analyses are given in Table 3.

The groundmass pyroxenes are aegirine-
augites, similar to pyroxenes from fenites ana-
lysed by Kresten and Morogan (1986). In the Di—
Hd-Ac (Mg-Fe** + Mn-Na) diagram, the fenite
pyroxenes range from ca. DijsHdsAcys to ca.
DiyHdsAcgs, similar to the variation reported
from fenites by Kresten and Morogan (1986), but
some grains show erratic core-to-rim zonation
patterns (Fig. 6). The pale pyroxene at the inter-
face to the carbonatite is characterized by Ac..g3,
and contains only negligible Fe?*, which may be
the cause of the weak colour and the lack of pleo-
chroism.

Mica. The analysed micas (Fig. 7, Table 4) fall
in two different groups. The pyroxene sgvite and
the A, aureole fenite carry green biotite as a
secondary phase, replacing pyroxene. This biotite
is iron-rich, with annite contents above 50 mole
percent, and contains appreciable octahedral alu-
minium (Fig. 7).

The group 2 carbonatites contain phlogopite,
with mg-values [i.e. atomic Mg/ (Mg + Fe)] cor-
responding to the mg of dolomite in the same
rocks (=75, Table 1 in Andersen, 1986). Zoning
of individual grains is oscillatory, but confined
within narrow limits of mg (Table 4, analyses 10
and 11). The majority of analyses plot close to
the phlogopite-annite join, with low tetrahedral
iron, unlike phlogopites from some other carbo-
natites, which tend to have appreciable tetra-
hedral Fe** (Secher and Larsen, 1980; their
Sarfart6q trend has been indicated by a broken
arrow in Fig. 7). The apatite-rich rocks associated
with group 2 carbonatites have phlogopites of
similar composition, but with a somewhat wider
variation in mg. The mica dominating the C, con-
tact metasomatic zones is also a phlogopite, indis-
tinguishable in composition from that of the
associated carbonatites.

Amphibole. The amphiboles in group 2 carbo-
natites (Table 5, Figs 7 and 8) are richteritic with
(Na + K), > 0.5, whereas the amphibole of undis-
turbed A, aureole fenite range towards arfedso-
nite and, possibly, to riebeckite and eckermannite
with (Na + K), < 0.5 (Kresten and Morogan,
1986). In the C, contact metasomatic zones, the
amphiboles range from richterite to magnesio-
arfvedsonite, all with (Na + K), > 0.5.
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Pyroxene compositions

Table 3.
Ul U6
A1 fenite €y contact fenite
Core Rim Green core
1 2 3 4 5

U6 Matrix
Ay fenite
Pale rim Pale grains Rim Core
6 7 8 9 10 11

Weight percent oxides

S10, 51.35 51.67 50.64 50.87 51.20

52.66 51.02 52.58 52.41 51.64 50.13

Ti0, 0.60 1.20 0.98 0.36 0.52 1.42 0.77 1.31 1.62 1.10 0.29
Al504 0.55 0.76 0.58 0.50 0.64 0.67 0.91 0.65 0.62 0.44 1.26
Fep03 24.86 21.48 21.44 26.55 23.71 30.63 27.98 31.63 28.68 16.27 12.23

Fe0 1.58 2.37 5.16 1.65 4.20 0.00 0.00 0.00 0.47 9.27 15.27
MnO 0.49 0.60 0.67 0.79 1.01 0.03 0.36 0.00 0.25 0.74 1.53
Mg0 3.10 4.40 2.55 2.17 2.26 1.28 2.41 0.88 0.96 2.70 2.97
Ca0 7.98 9.86 8.76 7.19 8.18 1.03 5.35 0.43 1.03 12.24 9.21

Nas0 9.52 8.50 8.59 9.84 9.05 13.47 11.13 13.88 13.02 6.95 5.67

Sum  100.02  100.83 99.37 99.92 100.76 101.19 99.93  101.36 99.06 101.35 98.57

Structural formulae, based on 4.000 cations and 6.000 oxygen ions

S3 1.965 1.955 1.968 1.961 1.965 1.974 1.945 1.969 2.009 1.982 1.997
AT(1V) 0.025 0.034 0.027 0.023 0.029 0.030 0.041 0.029 0.028 0.020 0.059
AT(VI) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.017 0.034 0.029 0.010 0.015 0.040 0.022 0.037 0.047 0.032 0.009
Fed3+ 0.716 0.612 0.627 0.770 0.685 0.864 0.803 0.891 0.828 0.470 0.367
Fe2t 0.050 0.075 0.168 0.053 0.135 0.000 0.000 0.000 0.015 0.298 0.509
Mn 0.016 0.019 0.022 0.026 0.033 0.001 0.012 0.000 0.008 0.024 0.052
Mg 0.177 0.248 0.148 0.125 0.129 0.072 0.137 0.049 0.055 0.154 0.176
Ca 0.327 0.400 0.365 0.297 0.336 0.041 0.218 0.017 0.042 0.503 0.393
Na 0.706 0.624 0.647 0.735 0.673 0.979 0.823 1.008 0.968 0.517 0.438

With the exception of the apatite-rich rocks,
whose amphiboles are more iron-rich than the
associated phlogopite, there is a good correspon-
dence between mg in amphibole and mica among
the rock groups studied (Fig. 7). Amphiboles
from the C, contact metasomatic zones can easily
be distinguished from those of their fenite proto-
lithin terms of mg-values and Na in the B-position
(Fig. 8), the amphibole of the contact metasoma-
tized rocks falls to the high Nagz-high mg side of
acomparatively well-defined dividing line in a plot
of (Na)g vs. mg.

Chlorite. Chlorite pseudomorphs after phlogo-
pite phenocrysts in dolomite carbonatite affected
by C, contact metasomatism (sample To-2, see
Figs 7 and 9, Table 6) have low calculated Fe**,
and classify as clinochlore to penninite in the
nomenclature of Hey (1954). The chlorite has

uniform mg, nearly identical to that of the phlogo-
pite from which it has formed (Fig. 9). However,
they have higher Si and Mg and lower Fe and
Al than the ripidolitic to thuringitic chlorites in
rgdberg, formed during the A; post-magmatic
alteration (Fig. 9; data from Andersen, 1984).

The brown, interior parts of the chlorite crystals
have distinctly higher K,O than the olive-green
rims (Fig. 9). The brown parts of the crystals pro-
bably represent an intermediate stage of the alte-
ration process, involving the progressive loss of
interlayer K* cations. A similar evolution, but
at different compositions, is seen among the chlor-
ites formed by the alteration of metamorphic bio-
tites in country-rock gneisses affected by the A,
metasomatism (Andersen, 1984, plotted in Fig.
9 for comparison).

Carbonates. Carbonate compositions are plot-
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Fi. 6. Clinopyroxene analyses projected to the Di-Hd-Ac plane, represented by Mg-Fe?* + Mn-Na. Solid symbols
refer to A, minerals, the open circles to pyroxene affected by C; contact metasomatism. Selected microprobe
analyses are given in Table 3. Arrows: core to rim zoning.

ted in Fig. 10 and relevant analytical data are
given in Table 7.

Analyses of groundmass calcite in the sgvite
forming the wall-rock to dyke-facies ferro-
carbonatite, show that it is very close to pure end-
member composition. The carbonate of the ferro-
carbonatite is an ankerite with ca. 40 mol percent
of the CaFe(CO;), component, corresponding to
the maximum iron content of ankerite reported
from ferrocarbonatite by Andersen (1984). The
recrystallized calcite of the C; contact meta-
somatic zones has significantly higher Fe, Mg, and
Mn content than the matrix calcite in sgvite. This
change in composition correlates with the reduc-
tion of cathodoluminescence intensity observed.

Dolomite from group 2 carbonatites ranges
from CaMg; 75Fe25(CO;3), to CaMg osFeq o5(CO3),

(Fig. 10). The matrix dolomite of sample To-2
falls within this range, whereas the calcite formed
during pseudomorphic replacement of phlogopite
by chlorite in this sample is close to the pure end-
member composition.

Discussion

A system consisting of an intrusive magma
volume and its immediate wall-rock is in chemical
and thermal disequilibrium. Even if the tempera-
ture at the interface between magma and wall-
rock may rapidly rise to approach that of the
magma itself, a compositional contrast will per-
sist. Contact metasomatic processes tend to
reduce the compositional gradient, by material
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Table 4. Composition of micas.
U2 U4 WCB 5 H 1 T3 4/28.45 H5 H 8 C5
Ay - Group 1 carb. C1 - Altered fenite Group 2 carbonatites
Fenite Pyroxene sgvite Apatite Phlogopite - amphibole sgvite
rock
1 2 3 4 5 6 7 8 9 10 11 12
Weight percent oxides
Si0; 36.18 36.09 34.57 42.72 40.82 42.31 41.08 38.15 41.69 42.26 41.85 41.29
Tiop 0.24 4.51 3.57 0.99 1.68 1.23 1.14 0.75 0.32 0.22 0.26 0.97
AT507 17.26 13.09 12.33 12.25 11.98 11.61 10.07 12.08 12.89 12.35 12.51 11.88
Fe0 23.60 22.73 30.07 4.59 10.23 6.73 11.35 14.39 3.23 3.59 3.96 9.68
Mn0 0.16 0.20 0.59 0.08 0.37 0.06 0.18 0.00 0.12 0.09 0.24 0.00
Mg0 8.47 10.25 5.09 25.02 20.58 23.63 21.02 17.69 26.93 26.33 22.55 21.78
Ca0 0.00 0.00 0.13 0.11 0.09 0.13 0.01 0.76 0.11 0.06 0.17 0.20
Na>0 0.35 0.46 0.07 0.17 0.21 0.18 0.10 1.82 0.46 0.64 0.50 0.16
K20 10.08 10.14 9.77 11.01 10.30 10.42 10.26 9.62 10.70 10.55 10.32 10.35
Sum 96.34 97.47 96.19 96.94 96.26 96.30 95.21 95.26 96.45 96.09 92.36 96.31
Structural formulae based on 16.000 cations

St 5.635 5.596 5.658 6.017 5.971 6.066 6.082 5.653 5.814 5.928 6.187 5.989
AT(IV) 2.365 2.392 2.342 1.983 2.029 1.934 1.757 2.110 2.119 2.042 1.813 2.031
AY(VI) 0.803 0.000 0.037 0.051 0.036 0028 0.000 0.000 0.000 0.000 0.366 0.000
Ti 0.028 0.526 0.439 0.105 0.185 0.133 0.127 0.084 0.034 0.023 0.029 0.106
Fe2+ 3.074 2.947 4.116 0.541 1.251 0.807 1.405 1.783 0.377 0.421 0.490 1.174
Mn 0.021 0.026 0.082 0.010 0.046 0.007 0.023 0.000 0.014 0.011 0.030 0.000
Mg 1.966 2.369 1.242 5.253 4.487 5.050 4.639 3.908 5.598 5.505 4.969 4.709
Ca 0.000 0.000 0.023 0.017 0.014 0.020 0.002 0.121 0.016 0.009 0.027 0.031
Na 0.106 0.138 0.022 0.046 0.060 0.050 0.029 0.523 0.124 0.174 0.143 0.045
K 2.003 2.006 2.040 1.978 1.922 1.906 1.938 1.819 1.904 1.888 1.946 1.915
mg 39.01 44 .56 23.18 90.67 78.19 86.22 76.75 68.66 93.70 92.89 91.03 80.04

transport processes across the magma to wall-rock
interface.

Some of the contact metasomatic processes des-
cribed from the Fen complex have affected silicate
rocks or silicate minerals in carbonatites, which
are less susceptible to late/post magmatic modifi-
cations than the carbonate minerals of the carbo-
natites. The metasomatic products in question
(i.e. the C;, C, and C, parageneses) may therefore
be assumed to preserve a memory of activity rela-
tionships in the carbonatite magma, which may
be lost from the carbonatites themselves. Further-
more, because the different groups of carbonatite
intrusions have induced different contact meta-
somatic reactions in uniform wall-rocks, the reac-
tions observed may be used as qualitative to
semiquantitative guidelines to the difference in

composition between the respective carbonatite
magma types.

Mass balance of contact metasomatism

Material which has been added to a rock during
carbonatite-induced contact metasomatism must
have been derived from the carbonatite magma.
Among the four distinct types of contact meta-
somatism recognized in Table 2, C; stands out
as a simple case of introduction of ferromagnesian
components (FeCO;, MgCO; and MnCOj; ‘mole-
cules’) into a monomineralic calcite carbonatite.
The shift of carbonate composition during C,
metasomatism is illustrated by an arrow in Fig.
10. As can be seen, this shift goes in the general
direction of the intruding carbonatite liquid repre-
sented by the ankerite of the ferrocarbonatite.
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The other contact metasomatic processes (C,,
C,, C,) are more complex, for the very reason
that they act on polymineralic silicate rocks or
carbonatites containing significant amounts of sili-
cate minerals. The mass balance effects of these
processes are best illustrated in an Al — Na +
K — Fe* + Mg triangular diagram (Fig. 11).

C, and G, both act on A, aureole fenites, char-
acterized by a perthitic alkali feldspar (or albite
+ microcline; Kresten and Morogan, 1986), aegir-
ine-augite (CPX1) and an alkali amphibole with
variable mg (AMPH1) (Fig. 11). Regardless of
the actual modal feldspar to mafic silicate ratio,
the strongly peralkaline pyroxene and amphibole
minerals make the A, fenites peralkaline rocks
with agpaitic indexes (atomic (Na + K)/Al) >
1.0

During the C, contact metasomatism, pyroxene
and feldspar(s) remain stable as phases, but
change in composition. The shift in K-feldspar
composition from Or..o; to Or,s may be a thermal
effect rather than a result of metasomatic intro-
duction of sodium, whereas the change in pyrox-
ene composition (CPX1 to CPX2 in Fig. 11) can
be described as an exchange of pyroxene com-
ponents between melt and pyroxene:

Ca(Mg,Fe)Si;O o, + [NaFeSiz0plner: =
[Ca(Mg,Fe)SizOf)mer + NaFeSiylg opy-

Because the loss of Mg from the pyroxene is
compensated by a gain in ferric iron, the shift
in pyroxene composition is constrained to a
straight line at constant (Fe'' + Mg)/Al towards
the Na + K apex in the projection of Fig. 11.
In this process, the agpaitic index of the system
of course increases.

The main modal effect of the C, metasomatism
is replacement of the feldspar phase(s) of the A,
fenite by phlogopite. Compared to the mafic sili-
cates of the A, paragenesis, the C, phlogopite
has much higher mg (Fig. 7), suggesting that the
total C, process may be adequately described as
a case of magnesium metasomatism. In this pro-
cess amphibole remained stable, only shifting
slightly in direction away from the Na + K apex
(AMPH1 to AMPH?2 in Fig. 11), and towards
higher mg (Fig. 8). Because of the high (Na +
K)/Al ratio of the amphibole, the bulk rock has
remained peralkaline through this alteration pro-
cess; the agpaitic index may, however, have
stayed constant or shifted slightly in either direc-
tion (Fig. 11).
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Table 5. Compositions of amphiboles

H4 H4 Ha H4 T3 H1 H1 c5 4/28.45
Fenite relict, Hydro quarry Altered fenite Sgvite Apatite

Core Rim rock

1 2 3 4 5 6 7 8 9
Weight percent oxides
S10p 55.79 54.83 55.02 56.34 55.24 56.84 57.74 51.72 52.02
Ti0p 0.45 0.82 0.76 0.05 0.24 0.35 0.34 0.98 0.40
Al504 2.33 1.71 1.48 0.39 0.45 0.25 0.23 3.16 1.31
Fel 21.65 9.28 11.06 12.50 10.46 6.78 3.18 11.74 23.13
MnO 0.13 0.51 0.67 0.04 0.09 0.21 0.04 0.23 0.00
Mg0 8.72 17.70 16.79 16.95 17.46 20.25 22.12 15.83 9.53
Ca0 0.60 4.76 3.32 0.57 1.69 4.02 6.51 5.68 1.57
Nay0 7.70 6.15 6.69 7.80 8.01 6.34 5.94 6.19 7.76
K20 0.00 1.54 1.72 2.30 1.90 1.30 1.40 1.61 0.01
Sum 97.37 97.30 97.51 96.94 95.54 96.34 97.50 97.14 95.73
Structural formulae, based on Si+A1+Ti+Mn+Mg = 13.000

Si 8.051 7.745 7.759 7.910 7.909 7.909 7.991 7.488 7.736
AT(IV) 0.000 0.255 0.241 0.065 0.076 0.041 0.009 0.512 0.230
AT(VI) 0.396 0.029 0.005 0.000 0.000 0.000 0.029 0.027 0.000
Ti 0.049 0.087 0.081 0.005 0.026 0.037 0.035 0.107 0.045
Fe2+ 2.613 1.096 1.308 1.468 1.252 0.789 0.368 1.421 2.877
Mn 0.016 0.061 0.080 0.005 0.011 0.025 0.005 0.028 0.000

Mg 1.876 3.727 3.530 3.547 3.726 4.200 4.563 3.416 2.113

Ca 0.093 0.720 0.502 0.086 0.259 0.599 0.965 0.881 0.250

Na 2.154 1.684 1.829 2.123 2.223 1.710 1.594 1.738 2.238

K 0.000 0.277 0.309 0.412 0.347 0.231 0.247 0.297 0.002

SuM: 15.25 15.68 15.64 15.62 15.83 15.54 15.81 15.92 15.49
(Nat+K)A 0.25 0.68 0.64 0.62 0.83 0.54 0.81 0.92 0.49
(Na)B 1.91 1.28 1.50 1.91 1.74 1.40 1.03 1.12 1.75

The C, process involves the pseudomorphic
replacement of phlogopite phenocrysts in group
2 dolomite carbonatite by chlorite + calcite +
quartz, while the matrix dolomite has remained
stable. The replacement of phlogopite by a silica-
rich chlorite and calcite in the presence of dolo-
mite is described by the reaction:

6phl + 3dol + 8H,O
= chl + qz + 3cc + 6K* + 3CO%

where

chl = 3Mg;AlAISi;0,(OH)g ~
2Mg;Si,0,4(OH),,

i.e. a siliceous chlorite (penninite) intermediate
between the clinochlore and talc—chlorite end-
members. This suggests that the C, process may
be adequately described by hydration and leach-
ing of alkalis and CO, from the rock. In the coor-
dinates of Fig. 11 this evolution is represented
by a shift from an alkaline mineral assemblage
(phlogopite + dolomite, agpaitic index = 1) to
aclearly subalkaline paragenesis (chlorite + dolo-
mite, agpaitic index <1). At its extreme (olive
green chlorite), the C, mineral assemblage in the
altered dolomite carbonatite is alkali-free (tie-line
Clin Fig. 11); the brown chlorite represents inter-
mediate stages of a progressive alkali leaching
process (tie line C} in Fig. 11).
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Fi6. 8. Characteristics of amphiboles in A fenite and

C, contact metasomatic rocks, Na in the B-position vs.

mg = atomic Mg/ (Mg + Fe). The broken line separates

the C, contact metasomatic amphiboles from those of
the A, aureole fenite.

Contact metasomatism and carbonatite magmas

Simple qualitative or semiquantitative bulk
composition considerations, such as presented
above, suggest the presence of carbonatite mag-
mas of different compositional character in the
Fen complex. The melts responsible for C; must
have been distinctly peralkaline, in order to
increase the agpaitic index of the wall-rock,
whereas the source of the C, metasomatism must
have been clearly subalkaline, to allow alkali dep-
letion in their wall-rock. In order to be more speci-
fic, it is necessary to discuss the carbonatite
magmas in terms of the activities of their major
components.

A carbonatite magma may be regarded as an
ionic melt consisting of metal carbonate com-
ponents (Treiman and Schedl, 1983). The Fen car-
bonatites today contain calcite, dolomite and
dolomite—ferrodolomite solid solution, but the
presence of smaller or larger amounts of alkali
components in the melt cannot be ruled out a
priori. It is therefore most convenient to discuss
the magmas in terms of the components CaCOj,
MgCO;, FeCO;, Na,CO; and K,CO;. In the C,
and C, contact metasomatic processes mafic
aluminosilicates (phlogopite and chlorite), alkali
feldspar, quartz and a fluid phase also take part.
This introduces ALO;, SiO,, H,O and CO, as
additional components necessary to describe the
total system.

As long as only processes taking place at the
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contact surface of the intrusions themselves are
concerned, the system can be assumed to be iso-
baric, and the temperature of metasomatism may
be taken as constant and set equal to the tempera-
ture of the magma, which is in the range 625-
650 °C for carbonatite magmas crystallizing calcite
in the presence of an aqueous fluid phase (Wyllie,
1966).

In the absence of thermodynamical data on
molten metal carbonates, the relationship
between component activities in a carbonatite
magma and contact metasomatic mineral reac-
tions is best illustrated in isothermal, uncalibrated
orthogonal log activity diagrams (Fig. 12). In such
diagrams, equilibrium phase assemblages are
located on straight lines whose slopes are given
by the stoichiometric coefficients of the com-
ponents in the corresponding reactions.

The mineral reactions involved in the C, and
C, processes are listed in Table 8, together with
their equilibrium constant expressions, assuming
(1) that the mafic silicate minerals are present as
pure magnesium end-members, and (2) that the
CaCO;-activity is buffered by solid calcite. The
mafic silicates formed during C, and C, meta-
somatism have high and uniform mg-values, sug-
gesting that it is permissible to disregard the
FeCO; component in the carbonatite melt in the
discussion. The second assumption rests on the
observation that calcite is omnipresent in these
rocks, either as the major liquidus phase of the
carbonatite magma, or as a mineral forming dur-
ing contact metasomatism. Some of the reactions
in Table 8 are dependent on the composition of
the fluid phase. Experimental data show that car-
bonatite magmas are only stable at reasonable
temperatures in the presence of a water-domi-
nated binary H,0-CO, fluid phase (Wyllie, 1966).
The presence of such a fluid phase during crystalli-
zation of carbonatite magma at Fen is docu-
mented by water-rich fluid inclusions in liquidus
apatite (Andersen, 1986). The composition of the
fluid phase present during contact metasomatism
can therefore be assumed to have been controlled
by the carbonatite magma itself, rather than by
reactions involving the wall-rocks, at approxi-
mately constant X¢q, < Xp,0-

Fig. 12 has been constructed assuming that K-
feldspar and dolomite are not stable together as
liquidus minerals in the carbonatite. The reaction
Kf + 3Dol + H,O = Phl + 3Cc + 3CO, defines
the high-temperature stability limit of the K-felds-
par + dolomite paragenesis. At shallow crustal
pressures (1-2 kbars) and realistic carbonatite
magma temperature (625-650°C) this reaction is
widely overstepped for any fluid phase compo-
sition compatible with a carbonatite magma
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Table 6. Chlorite compositions

Table 7. Compositions of carbonates

To 2 Contact metasomatized dolomite carbonatite, Torsnes

Grain 1 Grain 2
Green Brown Brown Brown Green Brown Green
1 2 3 4 5 6 7

Weight percent oxides

S0, 31.48 35.82 34.08 34.71 31.81 32.03 30.39
Ti0p 0.09 0.70 1.98 0.52 0.70 0.99 0.03
Al,0 17.21 14.33 14.51 14.49 15.59 15.34 17.27
Eeg 12.91 11.46 12.80 11.43 14.00 14.37 12.27
MnO 0.10 0.13 0.17 0.23 0.18 0.
Mg0 25.61 24 .80 24.60 24.81 23.47 24.00 25.92
Ca0 0.18 g.08 0.03 0.11 0.00 0
Nay0 0.05 0.05 0.10 0.64 Q.05 0
K20 0.28 2.99 2.33 3.03 1.16 1

Sum 87.88 90.35 90.61 89.97 86.96 88.50 86.4D

Structura?l formulae, based on 20.000 cations and 28.000 oxygen ions

St 6.204 6.896 6.593 6.666 6.418 6.357 6.059
AT(IV} 1.796 1.104 1.407 1.334 1.582 1.643 1.941
AT(VI) 2.201 2.148 1.901 1.946 2.125 1.947 2.117

Ti 0.013 0.1201 0.287 0.074 0.106 0.147 0.005

Feld+ 0.221
Fe2+ 2.127 1.844 2.071 1.615 2.361 2.386 2.046

Mn 0.017 0.021 0.029 0.037 0.031 0.052 0.008

Mg 7.523 7.118 7.094 7.102 7.058 7.100 7.704

Ca 0.038 0.017 0.006 0.023 0.000 0.012 0.028

Na 0.019 0.019 0.039 0.238 0.020 0.000 0.010

K 0.061 0.733 0.574 0.743 0.299 0.356 0.083

Charge 56.35 56.49 56.46 56.00 56.44 56.24 56.09
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Fi1G. 9. Chemical evolution of C, chlorite: wt. % K,O

vs. mg. The data for A; rocks (altered gneiss and

rgdberg, i.e. hematite carbonatite) were taken from
Andersen (1984).

c 10 To 2
Dolomite carbonatite

Sevite F.C. Altered Matrix Lamellae
matrix vetrn  zone in Chl

1 2 3 q 5

Weight percent oxides

Fe0 0.35 14.97 1.62 3.63 0.39
Mn0 0.00 2.27 0.36 1.57 0.73
Mg0 0.21 10.25 1.35 18.84 0.02
Ca0 54.66 27.08 52.12 30.38 54.85

Sum 55.22 54.57 55.45 54.42 55.99

Structural formulae based on 2.000 cations

Fe 0.010 0.426 0.046 0.093 6.015
Mn 0.000 0.065 0.010 0.041 0.028
Mg 0.011 0.520 0.068 0.864 0.001
Ca 1.980 0.988 1.877 1.002 1.956

Analyses 1-3 were made with an ARL-EMX microprobe
equipped with a LINK energy dispersive analyser,
analyses 4-5 were made using a CAMEBAX wavelength-
dispersive electron microprobe.

Table 8. Reactions describing contact metasomatic a1teratiz_zn of
aluminosilicate minerals during Cp and Cg contact metasomatism.

(1) Kf + 3 [MgCO3] + Hp0 = Phl + 3 COp
Tog Ky = 3 Tog acpp - 3 Tog amgro3s - Tog aypp

(2) 6 Phl + 3 [MgCO3] + 8 Hp0 = Chl + Qz + 3 [KZCO?]
Tog Kp = 3 10g agpeez = 3 log amgcoa - 8 Tog aypq

(3) 6 Kf + 21 [MgCO3] + 14 Hp0 = Chl + Qz + 3 [K»CO3] + 18 COp
Tog K3 = 3 Tog agpcp3 + 18 tog acpp
~ 21 log aMgCo3 - 14 log apzp

(4) 2 Ab+ [KECO:;] = 2 Kf + [NapC03)
Tog Ry = Tog angpco3 - 109 akaco3
(5) 2 Ab + [KC03] + 6 [MgCO3] + 2 Hp0 = 2 Phl + [NazC03] + 6
[
log Kg = Tog ayapco3 + 6 109 acgp - 6 log AMgCo3
- 109 agpep3 - 2 199 apgp
(6) 6 Ab + 21 [MgCO3] + 14 Hp0 = Chl + Qz + 3 [NapCO3] + 18 COp
log Kg = 3 10@ ayzzcoz * 18 log acoz
- 21 log aygCo3 - 14 log ayzg

(7) Cc + [MgCO3] = Dol

Tog K7 = - log apMgC03
(8) Cc + [KpC03] = Fc

Tog Kg = - log agoco3

Kf = K-feldspar, Ab = albite, Qz = quartz, Phl = phlogopite, Chl
= (3Mg5A]A]Si30w(DH)B'2Mg35i 01p(0H)2), i.e. a siliceous
chlorite (penninite) intermediate between the chlinochlore and
talk-chlorite endmembers, Cc = calcite, Dol = Dolomite, Fc =
Fairchildite (K»Ca(C03)3).

(Greenwood, 1976; Rice, 1977; Wyllie, 1966).
This is, however, based on the assumption of
excess calcite, and does not contradict the exis-
tence of K-feldspar + dolomite-bearing carbona-
tites without primary calcite, such as the
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F1G6. 10. Carbonates in group 3 ferrocarbonatite, group 2 carbonatites and C; contact metasomatic rocks. Ranges
of variation of dolomites in group 2 carbonatites and in ferrocarbonatites (groups 3 and 4) are also indicated.
The shift of calcite compositions during C; contact metasomatism is shown as an arrow.

beforsites from Alné (v. Eckermann, 1948; Kres-
ten, 1979).

In the sodium-free model carbonatite system
(CaCO;-MgCO;-K,CO;-Si0, - ALLO;-H,0-
CQO,) the seven-phase assemblage Kf + Phl +
Chl + Qz + Cc + | + v is invariant at constant
P and T. (I in the isobaric-isothermal log ay ¢,
vs. log apgco, diagram, Fig. 12). Among the
several possible univariant mineral reactions in
this assemblage, reactions 1, 2 and 3 in Table 8
relate the contact-metasomatic  processes
observed at Fen to the activity relationships in
the carbonatite magmas. The presence of sodium
in the system may lead to the stabilization of albite
as a phase, related to the other minerals by reac-
tions 4 to 6 in Table 8. In Fig. 12, the stability
field of albite is projected to the log ag,co, vs.
log ay,co, plane from two different levels of
Na,CO; activity. The saturation limits of dolomite
and an alkali carbonate mineral (nyerereite-
fairchildite solid solution: {Na,K),Ca(COs),) are
also indicated in the diagram.

Since the A, and C, parageneses are identical
in this simplified system (Ab + Kf + sodic Cpx/
Amph), the MgCO;K,CO; activity diagram
does not distinguish between the activity con-

ditions of the A, protolith and the product of C,
contact metasomatism. However, the A, and C,;
mineral assemblages suggests that both processes
took place at low MgCOj; activity, but at compara-
tively high K,CO; and Na,CO; activity levels (Fig.
12b). The C, process, on the other hand, has
involved an increase in MgCO; activity, sufficient
to change from an A;-protolith into the field of
phlogopite stability. The behaviour of the K,CO,
and Na,CO; activities during this process cannot
be deduced with certainty, but the non-existence
of carbonatites or contact metasomatic rocks with
the equilibrium mineral assembiages Phl + Ab
seems to suggest a drop in at least ay,,co,, proba-
bly also in ag,co, relative to that of the A; fenite
precursor (Fig. 12b).

A drastic drop in K,CO; activity is, however,
indicated during the C, metasomatic process. This
takes place wholly within the field of dolomite
stability; the system moves from the Phl + Dol
field of the group 2 carbonatite protolith, into the
Chl + Dol field (Fig. 12b). Under these con-
ditions, reaction 2 in Table 8 becomes an equiva-
lent to the hydration and leaching-reaction
derived for C, metasomatism above.

From a physicochemical point of view, gradi-
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FiG. 11. Mass balance of contact metasomatism, illustrated in the atomic Al-(Fe + Mg)-(Na + K) diagram. CPX1:

Clinopyroxene (aegirine augite) of the A; aureole fenite assemblage. CPX2: Clinopyroxene (aegirine) of the

C, contact metasomatic mineral assemblage. AMPH1: Amphibole in A, fenite. AMPH2: Amphibole of C, contact

metasomatic rocks. The positions of different aureole- and contact metasomatic rock systems in the diagram
are indicated. (See discussion in the text.)

ents in chemical potential of components consti-
tute the driving force behind the material trans-
port processes seen in contact metasomatism. The
chemical potential of a component i is related to
the activity of the component by the expression
My = ;L, + RT'n a;, where y; is the chemical poten-
tial, u! is the chemical potential of the pure com-
ponent in its standard state, and g, is its activity
(e.g. Castellan, 1971). The changes in activity of
either of the components during contact meta-
somatism derived from Fig. 12 must therefore
point in the direction of the activity conditions
of the magma causing the contact metasomatism.
Fig. 12b illustrates the characteristics of

the three different carbonatite magma types which
have induced the C;, C, and C, contact meta-
somatic processes as derived from the above con-
siderations.

The carbonatite magmas forming group 1 pyr-
oxene sgvite/silicosgvite were characterized by
low MgCO; activity and high alkali carbonate
activities. There are, however, no petrographic
indications of the earlier presence of alkali carbo-
nate minerals in these carbonatites (Andersen,
1988), nor have such minerals been formed in the
C, metasomatic zones. This suggests that the sta-
bility limit of nyerereite—fairchildite s.s. was never
overstepped by these carbonatite magmas, and
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supports the conclusion of Andersen (1988) that
the pyroxene sgvite intrusions crystallized from
‘peralkaline calcite carbonatite magmas’. Again,
it should be noted that the activity conditions of
the A, protolith and the C, metasomatic mineral
assemblage are indistinguishable in this projec-
tion, hence the group 1 magma-field will overlap
with the protolith/C, field in Fig. 12b. The group
2 (and group 3) carbonatite magmas have induced
a shift towards higher ay,co, and (possibly) lower
ag,co,, from an A, protolith. The magma field
must therefore be situated to the high ay,co,-low
ax,co, side of the C, field in the diagram. Among
these carbonatites, the dolomite carbonatites
must have crystallized from magmas with higher
MgCO; activity. The topology of the diagram also
suggests a higher relative level of ag o, in the
dolomite carbonatite magmas (Fig. 12b).
Resorbed dolomite crystals in some group 2
spvites suggest that some batches of calcite carbo-
natite magma have evolved from dolomite-satu-
ration to undersaturation at some stage of their
crystallization history. The carbonatite magmas
involved in C, metasomatism have lost part of
their Mg-content in order to transform feldspar
to phlogopite along the intrusive contact. In some,
initially dolomite-saturated calcite carbonatite
magmas, this Mg-loss may have been sufficient
to destabilize dolomite as a liquidus phase.

The low mg-value of the primary carbonates
of ferrocarbonatite imply that these rocks formed
from magmas characterized by an elevated agco,,
which makes Fig. 12 incomplete as a represen-
tation of these melts. However, the absence of
reactions between group 3 ferrocarbonatite
intrusions and the C, silicate mineral assemblage
suggests that the magma forming these dykes and
veins would have magnesium and alkali carbonate
activity levels comparable to those of the group
2 dolomite carbonatite magma.

To induce a shift from group 2 dolomite carbo-
natite conditions into the C,-field, the group 4
ferrocarbonatite magma must have been charac-
terized by a low level of K,COs-activity compared
to other carbonatite magmas at Fen (Fig. 12b).
The intimate association of this ferrocarbonatite
with mafic silicate rocks related to damtjernite
(Andersen and Qvale, 1986) suggests a close
genetic relationship between these two rock-
types, most probably by liquid immiscibility at a
shallow level in the crust (cf. Hay, 1978; Treiman
and Essene, 1985). Recent experimental findings
suggest that the pertinent carbonatite + silicate
two-liquid field extends to alkali-free, Ca—Mg—Fe-
dominated carbonatite compositions, which
would be equivalent to the Fen group 4 ferro-
carbonatite (Kjarsgaard and Hamilton, 1988).
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Implications

Several recent studies have demonstrated the
importance of liquid immiscibility, fractional crys-
tallization and wall-rock contamination processes
for the evolution of carbonatite magma in the Fen
complex (e.g. Mitchell and Brunfelt, 1975;
Andersen 1987a; Andersen and Sundvoll, 1987,
Andersen and Taylor, 1988). The present results
suggest that group 3 ferrocarbonatite and group
2 spvite/dolomite carbonatite have comparable
MgCO; and K,CO; activity levels; these carbona-
tite groups are also indistinguishable in trace ele-
ment and isotopic compositions (Andersen,
1987a; see Table 1, above). These findings may
imply that these two groups of carbonatites are
cogenetic. On the other hand, neither the per-
alkaline calcite carbonatite magma forming the
group 1 pyroxene s@vite/silicosgvite, nor the
group 4 ferrocarbonatite magma have component
activity characteristics compatible with a status
as derivatives or precursors for any of the other
carbonatite magmas which evolved in the Fen
complex. Both geological observations and geo-
chemical and mineralogical data suggest that
these carbonatites are the products of local trends
of magmatic evolution, related to spatially asso-
ciated silicate intrusives (ijolitic rocks and nephe-
line syenite for group 1, damtjernite for group
4), rather than to a common primitive carbonatite
magma (Andersen and Qvale, 1986; Andersen,
1986, 19874, 1988).

It has repeatedly been suggested that a wide
spectrum of derivative carbonatite magmas may
evolve from a common ‘primitive carbonatite
magma’ which may be either an alkali carbonatite
magma (Le Bas, 1987) or a less alkaline, magne-
sium-bearing sgvite magma (Twyman and Gittins,
1987). The existence of semi-independent, local
carbonatite-forming trends of magmatic evolu-
tion, as seen in the Fen complex, effectively con-
tradicts the idea of such a unique ‘primitive
carbonatite magma’, regardless of its assumed
composition. Rather, the origin of carbonatite
magmas should be sought among their spatially
and temporally associated igneous silicate rocks.

Conclusions

The present study has shown that contact meta-
somatism associated with carbonatite magmas in
the Fen complex include several different pro-
cesses, each inducing its characteristic mineral
reactions at the magma to wall-rock interface. It
is possible to relate the contact metasomatic pro-
cesses observed to relative activity levels of
important carbonate components in the carbona-
tite magma. For this purpose, carbonatite
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magmas can be regarded as mixtures of the
components CaCO;-MgCO;-FeCO;-K,CO5—
Na2CO3.

Among the contact metasomatic processes
alkali metasomatism or contact fenitization s.s. is
related to pyroxene sgvite only. This rock-type
originated from low MgCQ;-activity calcite carbo-
natite magma with high K,CO; and Na,CO,
activities. Phlogopite- and/or amphibole-bearing
sgvite and dolomite carbonatite induced magne-
sium metasomatism in their wallrocks. These car-
bonatites crystallized from melts with higher
MgCO; activity, some of which were dolomite
saturated. A high FeCO; carbonatite magma,
forming granular, silicate-poor ferrocarbonatite
was apparently similar to the former in ax,co, and
amgco,> and was probably cogenetic with them.

The heterogeneous ferrocarbonatite in the eas-
tern part of the Fen complex has caused hydration
and leaching of alkalis at its contact. This magma
had an elevated ag.co,, and was dolomite-satur-
ated and characterized by low alkali carbonate
activity.

The present findings show that the metasomatic
processes induced by carbonatite magmas are
diverse, fenitization being one among many, and
that they can convey important information on
the characteristics and evolution of the carbona-
tite magmas. In the Fen complex, no single carbo-
natite magma can have been parent to all of the
other carbonatite magmas which formed during
evolution of the complex. This questions the vali-
dity of the concept of a unique ‘primitive carbona-
tite magma’, whatever composition is assumed for
that hypothetic liquid, and suggests that the gen-
esis of carbonatite magmas of different compo-
sition should be related to different associated
silicate magmas, rather than to a single carbona-
tite precursor.
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