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Abstract. Fenites associated with alkaline igneous rocks
show a progression from a high temperature assemblage
consisting of sodium-rich alkali feldspar+a sodium-iron-
rich mafic mineral, to an extreme end member assemblage
consisting of pure potassium feldspar +iron oxide. The lat-
ter assemblage is only found in association with low temper-
ature carbonatites. Segments of this distribution trend can
be found in the contact aureole of single intrusive centers.

In the east African Kisingiri nephelinite volcano, ijolite
intruded a granodioritic basement, producing a fenitized
contact aureole. During metasomatism of granodiorite, ac-
cording to the mass balance model of Rubie (1982), feldspar
only participated in an alkali exchange reaction, while
quartz was replaced by sodic pyroxene. Outward from the
intrusive contact, with decreasing temperature, feldspar be-
came progressively K-enriched, while pyroxene was en-
riched in the acmite component. It is predicted that alkali-
exchange reactions were controlled by NaCl®—KCI® aque-
ous complexes close to the intrusive contact, while further
out in the aureole Na* — K™ ions dominated at the lower
temperatures and enhanced the level of potassium metaso-
matism of feldspar. With decreasing temperature in the au-
reole, the K/Na ratio of the fluid decreased and conse-
quently the activity of acmite increased.

Around carbonatites, where the level of CO, in the es-
caping fluid can be expected to be high, Na,CO$—K,CO}
complexes may dominate. Alkali exchange between feldspar
and these aqueous species enhances, even further, the stabi-
lization of pure potassium feldspar. Boiling may also play
an important role in potassium metasomatism as carbona-
tites are frequently associated with pyroclastic rocks. For-
mation of hematite instead of sodic pyroxene may be attrib-
uted to low ag;q,, high ap.2+ and a CO,-rich fluid.

Important variables which determine the products of
alkali metasomatism are shown to be temperature, pressure
and CO, content of the fluid, as well as the K/Na ratio
of the fluid.

Introduction

Fenitization is a process of alkali metasomatism that occurs
around intrusions of ijolite, nepheline syenite, carbonatite,
and related rock types (Heinrich 1966; Le Bas 1977). The
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process characteristically involves a loss or replacement of
quartz, growth of sodic pyroxene and/or sodic amphibole,
and growth or recrystallization of alkali feldspar. The addi-
tion of alkalis is important, and one of the main variables
of fenitization is the final Na/K ratio of the metasomatic
assemblage. Classification schemes for fenites are usually
based on this ratio. Because the feldspar phase can range
from albite through perthite to K-feldspar, such terms as
“ultrasodic’, ‘sodipotassic’, and ‘ultrapotassic’ have been
introduced (Siemiatkowska and Martin 1975; Vartiainen
and Woolley 1976; Woolley 1982). Within such a classifica-
tion scheme there is a systematic variation in the composi-
tion of sodic pyroxene. Aegirine-augite is generally asso-
ciated with sodium-rich perthite, and aegirine with potassic
feldspar or relict feldspar (Sutherland 1969; Rubic 1971;
Vartiainen and Woolley 1976; Rubie and Le Bas 1977a).
A summary of the main fenite types is given in Fig. 1. This
is not interded to be comprehensive and, for example, it
excludes albitite found adjacent to some carbonatites (Den-
aeyer 1966; Le Bas 1981).

Previous workers have usually discussed the relation be-
tween fenite types in terms of source of metasomatizing
fluids (e.g. ijolite or carbonatite), temperature, and compo-
sition and fractionation of the magma or fluid. We follow
with a brief summary of these ideas.

Potassic fenite, consisting of K-feldspar and iron oxide,
is the only type that is commonly exclusive to one fluid
source (Fig. 1). It is only found associated with carbonatite
and indeed is probably the most common product of meta-
somatism around such intrusions (Le Bas 1977, pp 273-
275; Le Bas 1981). More sodic fenites are apparently identi-
cal whether associated with ijolite or carbonatite (Fig. 1),
but are more common around the former. Assuming that
carbonatite forms by immiscibility from an ijolitic magma
(Freestone and Hamilton 1980), a coexisting supercritical
fluid phase, initially in equilibrium with both melt fractions,
would be expected to produce comparable metasomatism
around both intrusion types. Long after melt separation
however, the respective fluids would be expected to have
evolved in different directions, depending on fractionation
trends in the two types of melt. The development of potassic
fenite seems to be the main evidence, presently available,
that this may occur.

Various workers have suggested the temperature-depen-
dence of fenite type (Fig. 1). Such proposals have sometimes
been based on position in a thermal aureole and on experi-
mental data. Sutherland (1969) and Rubie and Le Bas
(1977a) proposed that aegirine forms in a low temperature
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Fig. 1. A summary of mineralogical variations in fenites commonly
associated with ijolite, nepheline syenite and carbonatite. Potassic
fenites are exclusive to carbonatites. Possible relationships between
the types, on the basis of temperature and/or evolving fluid, have
been previously suggested (see text)

assemblage and aegirine-augite in a high temperature as-
semblage. Rubie and Le Bas (1977a), Siemiatkowska and
Martin (1975) and Rubie (1982) suggested that the feldspar
compositions of Fig. 1 are related to temperature, with sodi-
um-rich perthites favoured by high temperature and K-feld-
spar by low temperature. Also, Heinrich and Moore (1969)
have proposed a low-temperature origin for potassic fenite.

The dependence of fenite type on late changes in compo-
sition of the fluid or magma is a further possibility. Siemiat-
kowska and Martin (1975) suggested that sodic pyroxene
is absent in potassic fenites due to a late increase in the
K/Na ratio in the fluid. More recently, Woolley (1982) con-
cluded that evolution of carbonatite magma by the loss
of Na during early fenitization leads to potassic metasoma-
tism.

Finally, spatial and temporal relationships between
fenite types have been recognized. Potassic fenites are
thought to characterize high structural levels of carbonatite
complexes, with sodic types forming at deep levels (Le Bas
1977, p. 275; Woolley 1982). If different fenite types coexist
at the same level, sodic fenites were generally early and
evolved into later potassic varieties (Woolley 1969; 1982).

Our purpose in this paper is to assess the importance
of temperature, pressure, fluid composition, fluid source,
and fluid evolution in fenitization. To start, we examine
the effect of temperature by considering feldspar-pyroxene-
fluid equilibria along a temperature gradient in fenites adja-
cent to the Sagurume ijolite intrusion at Kisingiri, western
Kenya.

The Sagurume Fenites

The Kisingiri nephelinite volcano is situated in the west
Kenyan alkaline igneous province (Le Bas 1977). Pre-volca-
nic intrusions of ijolite, nepheline syenite and carbonatite
were emplaced in a Precambrian basement of granodiorite
and granite, and are now partly exposed in the deeply
eroded core of the volcano (McCall 1958; Rubie and Le
Bas 1977a, b; Rubie 1982). The basement was fenitized
around the intrusions, and a particularly well developed
metasomatic aureole, 450 m wide, occurs around one of
the intrusions, the Sagurume ijolite complex. During feniti-
zation at Sagurume, quartz was replaced by sodic pyroxene,
oligoclase by albite, and microcline by orthoclase (Rubie
1971). Within 150-200 m of the intrusion, feldspar recrys-
tallized as perthite. Sodic amphibole developed mainly in
rocks originally containing hornblende. Four gradational
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Fig. 2. Molar norms of fenites and unaltered granodiorites calcu-
lated from the whole rock analyses of Rubie (1982) in terms of
acmite + diopside + hedenbergite, quartz and feldspar, plotted
against distance from the intrusive contact. The broken line indi-
cates the approximate trend. See text and Appendix 1 for the meth-
od of calculation. In some cases, normative nepheline is present
and this has been added to feldspar. Filled circles — fenites, filled
squares — granodiorites

zones, concentric to the steep-sided intrusion, have been
mapped in fenitized granodiorite (Rubie and Le Bas 1977a;
Rubie 1982, Fig. 2). The important features of these zones
and their approximate distances from the intrusion margin
are:

Zone I (450 m-250 m): Relict quartz and feldspar.

Zone II (250 m—160 m): Relict feldspar, all quartz replaced.
Zone II (160 m—90 m): No relics, mylonitic textures, perth-
ite + aegirine-augite.

Zone IV (90 m—0 m): Recrystallized mylonites, perthite+
aegirine-augite; increasingly leucocratic towards the
contact.

Small traces of nepheline have been identified in some
samples from Zones IIT and IV (Rubie and Le Bas 1977a).
Its occurrence in these zones 1s by no means ubiquitous,
and because its relationships with the other phases are un-
certain its presence is not considered in this paper.

The fenites of Zones III and IV are cut by later veins
of alkali feldspar+sodic pyroxene (Rubie and Le Bas
1977a), and these are of interest regarding possible fluid
and/or temperature evolution.

Mass transfer and volume change during fenitization
at Sagurume have been discussed in detail and quantified
by Rubie (1982). According to his model, fenitization oc-
curred at approximately constant volume in Zones I-I1I,
but was accompanied by a volume decrease of up to 20%
in ZonelV. Aluminum was approximately constant
throughout, and feldspars only participated in alkali ex-
change reactions. Quartz was replaced by sodic pyroxene
at constant volume in Zones I-1II. Close to the intrusion,



in Zone IV, quartz was removed by dissolution and trans-
port of SiO,(aq) into the magma, creating a volume reduc-
tion and leaving leucocratic rocks enriched in alkali feld-
spar. On the basis of this model, estimates of elements add-
ed and lost, as a function of distance from the intrusion,
have been made by Rubie (1982, Fig. 7) using the following
definitions derived from Gresens (1967):

Ion content of unaltered rocks, C, ,=100 p, X, /M, (1)
TIon content of altered rocks, C, ,=100 £,p. X, /M, 2)

where X, , and X, , are the weight fractions of element
n in the unaltered rock a and in the altered rock b respec-
tively, p, and p, are the respective specific gravities, M,
is the atomic weight of element n, and f,=final volume/
original volume. The units of C,, and C,, are moles/
100 ml and moles/100 ml of original rock, respectively. In
making calculations, it was assumed that the volume change
varied linearly from zero at 90 m from the intrusion, to
—20% at the contact (Rubie 1982).

We have calculated molar norms of fenite and granodio-
rite samples in terms of feldspar, quartz and acmite + heden-
bergite + diopside components using C,, , and C, , of Egs. 1
and 2 and the analyses of Rubie (1982, Table 1). The results
of these calculations, plotted against distance from the
contact, are presented in Fig. 2, and provide an approxi-
mate indication of materials added and subtracted during
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metasomatism in terms of the above components. The norm
calculation, detailed in Appendix 1, gives results compara-
ble with modal compositions for all the fenites except for
those rich in amphibole, and these have been omitted
(Rubie 1982, Table 1, analyses 6 and 7).

Mineral Chemistry

Electron microprobe analyses of pyroxenes and feldspars
have been made using an ARL SEMQ wavelength dispersal
system. 15 KV accelerating voltage was used and data were
corrected by ZAF procedures.

Representative analyses of sodic pyroxenes from fenites
and veins at various distances from the intrusive contact,
and from pyroxenite/micro-ijolite at the contact are given
in Table 1. Mole fractions of diopside, hedenbergite and
acmite, calculated from Mg, Fe?* and Fe®™ respectively,
form between 92% and 97% of these pyroxenes, and are
plotted against distance from the intrusion contact in Fig. 3.
In the fenites, pyroxenes become increasingly enriched in
acmite with distance from the contact, as previously re-
ported from partial chemical analyses and optical data
(Rubie and Le Bas 1977a, Fig. 5.11). The broad spread
of analyses in the sample at 245 m (RR1) may be due to
a nearby microijolite dyke complicating the history of this
rock.

Table 1. Representative microprobe analyses of pyroxenes from fenites and pyroxenite/microijolite at Sagurume

Fenites Pyroxenite/
Microijolite

Zone IV Zone I1I Zone 11 Veins

RR32 RR16 RR482 RR6 RR1 RR482 RR6 RR39 RR39
Distance: 0m 30 m 100 m 150 m 245 m 100 m 150 m (core) (rim)
Si0, 51.16 51.74 51.68 52.25 52.04 51.53 50.84 51.17 51.30
TiO, 0.25 0.30 0.18 0.37 0.59 0.26 0.38 0.67 0.45
Al,O4 0.71 1.02 0.55 0.68 1.02 0.84 0.83 1.34 0.96
Fe, 04 3.94 4.58 10.17 12.81 12.85 14.29 14.70 3.12 4.53
FeO 11.40 3.80 6.69 7.18 4.20 5.31 10.65 8.19 9.92
MnO 0.59 0.41 0.60 0.56 0.39 0.70 0.59 0.28 0.36
MgO 8.50 9.68 7.68 5.96 7.34 6.17 2.80 11.21 9.32
CaO 21.22 21.03 17.30 14.80 13.99 14.24 13.11 23.02 21.43
Na,O 1.60 1.98 4.08 5.36 5.61 5.77 6.01 1.21 1.76
X,0 n.d. 0.01 0.03 0.02 n.d. n.d. n.d. n.d. 0.03
Total 99.37 99.55 98.96 99.99 98.03 99.11 99.91 100.21 100.06
Si 1.973 1.969 1.985 1.998 2.002 1.979 1.985 1.923 1.952
ATY 0.027 0.031 0.015 0.002 - 0.021 0.015 0.059 0.043
2TV 2.000 2.000 2.000 2.000 2.002 2.000 2.000 1.982 1.995
AV! 0.005 0.015 0.010 0.029 0.046 0.017 0.023 - -
Ti 0.007 0.009 0.005 0.011 0.017 0.007 0.011 0.019 0.013
Fe3* 0.114 0.131 0.294 0.369 0.372 0.413 0.432 0.088 0.130
Fe*™ 0.368 0.280 0.215 0.229 0.135 0.171 0.348 0.258 0.316
Mn 0.019 0.013 0.020 0.018 0.013 0.023 0.020 0.009 0.012
Mg 0.489 0.549 0.440 0.340 0.421 0.354 0.163 0.628 0.529
2M1 1.002 0.997 0.984 0.996 1.004 0.985 0.997 1.002 1.000
Ca 0.887 0.857 0.712 0.606 0.577 0.586 0.548 0.927 0.874
Na 0.120 0.146 0.304 0.397 0.418 0.430 0.455 0.088 0.130
M2 0.997 1.003 1.016 1.003 0.995 1.016 1.003 1.015 1.004
0 5.992 5.992 5.996 6.009 6.016 5.997 6.004 5.972 5.985

To estimate Fe?* and Fe®", cations have been calculated to a total of 4, Al'! has been added to Na to form a jadeite componerit,
and Fe has been allocated to the remaining Na as Fe3* to form acmite.

Distance = Distance from margin of intrusion in metres. n.d. =not detected
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Bulk compositional data for feldspars in fenites and
granodiorites, obtained from partial analyses of feldspar
separates (Rubie 1971) and from electron microprobe scans
over perthite and cryptoperthite grains, are plotted as mole
fraction of orthoclase component (X,,) against distance
from the contact, in Fig. 4. Up to 160 m from the contact,
Xo, Increases with distance from the intrusion. These are
compositions that equilibrated during fenitization. Beyond
160 m, relict feldspar becomes increasingly abundant and
compositions approach those of the original granodiorite.
Overall, there was an enrichment of potassium in the feld-
spars during fenitization.

Thermal Gradient in the Sagurume Aureole

It is useful to make a semi-quantitative estimate of the tem-
perature gradient in the Sagurume aureole during fenitiza-
tion for use in subsequent sections on solid-fluid equilibria.
Although the following estimates are not very reliable, they
do give an indication of relative temperatures. Close to
the ijolite contact, the average perthite bulk composition
in fenite is X, =0.36. This allows a minimum temperature
of 640-660° C to be estimated from the alkali feldspar
solvus (Parsons 1978). Because there is no evidence of
melting of the originally granitic rocks at the contact, an
upper limit of 770° C is given by the wet granite melting
solidus (Tuttle and Bowen 1958), assuming Py o =500 bars
(based on the height of the pre-volcanic dome at Kisingiri,
Le Bas 1977, p. 42). A temperature of 715(£50)° C is
assumed. Beyond 180 m to 200 m from the contact, alkali
feldspar crystallized in the two-phase region. Perthites, of
composition X,,=0.56, 150 m from the contact, must have
formed close to the solvus, and give a temperature estimate
of 610(+20)° C (Parsons 1978). For comparison, tempera-
tures of 710° C at the contact, and 620° C at 150 m from
the contact have been estimated using heat flow modelling
for a syenitic intrusion 1.5 km thick, with a magmatic tem-
perature of 900° C (Jaeger 1957; Winkler 1979).

Fenitization Around Tjolite

Here we consider processes and equilibria to explain the
main features of the Sagurume fenites, but which are also
applicable to fenitization around ijolites and nepheline
syenites in general. Our arguments are based on the follow-
ing assumptions: (1) Fenitization was caused by a supercrit-
ical aqueous CO,-poor fluid phase, originating from the
ijolite magma (Rankin and Le Bas 1973). (2) The principal
cation in the fluid was Cl™. Although Siemiatkowska and
Martin (1975) argued against the necessity of Cl~ and pro-
posed complexing of the Na—Fe** —OH type, Cl~ was
certainly present as indicated by analyses of fluid inclusions
in alkaline rocks (Sobolev etal. 1974; Le Bas 1981,
Table IV). In a following section we also consider the effect
of CO2~ in the fluid. (3) By accepting the volume change
model of Rubie (1982), we assume immobile aluminum and
therefore constant feldspar (Fig. 2). Whereas such an as-
sumption may be valid for fenitization of granitic rocks,
it is certainly not valid when the original rock was quartzite
(Deans et al. 1972; Appleyard and Woolley 1979), presum-
ably owing to high gradients in Al activity. (4) We assume
that the ratios of activity coefficients ygco/Ynacie and yg+/
Yna+ ©qual unity in an ion pair model (see Appendix 2;
Poty et al. 1974, p. 738 and Helgeson et al. 1978, p. 141
for a discussion of activity coefficient bases, activity coeffi-
cients and associated errors).

The main features of the Sagurume fenites that we wish
to explain are: (1) Removal of quartz from rocks close
to the intrusion to give the negative volume change. (2)
Replacement of quartz by sodic pyroxene at constant vol-
ume beyond ~90 m from the intrusion. (3) The increase
in the acmite component of pyroxene with distance from
the intrusion. (4) The increase in the orthoclase component
of feldspar with distance from the intrusion.

We consider reactions between quartz, the components
orthoclase, albite and acmite and the aqueous species
NaCl°, KCI°, HCI, H,0, and SiO,. We will also include
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the aqueous species Na*, K*, Na,CO$ and K,COS in fol-
lowing sections. A summary of reactions and mass transfer
in fenites close to the contact, and distant from the contact,
is given in Figs. Sa and b respectively, and is discussed
below. Rocks containing sodic amphibole and biotite are
not considered here as they are in a minority at Sagurume
and their presence probably depends on bulk composition
(Rubie and Le Bas 1977a). In terms of parageneses, this
restricts us to two of the six assemblages described in east
African fenites by Sutherland (1969).

Pyroxene Stability
The stability of acmite can be described by the reaction

2H,0+Na™ +Fe** +285i0,(aq)
=4H" 4+ NaFeSi,O(pyx) 3)

and similar reactions can be written for diopside and heden-
bergite components.

The stability of pyroxene can be related to an evolving
ag0, gradient in the fenites. The activity of silica was pre-
sumably buffered in the fenites by two reactions at some
stage during their metasomatic evolution:

(1) In rocks containing relict quartz by the reaction

$i0,(Qz) — Si0,(aq). @)

(2) At the fenite-ijolite contact, while nepheline crystallized
from the melt, by the equilibrium:

NaAlSi;O4(Fsp)==NaAlSiO,(Ne)+ SiO,(aq). )

In the early stages of melt fractionation, nepheline was not
a stable phase (Rubie and Le Bas 1977a) and presumably
ag,0, at the intrusion margin was buffered by the magma
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at a lower value than that defined by reaction (5). A low
dgi0, 1s expected to have caused the rapid dissolution of
quartz and transport of SiO,(aq) into the magma (Fig. 5a)
without pyroxene crystallization by reaction (3). As a result,
the fenites close to the contact underwent a volume decrease
and became enriched in modal feldspar (Rubie 1982). With
increasing distance from the intrusion, a5, must have in-
creased up a gradient towards a value defined by reaction
(4); at some point along this gradient pyroxene was stable
and crystallized. The formation of acmite by the replace-
ment of quartz at constant volume (Fig. 5b) can be approxi-
mately represented by

2H,0+Na* +Fe®* +38i0,(Q2)
—4H™* 4+ NaFeSi,04(Pyx) + SiO,(aq). (6)

Close to the intrusion margin, agq, in fenites must have
increased with time, both due to melt fractionation and
due to transport of SiO,(aq) from the outer parts of the
fenite aureole. Consequently pyroxene eventually became
stable in these fenites but only crystallized in small modal
amounts due to the earlier removal of quartz and the vol-
ume decrease.

The sodium content of the fluid increased away from
the intrusion due to feldspar-fluid exchange reactions which
are described later in detail. The increase in the acmite
content of pyroxene, with increasing distance from the in-
trusion (Fig. 3), is most likely due to this gradient in the
fluid composition because, from reactions 3 and 6, the ac-
tivity of acmite increases as ay,+ increases, provided Fe**
is available. The temperature dependence of the equilibrium
constants for reactions 3 and 6 is probably also important,
but there are at present no experimental data.

A further factor may be fluid evolution. Pyroxene com-
positions from pyroxenite and microjolite in the intrusion
show an increase in acmite content from core to rim (Ta-
ble 1; Fig. 3), indicating increasing ay,+ and ag.+, com-
pared with a2+ and ag.2+ during early magma fractiona-
tion. A similar trend has been reported in the Napak ijolite
by Tyler and King (1967). No systematic zoning has been
found in the pyroxenes from Sagurume fenites, however.

Feldspar-Fluid Equilibria

As shown by Fig. 4, feldspars were affected by a reaction
of the type

NaAlSi;O4(Fsp) + K-complex(aq)
— KAISi;O4(Fsp)+ Na-complex(aq). @)

The equilibrium constant for such a reaction is strongly
temperature-dependent (Orville 1962, 1963; Lagache and
Weisbrod 1977). It has already been suggested that the
trend of Fig. 4 is a consequence of the thermal gradient
(Rubie 1971; Rubie and Le Bas 1977a; Rubie 1982).

Values of [KCI%/[NaCl’] in an aqueous, CO,-absent
fluid in equilibrium with an alkali feldspar of molar compo-
sition Xy, as a function of temperature, have been derived
from the data of Lagache and Weisbrod (1977) for the
reaction

NaAlSi;O4(Fsp) + KClI°(aq)
=KAISi,O4(Fsp) + NaCl°(aq). (8)
The calculations are based on the conclusion that the exper-

imental data of Lagache and Weisbrod (1977) was obtained
over a range of conditions at which the associated species
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and Le Bas (1973, 1974) and the composition of natrocarbonatite
(NC) is also plotted (Dawson 1962; Du Bois et al. 1963). Filled
circles show [K,CO9)/[Na,COY] values at 600° C with coexisting
Xo, values (calculated from data of Tiyama 1965). Crosses: feldspar
compositions from Sagurume, plotted at the estimated tempera-
tures of formation

[¢]

KCl1%aq) and NaCl°(aq) predominate over the dissociated
species K*(aq) and Na*(aq) (see Appendix 2). Values of
[KC1°}/[NaCl9] are plotted in Fig. 6 for X, between 0.05
and 0.95, and are independent of pressure at supercritical
conditions up to 2 kbar. The range of fluid compositions
from fluid inclusions in east African ijolites and carbona-
tites, reported by Rankin and Le Bas (1973, 1974), are also
shown in Fig. 6.

For a fluid of fixed composition, the K-feldspar content
of the coexisting feldspar, X, , generally increases with de-
creasing temperature. A fluid with [KCl1%)/[NaCI®|=0.3 is
in equilibrium with a feldspar of composition X,,=0.2 at
700° C and X,5,=0.95 at 350° C.

Two feldspar compositions from the Sagurume fenites,
at 0 m and 150 m from the contact, are plotted on Fig. 6
at their previously estimated temperatures of formation.
The corresponding fluid composition for the fenite at 0 m
falls within the range of ijolite fluid-inclusion compositions
reported by Rankin and Le Bas (1973, 1974). The plots
show a compositional gradient in the fluid, with [KC1%)/
[NaCl°] decreasing away from the intrusion as a result of
the exchange reaction with feldspar. Although the tempera-
ture estimates have large uncertainties, this gradient must
have existed provided that the lower temperature was close
to the solvus. The gradient suggests slow-moving fluids with
mass transfer predominantly by diffusion, after an initial
infiltration stage.

Figure 6 can explain the growth of late-stage albite in
fenites adjacent to nepheline syenite intrusions at Kisingiri.
The main feldspar is perthite (Xo,=0.54 or higher) and
lower temperatures have been inferred than for the fenites
at Sagurume (Rubie and Le Bas 1977a; Rubie 1982). Fig-
ure 6 shows that, below 550-600° C, a very small change

in fluid composition can shift the feldspar composition from
high X,,, across the solvus to low X,,. For example, at
500° C, Xo, can change from 0.75 to 0.07 with a slight
decrease in [KCI®]/[NaCl°]. A small temperature increase
would have a similar effect.

Dissociation of NaCl and KCI

Here we calculate the effect on alkali partitioning if
Na*(aq) and K*(aq) predominate over NaCl°aq) and
KC1%aq) in the fluid, by the reaction

NaAlSi;Og(Fsp)+K*(aq)

=KAISi;O4(Fsp)+Na*(aq). 9
Subtracting Eq. (8) from Eq. (9) gives
K *(aq)+ NaCl°(aq)=Na*(aq) + KCI°(aq). (10)

Because [K "]/[Na™]=[KCI°|/K ;,[NaCl’], where K, is
the equilibrium constant for reaction (10), this ratio can
be calculated from the values of [KCI°]/[NaCl°] of Fig. 6
if K40 is known. K; o) = Kn,a/ Kk, where Ky, and Ky
are the dissociation constants for NaCl and KCl respective-
ly. We have derived values of K, between 300° C and
700° C at Py =1 and 2 kbar from the data of Quist and
Marshall (1968) for Ky,q and the data of Franck (1956,
1961) and Ritzert and Franck (1968) for Kgq. Values of
Log Kynaar> Log Kge and Ky, ) are listed in Table 2. Because
there are large differences between the K, data of Franck
(1956, 1961) and Ritzert and Franck (1968), we have calcu-
lated two possible sets of K4, data. According to both
sets, [K*]/[Na*] is lower than [KCI®]/[NaCI°], except at
high temperatures (>600° C) at Py,o=1 kbar. The differ-
ence is particularly pronounced at low temperature. Much
lower values of [K "]/[Na*] are predicted by using the Ky
data of Ritzert and Franck (1968) than by using Franck’s
data. We therefore primarily use the data of Franck and
treat the predictions as a limiting case.

In Fig. 7, [K*]/[Na*] in the supercritical fluid phase
is plotted against temperature for Py,o=1 and 2 kbar, for
three values of X,. Py,o can be seen to be an important
variable, and for a particular fluid composition, with in-
creasing pressure, the coexisting feldspar becomes more po-
tassic. The data therefore show that, under conditions at
which the dissociated species predominate, high Py, fa-
vours potassium metasomatism.

Using the Ky data of Ritzert and Franck (1968) our
conclusions are similar, but the predicted effect of dissocia-
tion is more extreme, especially at low temperatures. At
400° C and 2 kbar, the fluid in equilibrium with K-feldspar
(Xo,=0.95) has the predicted composition [K*]/[Na*]=
0.007, which is an order of magnitude less than the value
of Fig. 7.

Gunter and Eugster (1980) and Eugster and Gunter
(1981) showed that NaCl and KCl become increasingly dis-
sociated with decreasing temperature, decreasing total mo-
lality and increasing Py_q. The equivalence point for a par-
ticular cation is defined by

[KCI°]=[K*] or [NaCl’]=[Na‘].

The equivalence point for the dominant cation is easily
calculated when its concentration is much greater than that
of the other cations. At the equivalence point for NaCl,
when (my, ) 1S more than 100 times greater than (mg),,,

[NaClo]=[Na*]~[Cl™].
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Table 2a. Dissociation constants Ky, and K¢ at Py,o=1 kbar and 2 kbar

Py,0=1kbar Py,0=2 kbar
300° C 400° C 500° C 600° C 700° C 300° C 400° C 500° C 600° C 700° C
Log Knaa 0.45* —0.82 —-2.12 —3.67 —5.30* 0.57* —0.25 —1.07 —1.86 —2.65
Log Kgai(A) —1.90 —2.15 —2.60 —3.042 —3.49* —1.83 —2.05 —2.25 —2.53 —2.77
Log Kxci(B) —0.65* —1.25® —2.25 —3.62° —5.10° —0.572 —1.15% —1.70 —2.32 —2.76
K. from Quist and Marshall (1968) — K (A) from Ritzert and Franck (1968) — K¢ (B) from Franck (1956, 1961)
* Extrapolated by eye beyond the range of experimental conditions
Table 2b. Values of the equilibrium constant K, oy=Ky,c1/Kxcr at Py,o=1 kbar and 2 kbar
Py,0=1 kbar Py,0=2 kbar
300° C 400° C 500° C 600° C 700° C 300° C 400° C 500° C 600° C 700° C
Ki10)(A) 224 21.4 3.02 0.234 0.0155 251 63.1 151 4.68 1.32
K(10)(B) C 126 2.69 1.35 0.891 0.631 13.8 7.94 423 2.88 1.29
10 r T .\ r r r
1.6fF —PH20= B \ __-; :er -
— = Py, =2kbar o.8r Eret ENaCl r ]
14k i i
5 06 \ ASSOCIATED '
1.2} < 1 >DISSOCIATED _
g \ SPECIES
ok ~ o4t \ 4
(K" osh 0.2k DISSOCIATED i
(Na") >ASSOCIATED
SPECIES _
~
0.6} . —_—

0.4

4 1JOLITE

0.2F

—8—— CARBONATITE
z
(2]

300 4(’)0 500 G(‘)O 760

TEMPERATURE T(°C)

Fig. 7. [K"]/[Na™] for a fluid in equilibrium with alkali feldspar,
plotted against temperature for Py,o=1 and 2 kbar (calculated
from data of Lagache and Weisbrod 1977 and the dissociation
constants Ky,q and Kgq(B) listed in Table 2a), and contoured
for feldspar composition (X,,). Fluid inclusion and natrocarbona-
tite data are as for Fig. 6 '

From the total molality equation,
(Mo = [NaClo] +[C1 7]+ [KCI°]
and

(M)t ¥ 2Knaa  (Gunter and Eugster 1980).

We have calculated equivalence points as a function of tem-
perature and total chloride molality at Py o=1 and 2 kbar,
with both Na and K as the dominant cation (Fig. 8). The
tendency for dissociation to increase with pressure is shown
in Fig. 8; however this effect becomes less pronounced at
low temperatures as shown by the 1 and 2 kbar curves.
If Na is the dominant cation, as is probably the case in

200 300 400 500 600 700
TEMPERATURE T(°C)

Fig. 8. The dependence of the equivalence points ey, and egxq

on total chloride molality (mg),, and temperature at Py =1 and

2 kbar (calculated from dissociation constants Ky, and Kg(B)

listed in Table 2a)

fluids associated with carbonatites and alkaline rocks
(Rankin and Le Bas 1974; Sobolev et al. 1974), the disso-
ciated species Na* and Cl~ predominate at temperatures
below ~400° C. Thus, below 400° C it is more appropriate
to use Fig. 7 instead of Fig. 6, when considering partition-
ing between feldspar and fluid. This leads to the conclusion
that K-feldspar is the stable feldspar at low temperatures,
except when mg/my, in the fluid is extremely low. Above
500° C, dissociation is unlikely to be a contributing factor
in feldspar-fluid equilibria.

Veins

Pyroxenes and feldspars have been analyzed in two veins.
The feldspar compositions are indistinguishable from those
of the host rock (Fig. 4), but the pyroxene is enriched in
acmite (Fig. 3, Table 1). A possible interpretation of these
data is that the activities of the species in the fluid from
which the veins were forming were buffered by the pre-
existing feldspar. With decreasing temperature, [KC1°)/
[NaCl19] then decreases (Fig. 6) and consequently the activi-
ty of acmite increases.
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Fenitization Around Carbonatite

Fenitization around some carbonatites is little different
from fenitization around ijolite and nepheline syenite, and
can be described by the reactions of the previous section.
However, in many cases the product of metasomatism is
potassic fenite, typically consisting of K-feldspar and iron
oxide (Fig. 1; Le Bas 1981). We wish to explain the highly
potassic nature of the feldspar alteration, and the formation
of hematite, either by the breakdown of sodic pyroxene
or by direct precipitation.

Feldspar-Fluid Equilibria

Potassium metasomatism around carbonatite can be ex-
plained by low temperatures, at which there is strong parti-
tioning of Na into the fluid and K into feldspar. According
to Fig. 6, K-feldspar with X,,>0.9 is in equilibrium with
a fluid equivalent to an average carbonatite fluid inclusion
composition at 375° C or below if NaCl°(aq) and KCI°(aq)
dominate. However, because the dissociated species
(K*(aq) and Na*(aq) are predicted to be dominant at T'<
400° C (Fig. 8), the true equilibrium feldspar may be even
more potassic {Fig. 7). An example of low temperature po-
tassium metasomatism is found in Yellowstone Park where
oligoclase is being replaced by K-feldspar at 180° C by ex-
change with thermal waters of composition my/my, =0.025
(White 1955). The high sodium content of carbonatitic
fluids, compared with ijolitic fluids (Figs. 6 and 7), could
be the result of exchange reactions with feldspar.

We now consider how the partitioning of Na and K
between feldspar and fluid is affected by: (1) CO,-rich
fluids, and (2) boiling.

CO,-Rich Fluids

Fluid-inclusion data show that fluids associated with crys-
tallizing carbonatites were aqueous and rich in CO,
(Rankin 1975). The presence of CO, in an aqueous fluid
introduces Na,CO5 and K,COj species, e.g.:

2NaCl+H,CO; — Na,CO;+2HCL (11)
For the reaction

2NaAlSi,0 + K,CO0%(aq)
=2KAISi;O5+ Na,CO%(aq). (12)

[K,CO3)/[Na,COY] can be calculated for X, values at
600° C, using the experimental data of Iliyama (1965). If
there were no carbonate complexes but only charged ions
(i.e. K*, Na*, CO% ™, HCOj3), we would expect a K/
Na,,,; in the carbonate solution similar to that predicted
for the univalent ions of the chloride solutions plotted in
Fig. 7. Because this is not the case, we assume that neutral
carbonate aqueous complexes dominate at 600° C and
1 kbar, as do neutral chloride ion pairs. (However, this as-
sumption is subject to uncertainties in the dissociation con-
stant data). Subtracting Eq. (8) from Eq. (12) gives

K,C03+2NaCl°=Na,CO3+2KC1*
The equilibrium constant for this reaction is given by
_ [Na,COJJ[KCI°1?
UHTIK,COYNaCIo?

from the data of liyama (1965, Table 1). Unfortunately no
other data exist to be able to extrapolate K3 to other

(13).

=1.70 at 600° C and 1 kbar

temperatures and pressures. We have calculated [K,CO$)/
[Na,COY] for X, values using previously calculated values
of [KC1°)/[NaCl°] and the results are plotted, for 600° C,
in Fig. 6.

The effect of COZ~ speciation is to strongly partition
Na into the fluid and K into the feldspar, in comparison
with ClI~ speciation. A K-rich feldspar (X, =0.85) can be
in equilibrium with an average carbonatite fluid (mg/my, =
0.2) at temperatures as high as 600° C. These data show
that large amounts of CO, in the fluid phase will promote
potassium metasomatism. Conversely, for jjolite fenitiza-
tion, such as at Sagaurume, fluids must be poor in CO,.
These observations agree with the fluid-inclusion data of
Rankin and Le Bas (1973) and Rankin (1975) regarding
the respective CO, contents of ijolitic and carbonatitic
fluids.

The species SO~ has a similar effect to CO3~ (liyama
1965). Its presence may also contribute to potassium meta-
somatism as it is a significant species in fluid inclusions
in at least some alkaline rocks (Sobolev et al. 1974).

Boiling

Fournier (1976) has shown that the KNa_, exchange ac-
cording to reaction (8) is significantly enhanced when the
fluid phase unmixes to gas brine at subcritical pressures,
the only exception being when the bulk composition is very
rich in potassium. For example, at 600° C and Py o<
180 bars, the most sodic feldspar to form experimentally
was X, = 0.83 in equilibrium with a gas+ brine + salt com-
position of [KCI)/[NaCl] between 0.024 and 0.15. For a
supercritical fluid of this composition, Fig. 6 predicts, in
contrast, a feldspar composition of X, =0.05.

Experimental data of Lagache and Weisbrod (1977)
show a marked reduction in [KCI)/[NaCl] for low total
molalities {< 1 m—2 m). This trend is most apparent at low
pressures, depending on temperature, and is undetectable
at 1,000 bars. They suggested that, with decreasing pressure
and total molality, the fluid composition moves into the
two-phase liquid + vapour region in the NaCl-KCl—-H,0
system, with a resulting change in partitioning. There is
also the possibility that, at low molality, dissociation of
NaCl and KCI produces this effect, but because dissociation
is favoured by high pressure, boiling is more likely in this
case.

Lagache and Weisbrod (1977) discussed high tempera-
ture potassium metasomatism by the mechanism of isother-
mal fluid pressure reduction as a result of the opening of
fractures etc. If the pressure reduction is sufficient, the fluid
unmixes to a gas+brine, and alkali feldspar is enriched
in K relative to its former equilibrium composition. This
mechanism is directly applicable to carbonatite metasoma-
tism. Carbonatite emplacement is usually accompanied by
widespread fracturing, shattering and brecciation of the
basement rocks, and by the formation of both intrusive
and extrusive pyroclastic rocks (Heinrich 1966; Tuttle and
Gittins 1966; Le Bas 1977). The emplacement of highly
potassic trachyte dykes is also characteristic; a fluidization
mechanism has been proposed for their emplacement, as
well as for some of the intrusive pyroclastics (Sutherland
1965; Rubie 1971; Rubie and Le Bas 1977b; Le Bas 1977).
All of these processes are compatible with a rapid reduction
in fluid pressure, which is likely to have led to boiling and
potassium metasomatism.



Acmite/ Hematite Stability

The replacement of acmite by hematite, or the preferential
precipitation of hematite, can be represented by:

2H* +2NaFeSi,04(cpx)
— Fe,05(hem) +2Na* 4-4Si0,(aq) + H,0. (14)

Low ag;o, would favour hematite precipitation but, because
acmite is present in fenites around some carbonatites, this
may not be the only factor. Possible contributions to the
breakdown of acmite are: (1) High ay+ resulting from high
CO, content. (2) High a.:+ leading to hematite saturation.
Le Bas (1977) showed that with fractionation, Fe®*
becomes increasingly abundant in carbonatites, and pre-
sumably this also applies to the associated fluid phase. (3)
Low ay,+ as carbonatites become depleted in alkalis. (4)
Low temperature should not favour hematite over acmite
because hematite and magnetite solubility increase rapidly
as temperature is lowered (Chou and Eugster 1977), and
under some conditions acmite is stable at room temperature
(Milton and Eugster 1959). There are no experimental data
on the subsolidus stability of acmite, but presumably with
low ag, and high ay+, acmite may break down at low
temperature according to reaction (14).

Conclusions

1) Fenitization around ijolites develops at high tempera-
tures in the presence of a CO,-poor fluid phase. Important
factors in determining the resulting feldspar composition
are the mg/my, of the fluid, and temperature. At supercriti-
cal conditions up to 2 kbar, feldspar-fluid equilibria are
independent of fluid pressure at 7> 350-400° C (Lagache
and Weisbrod 1977). With decreasing temperature, K parti-
tions into the feldspar, Na into the fluid, and consequently
coexisting pyroxenes become more acmitic.

2) Carbonatite melts, originating by immiscibility from
silicate melts, can be assumed to originally have a high
alkali content, and their composition is probably close to
that of the Oldoinyo Lengai natrocarbonatite (Le Bas
1981). Because intrusive carbonatites have a very low alkali
content, alkalis are lost during crystallization via the fluid
phase which metasomatizes the surrounding rocks. There
is no compelling reason to suppose that Na is lost via the
fluid at an early stage and K at a late stage, as proposed
by Woolley (1982) to explain different types of metasoma-
tism. The variety of fenite types found around carbonatites
can all be formed by a fluid phase of constant myg/my,,
such as that of the natrocarbonatite. Factors that determine
Na—XK partitioning between feldspar and fluid largely de-
termine the fenite type, and include temperature, pressure,
and CO, content of the fluid.

3) At high temperatures (e.g. >650° C) adjacent to
ijolite and carbonatite, alkali feldspars of intermediate com-
position can form in equilibrium with a fluid. At moderate
to low temperatures, feldspar compositions are either Na-
rich or K-rich, due to the presence of the solvus (Fig. 6).

4) Sodium metasomatism, and the formation of albitite
adjacent to a carbonatite, is favoured by high temperatures
(e.g. >500° C) and a supercritical CO,-poor aqueous fluid,
if the my/my, ratio is typical of carbonatite fluid inclusions.

5) Potassium metasomatism, and the formation of po-
tassic fenite from a fluid with mg/my, typical of carbonatite
fluid inclusions, is favoured by: (a) Low temperature
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(<400-450° C) if the supercritical aqueous fluid is poor
in CO, (Fig. 6). Dissociation of NaCl° and KC1° may make
an important contribution to alkali partitioning under these
conditions, in which case potassium metasomatism is fur-
ther enhanced by increasing pressure (Fig. 7). (b) Tempera-
tures of up to 600° C when the supercritical aqueous fluid
is rich in CO,. (c) High temperatures (e.g. 600° C) and
a rapid reduction in fluid pressure, such that the fluid boils.
In view of the applicability of these factors to metasomatism
around carbonatites, it is hardly surprising that potassic
fenite is so common.

(6) Spatial and temporal variations in fenitization prod-
ucts can be related to 7, P and CO, content of the fluid.
The development of sodic fenite at deep levels and potassic
fenite at shallow levels around an intrusion can be related
to temperature gradients in the thermal aureole. Sequences
of early sodic fenite evolving into later potassic fenite can
be explained by falling temperatures and/or rising levels
of CO, in the fluid and/or a transition from supercritical
to subcritical conditions.

(7) Owing to lack of data on subsolidus acmite stability,
we can only hypothesize on the precipitation of hematite
in place of sodic pyroxene in potassic fenite. Contributing
factors must be low ag;0,, high ag.s+ and ay-, and probably
low temperature. ag.:+ evidently increases in the fluid with
carbonatite fractionation and evolution, and leads at low
temperature to hematite saturation.
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Appendix 1

Molar Norm Calculation

The whole rock analyses of Rubie (1982, Table 1) were re-
calculated using Eq. 1 for granodiorite analyses and Eq. 2
for fenite analyses. The following steps were then followed:
1) Acmite, hedenbergite and diopside components equal
Fe3*, Fe?* and Mg respectively. 2) Anorthite equals excess
Ca remaining after the pyroxene calculation. 3) Total feld-
spar is calculated from Al and previously calculated anorth-
ite. 4) Quartz equals Si remaining after steps 1-3. 5) If
Si is insufficient for steps 1-3, the result of 3 is discarded
and feldspar and nepheline are calculated from the Si and
Al remaining after (2).

Appendix 2

Ion Pairing

There are a number of different choices for our solution
model for the aqueous fluid. Much of the alkali feldspar-
fluid exchange literature (Lagache and Weisbrod 1977;
Thompson and Waldbaum 1968) uses a stoichiometric
model in which the stoichiometric activity coefficients refer
to the total concentration of a specific molecule (i.e. sum
of free and associated ions) in the fluid. Dissociation con-
stants have been measured for NaCl and KCI (Quist and
Marshall 1968; Franck 1956) over the same temperature
and pressure range as data exist for the exchange reactions.
The dissociation constants can be used for formulating an
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Fig. A-1. Composition of the aqueous fluid in equilibrium with

solvus alkali feldspars between 300° C and 600° C at 2 kbar. From

Gunter and Eugster (1980, Fig. 11) and data of Quist and Marshall

(1968) and Ritzert and Franck (1968)

ion pair model in which the activity coefficients are related
to specific free ions (Na*, K ™) or associated ions (NaCl®,
KCI°). The advantage of using a model of ion pairing is
that the activity coefficients (Yxaci®s Prcr®> Vna*s Yx*) VALY
in a simpler fashion than in the stoichiometric model in
which the coexistence of different aqueous species must be
hidden in the activity coefficients (Ynaaotany» Pioran)- W€ have
used the 1on pair model in this paper.

The activity coefficients of the neutral ion pairs vary
similarly in response to decrease of free solvent water be-
cause of take up of H,O into hydration spheres dominantly
forming around charged ions. If the ionic strength of an
aqueous solution is low and ion pairs predominate, then
PNacl® X Ygaie & 1. On the other hand the activity coefficients
of the charged species are much more sensitive to ion-ion
interactions and vary strongly at low ionic strengths (I<
0.5). Consequently the assumption of ideal mixing of ion
pairs can be used safely in P— 7T regions where neutral ion
pairs predominate. Otherwise the ideal behaviour only oc-
curs in dilute solutions.

Unfortunately activity coefficient data only exist at low
temperatures but give a maximum estimate of departure
from ideality because the aqueous solution tends towards
more ideal behaviour with increasing temperature when
mixing is based on the ion pair model. Solutions at 25° C
with 1< 1.0 have yg+,n.+ > 0.6 based on the Debye-Hiickel
and the mean salt methods. Actually the errors contained
in our calculations will be lessened because only ratios of
activity coefficients are considered. Although yg+,n,+ vary
from 06. to 1.0, the ratio yg+/yn.+ only varies from 0.8
to 1 with I<1.

In Fig. A-1, the aqueous solution composition in equi-
librium with a solvus alkali feldspar has been plotted over
a range of temperatures at a pressure of 2 kbar using the
data from Fig. 11 of Gunter and Eugster (1980). Between
300° C and 600° C the ratio of Na*/K " exceeds the NaCl°/
KCI° ratio by a factor which ranges from 10 to 100. Al-
though this difference may be reduced due to the uncer-
tainty of this data as discussed above, it will still remain
significant. If a stoichiometric rather than an ion pair model
was used this difference would have to be taken up in
YNaClgotat)/ Vi Cirorary TESULting in a large departure from 1 for

this ratio, which would rapidly change as the transition

point is approached between charged ion dominance and
neutral ion pair dominance in the aqueous solution.
Lagache and Weisbrod (1977) have shown from experi-
ments on the alkali feldspar-fluid exchange reaction that,
at temperatures from 350° C to 650° C and pressures less

than 2 kbar, Ynagotat/Pketay 15 @ constant for each specific
P and T and is independent of mey e, between 0.5 to
14 molal in alkali chloride aqueous solutions. We interpret
these results to mean that the dominant form of species
did not change over the concentration range investigated.
This conclusion is collaborated in Fig. 8 which shows that,
above 400° C and at pressures less than 2 kbar, the domi-
nant forms of the alkali aqueous species are the ion pairs
NaCl° and KC1°. Consequently My X Mg, Myggoran ¥

Mpacr©» and- yNa(total}/ VK{tmaan’Naa‘f/ Ykee over the P—T
range of their experiments. For this case large errors will
not be introduced by assuming that yn,c/vkc 1S unity.
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