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Abstract

The Loe Shilman carbonatite sheet complex comprises an extensive amphibole sovite which is intruded by
minor biotite sovite and amphibole ankeritic carbonatite. The carbonatites have fenitized the country
rocks to form a metasomatic zone c. 100 m wide of alternating mafic and felsic mica-bearing banded fenites
which grade into slates and phyllites. Phlogopite-rich micas occur nearest to the carbonatite contact. The
biotites occur in K-feldspar + albite 4+ Na-amphibole +aegirine and + phengite fenites produced by the
intrusion of the early amphibole sovite. Aegirine buffered the iron distribution and the biotites became
more magnesian. Veins cross-cutting the fenites consist of biotite and/or Ba-bearing K-feldspar, and are
interpreted to result from solutions emanating from the biotite sovite. The ankeritic carbonatite is
responsible for the formation of phlogopite in the fenites in a ¢. 3 m wide zone adjacent to the carbonatite,
and evidently are the result of fenitizing fluids rich in Mg. Chemical equations calculated to balance the
reactions interpreted to have taken place in the fenites suggest that about 109 of the Al and Si in the
protolith was mobilized and moved towards the carbonatites during fenitization, and that the fenitizing

solutions were strongly alkaline and oxidizing.
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Introduction

CARBONATITES are typically surrounded by
aureoles of metasomatized country rocks. The
country rocks are commonly granites and gneisses
which show various stages of fenitization by the
development of different metasomatic minerals,
usually K and Na feldspars, and the destruction of
original textures. Extensive data are available on
fenitization of granitic rocks (McKie, 1966; Currie
and Ferguson, 1971; Le Bas, 1977; Vartiainen, 1980;
Vartiainen and Woolley, 1976; Rubie and Gunter,
1983; and Kresten and Morogan, 1986). Fenitiza-
tion of basic rocks and schist has been described by
Verwoerd (1966); Gittins et al. (1975); Cooper
(1971); Robins and Tysseland (1983) and Gittins
and McKie (1980). However, little is known about
the fenitization of the argillaceous rocks, the
fluid intruded and particularly the metasomatic
formation of biotite-phlogopite solid solutions in
fenites.

In most previous studies of fenites, minerals such
as micas, feldspars, pyroxenes and amphiboles
existed in the protolith before fenitization and the
changes induced were mainly in the chemistry and
structure of the individual minerals. However, at

the Loe Shilman carbonatite in NW Pakistan, the
trioctahedral micas grown as a result of the fenitiza-
tion of the slates and phyllites are new phases.

Around the Loe Shilman carbonatites, fenitizing
fluids penetrated along crystal boundaries and
minor fractures through metasedimentary pelitic
country rocks of low permeability and metasoma-
tized them to varying degrees forming new minerals
in a zone of banded fenites ¢. 100 m wide (Mian and
Le Bas, 1986). We have previously shown that a
series of Na-amphiboles between magnesio-
arfvedsonite and magnesio-riebeckite occurs in the
fenites with increasing distance from the carbonatite
contact and concluded that the low permeability
of the country rocks was responsible for the smooth
variation in the amphibole composition which
resulted from a broad front of Na-rich fenitic fluids
penetrating the slates and phyllites.

In this paper, we discuss the regular changes in
mineralogy and chemistry of trioctahedral micas
across the fenite zones at Loe Shilman. They form a
solid solution series between biotite and phlogo-
pite. The chemical variation in this series correlates
well with that of both the solid-solution series in
Na-amphiboles and distance from the carbonatite
contact.
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Geological setting

The Loe Shilman carbonatite complex lies near
the Kabul River, 20 km north of the Khyber Pass
and lies astride the Afghanistan-Pakistan frontier.
It occurs at the western end of the Peshawar
alkaline igneous province (Kempe and Jan, 1970;
and Jan er al., 1981). The carbonatite complex is
170 m wide, at least 3 km long and strikes E-W.
The carbonatites are emplaced along a northward-
dipping thrust plane, the Warsak thrust, between
(MPalaeozoic metasediments and dolerites to the
north and (?)Precambrian slates and phyllites to the
south. The southern contact of the carbonatites
with country rocks, shown in Fig. 1, is sharp and
marked by numerous veins of both amphibole
sovite and amphibole ankeritic carbonatite indica-
tive of an intrusive igneous contact. The early and
more extensive amphibole sovite is intruded by
sheets of biotite sovite, and by an amphibole
ankeritic carbonatite along the southern contact
with slates and phyllites (Fig. 1). The biotite sovite
has yielded a K-Ar biotite average age of 31 +2 Ma
and the subsequent movement of the thrust has
reset the argon content in some biotites which now
give an age of 2412 Ma (Le Bas et al., in press).

The fenites south of the carbonatite complex and
less than half a kilometre from the Afghanistan
border are only slightly affected by movements
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along the thrust, whereas to the north of the
complex the fenites have been completely excised
except in the east where they are folded and
sheared.

The banded fenites are syenitic and grade into
unfenitized slates and phyllites. The fenites are
composed of hard, massive, alternate dark blue and
pale grey bands of varying thicknesses which are
parallel to the E-W contact of the carbonatite and
dip 76-85° N. The width of dark (mafic} bands in
general decreases gradually from 1.5 m close to the
carbonatite to 5 mm up to 60 m from the contact,
beyond which no mafic bands are seen in the least
and unfenitized slates and phyllites. The pale
grey felsic bands become wider away from the
carbonatite contact and grade into the unfenitized
country rocks.

Petrography and mineralogy

The detailed petrography and mineralogy of the
fenite zones has been given in a previous paper by
Mian and Le Bas (1986). However a brief descrip-
tion of the petrography and mineralogy is pre-
sented here with more emphasis on the behaviour
and occurrence of the biotite-phlogopite solid
solution series. The fenites are divided into five
zones (Fig. 1):

Zone 1. The biotites, in the least fenitized slaty
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FiG. 1. Geological map of the western part of the Loe Shilman carbonatite complex and its fenitized zones (1-5). The
position of analysed samples are shown. Phlog = phlogopite; Ap = apatite; Px = pyroxene; Amph = amphibole;
Kf = K-feldspar; Bio = biotite; Ab = Albite; Pheng = phengite; and Q = quartz. Inset: Key map of Pakistan.



MICAS IN FENITES

and phyllitic laminites, occur as randomly oriented
flakes in small clusters along the weak rock cleav-
age, and under crossed polars show a decussate
texture. The biotite neoblasts are seen clearly along
the top of the argillaceous portion of the graded
beds and are less well developed in the silty portion.
The biotites have medium absorption with the
pleochroic scheme « = greenish yellow and B =
yellowish brown. They appear to have grown at the
expense of argillaceous material and phengite.
Their first appearance is taken to be the result of the
thermal effect of fenitizing fluids emanating from
the amphibole sovite.

Zone 2. The biotites in this zone have medium
to strong absorption, with the same pleochroic
scheme as in zone 1. They are slightly more
elongated than in zone 1, are mostly parallel to the
bedding and equally distributed between different
beds. In this zone, biotite is fine-grained but also
occurs in small glomeroblastic lenses, and shows
parallel growth. The lenses do not disturb any
alignment in the rest of the minerals.

Biotites are also present in later cross-cutting
veins along with fresh K-feldspar (containing > 1%,
BaO) and in some cases calcite. The mineralogy of
these veins changes along their length. They are rich
in K-feldspar where they cut the silty beds, and rich
in biotite where they cross argillaceous beds (Fig. 2).
The mineralogical changes along the length of the
veins thus appears to depend mainly on the dif-
ference in composition of the original host beds
traversed by the fenitizing fluids. The veins were
formed during later K-metasomatism related to the
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biotite sovite, but the biotite in both veins and host
rock have the same optical properties and chemical
composition. Similar veins occur in zones 3 and 4,
but in zone 4 the biotites are phlogopitic.

Zone 3. This zone is marked by the appearance of
magnesio-riebeckite and the absence of phengite
and quartz. The biotites are beginning to show the
typical platy crystal shape in contrast to zones 2
and 1, and again the flakes lie parallel to the
bedding. The pleochroic scheme of the biotites in
bands and veins is « = golden yellow brown and
B = reddish brown.

Zone 4. This zone is characterized by the incom-
ing of aegirine. Fine-grained phlogopitic biotite
occurs both in the matrix and as glomeroblastic
blebs. These glomeroblasts do not disturb the
alignment of other minerals, in contrast to the
porphyroblasts of aegirine. The phlogopitic biotites
have strong absorption with o = golden yellow and
S = golden brown.

Zone 5. This 6 m thick zone is characterized
by the presence of a higher proportion of Na-
amphibole and aegirine to feldspar, plus some
apatite and phlogopite. The phlogopites are coarse-
grained relative to the previous zones and present
in both matrix and veins, and have strong absorp-
tion with o = golden yellow and f = golden
brown.

Composition of biotite-phlogopite

The trioctahedral micas from the Loe Shilman
banded fenites form a solid-solution series between
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Fic. 2. Biotite-K-feldspar vein traversing zone 2 fenites showing graded bedding with paler coloured silty material (A)
passing up into darker argillaceous material (B). The vein (C) is biotite-rich where it traverses the argillaceous layer and
K-feldspar-rich in the silty portion of the bed. On each side of the vein the fenite is enriched in feldspar but, while the
feldspar in the vein is all potassic and Ba-rich (> 1% BaO), leucocratic zones on each side contain both K-feldspar
(Ba-poor) and albite as elsewhere in the fenite. (¢) Photomicrograph with field of view 4 mm across; (b) sketch of same.
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MICAS IN FENITES

biotite and phlogopite. Energy-dispersive electron
microprobe analyses of the micas were carried out
on two or three crystals per sample in the banded
fenites and at least one from the cross-cutting veins.
The analyses of micas from the bands and cross-
cutting veins in any one sample are indistinguish-
able. Table 1 gives one representative analysis of
mica from each sample. The cationic data are
calculated on the basis of 22 oxygens, assuming
total iron as FeO.

Biotite occurs in the outer zones 1, 2 and 3, while
phlogopitic biotite is present in zone 4 and more
Mg-rich phlogopites occur in zone 5 as shown in
Fig. 3. Biotite in the outer zones 1 and 2 occurs in
association with phengite and is more aluminous
(ALLO; = 14-15 wt.%) than that in zone 3 where
phengite is absent (Al,O, = 10-11 wt.%), and this
is independent of whether the biotite occurs in the
beds or in the veins. Al,O; remains roughly
constant (at 10-11 wt.%) in the rest of the biotite-
phlogopite series of zones 4 and 5 as shown in Fig.
4A. Whilst Al is distributed into these two distinct
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populations, Si shows a uniform increase from the
outer to inner zones (Fig. 4B), and there is an
apparent deficiency of cations in the tetrahedral site
particularly in the case of biotite SM95 (Table 1)
where Si+ AlY! = 7.734. Since the octahedral site in
this biotite is overfilled by 0.263, it would appear
that either Fe or Ti, probably Fe**, fills the
remaining tetrahedral site (Guidotti, 1984, p. 432).

Nockolds (1947) distinguished three fields for
biotites in igneous rocks on the basis of Al,0;, and
he correlated high Al in biotite with different
mineral assemblages. According to him, biotites in
igneous rocks which are associated with muscovite
have higher Al,O; content than those biotites
which are unaccompanied by any other mafic
mineral or accompanied by hornblende, pyroxene,
and/or olivine. He concluded that the amount of
Al,O5 with respect to MgO and total iron as FeO
depends on the nature of the other mafic minerals
associated with biotites and does not depend on the
Mg/Fe ratio. Fig. 5 is a plot of MgO : FeOT: A1,0,
in which Nockolds’s fields I, IT and III are given and
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95
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3.0— . Phlogopitic
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FiG. 3. Fe-Mg (cations) plot of fenitic micas across the five fenite zones at Loe Shilman, showing continuous variation
from biotite in the lowest grade zones to phlogopite in the highest grade zones. Numbers indicate analyses presented in
Table 1.
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F1G. 4. (A) Variation in total Al in the micas against
distance from the carbonatite contact showing the more
aluminous biotites coexisting with phengite in zones 1 and
2, and the low-Al micas in zones 3,4 and 5. (B) Variation in
Si against distance showing the continuous increase in Si
content in the micas with increasing fenitization.

compared with Loe Shilman data, other meta-
somatic biotites and phlogopites, and biotites from
igneous rocks. The micas from Loe Shilman in
zones 3,4 and 5 and metasomatic biotite from Sokli
fenites (Vartiainen and Woolley, 1976) are separated
from metamorphic biotites. Only micas in zones 1
and 2 are in the field of igneous biotites and plot
close to the metamorphic field. These high-Al
biotites in zones 1 and 2 are accompanied by
phengite and plot in Nockolds’s field II.

Guidotti (1984) distinguished biotites present in
muscovite-bearing pelitic schists from those asso-
ciated with other mafic minerals by higher AlY!
contents (between 0.7 and 1), and Mg/(Mg+Fe")
ratios between 0.3 and just under 1. However, at
Loe Shilman the micas in zones 5, 4 and 3 have no
Al'and the Mg/(Mg+ Fe™) ratio ranges from 0.72
to 0.5 while in zones 2 and 1, A1Y! is between 0.275

and 0471 and the Mg/(Mg+ Fe") ratio between
0.42 and 0.47 (Table 1). Fig. 6 is a plot of Mg/
(Mg+ FeT) vs. AIY! on which the Loe Shilman data
are plotted and compared with the data given by
Guidotti (1984). The biotite and phlogopite in
zones 5, 4 and 3 are deficient in the octahedral site
and even in the tetrahedral site, while high-Al
biotite in zones 2 and 1 plot close to biotites
occurring in calc-silicates and amphibolites which
are sometimes associated with muscovite. Cerny
and Burt (1984) have also discussed the high-Al
content in phlogopite and biotite associated with
muscovite in pegmatites. Speer (1984) has reported
that the composition of biotites in granitoids from
the Aregos region, Portugal, varies with the AI'Y of
coexisting minerals which generally increases in the
sequence hornblende (Al'"Y = 2.3-2.5), muscovite
(AI'Y = 2.6-2.75), and muscovite plus aluminium
silicates (A" = 2.8). However at Loe Shilman, the
AI" in biotites in zones 1 and 2 varies between 2.3
and 2.46 and is less than 2 in the inner zones (Table
2 and Fig. 6). These features of AIY' and Al
occupancies indicate that the biotites in Loe Shil-
man fenites are neither igneous nor normal meta-
morphic minerals but are probably metasomatic in
origin.

The high-Al content in the outer zones is either
because of the presence of less feldspar or the
association with phengite or both. However, biotite
has been reported from low-grade metasediments
near Landikotal some 15 miles south of Loe
Shilman carbonatite complex by Shah et al. (1980).
Therefore the possibility of a metamorphic origin
for these high-Al biotite cannot be ruled out as
some of them are close to the metamorphic field
(Fig. ), although the texture and similar chemistry
with those in veins which are associated with
Ba-bearing K-feldspars argue against this origin.

FeOT remains roughly constant (19-22 wt.%)) in
the biotites but drops to 12%; in the phlogopite in
zone 5. This sudden decrease is correlated with the
decrease of FeOT in Na-amphibole and with dis-
tance from the contact as seen in Fig. 7A where
tie-lines are drawn between the coexisting mica and
amphibole. In zones 5 and 4 these minerals coexist
with almost pure acmite. An upward inflection of
FeOT and oxidation ratio in Na-amphiboles in the
magnesio-riebeckite part of the series in zone 3 (figs.
2 and 4 in Mian and Le Bas, 1986) was interpreted
as caused by the absence of acmite in zone 3 and its
presence in zones 5 and 4. This interpretation is in
accord with the biotite-phlogopite series in which
bioite is present in zone 3, and is borne out by
reaction 3 in Table 3.

In Fig. 7B, tielines are drawn between the
coexisting mica and amphibole. Both are well
correlated with the distance from the carbonatite
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Fig. 5. MgO-Al,0,-FeO" plot showing the smooth Fe-Mg range of the fenitic micas across the zones 3, 4 and 5 at

Loe Shilman, and the higher Al content of those in zones 1 and 2 and compared with the data from the phlogopites of the

Sokli carbonatite complex in Finland (Vartiainen and Woolley, 1976). Metamorphic and igneous data are taken from

Deer et al. (1963). Field I = biotites associated with muscovite, II = biotite unaccompanied by other mafic minerals and
III = biotite associated with amphibole, pyroxene or olivine (after Nockolds, 1947).

contact. Coexisting acmites have a MgO content
below the detection limit in zone 4, while in zone 5
MgO increases to approximately 1 wt.%;. Therefore
the Mg ratio in acmite increases towards the
carbonatite contact and also correlates with the
series of micas and Na-amphiboles.

Discussion

Whilst the biotite and phlogopite developed in
acid, basic igneous and regional metamorphic

rocks have compositions related to their host rocks
(Speer, 1984, fig. 30; Guidotti, 1984, p. 438), those
developed during fentitization depend not only on
host rock composition but also on the composition
of the fenitizing fluids. The main compositional
distinction is that most fenitic biotites and phlogo-
pites in rocks without phengite have Si+Al'Y < §,
and Al" < 2 {on the basis of 22 oxygens per unit
cell) as shown in Figs. 5 and 6.

The main features controlling the composition of
the biotite or phlogopite formed during fenitization
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Table 2. Average modal composition of the fenite zones at Loe Shilman.
Zone 5 Zone 4 Zone 3 Zone 2 Zomne 1
Amphibole 20 2-3 8 - -
Pyroxene 25 7 - - -
Albite 21 42 48 49 15
K-feldspar 21 31 30 14 4
Phlogopite/Biotite 6 12 10 15 15
Quartz - - 2 11 32
Phengfite - - - 11 33
Others = il+mt+caltap 7 6 1 1 1
Distance from the
carbonatite contact 0-6m 15-30m 40=-60m 75-80m 100~110m
1.0 - -
A Field of metamorphic biotites
0.9 in muscovite—bearing schists
0.8 |—
0.7 p—
0.6 |—
[72]
S 0.5 -
o ('“\@\ zone-1 Field of metamorphic biotites
X 0.41— A in muscovite-free schists
[o] \ \ N\,
N \ i
o 0.3 \ \
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0.1} -~
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0.0 — 3
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Fi6. 6. Mg/(Mg-+FeT) vs. AlY! plots of the Loe Shilman fenitic micas showing that the AlY' content distinguishes the
biotites in zones 1 and 2 which coexist with phengite from normal metamorphic biotite in muscovite-bearing schists
(field A), and instead plot with metamorphic biotite from muscovite-free pelitic schists (field B). The negative values for
Al are a measure of the deficiency of Si + Al in filling completely the tetrahedral sites, and this typifies fenitic biotite and

Mg/(Mg + FeT)

phlogopite (the plot is after Guidotti, 1984).
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FiG. 7. This plot shows the tie-lines joining coexisting
micas (dots) and Na-amphibole (crosses) in zones 1-5 in
the Loe Shilman fenites. The circled dot is the anomalous
sample SM93 discussed in the text. The micas present in
zones more than 30 m from the igneous contact show little
variation, but those near the contact coexist with aegirine
and decrease sharply in their total iron content (A) and
increase sharply in their Mg ratio (B). Amphibole data are
taken from Mian and Le Bas (1986).

are: (1) the chemical composition of the host rock;
(2) the chemical composition of the fenitizing fluid;
and (3) the PT conditions prevailing during feni-
tization. To examine these conditions, chemical
reactions between consecutive zones have been
calculated using (a) the modal proportion of the
individual minerals present in each zone and (b)
the compositions determined by microprobe
analysis of the individual minerals observed in
each zone.

The modal data given in Table 2 are the means of
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the modal compositions calculated, using the least-
squares mixing programme of Bryan et al. (1969),
from the bulk chemistry of the rocks rather than
from point counting because of the very fine grain
size of the fenitized sediments. The individual
modal compositions were given in full in Table 1 by
Mian and Le Bas (1986). The chemical composition
of the minerals used in the reactions shown in Table
3 are the averages of probe analyses for the
individual mineral in each zone. The mica analyses
used were obtained by averaging the data given in
Table 1. The amphibole compositions are taken
from Mian and Le Bas (1986), and the pyroxene and
feldspar compositions are taken from as yet unpub-
lished microprobe data. The pyroxene in the fenites
is almost pure acmite (Ac.gs) and likewise the
feldspars are almost pure end-member composi-
tions (Ab.. g9 and Ors, o4).

The reactions given in Table 3 are calculated on
the basis of balancing the compositions of the
minerals between zones in terms of the modal
proportions in which they actually occur in the
zones. To do this, it was necessary to standardize
each mineral to an arbitrary unit volume. Taking
the unit volume as c. 200 A3, the formula unit for
mica had to be calculated on 11 oxygens, for
amphibole 11.5 oxygens, for feldspar 8 oxygens, for
pyroxene 12 oxygens and for quartz 16 oxygens. It
is appreciated that these figures do not produce
exactly the same unit volume, but they have the
merit of keeping the numbers employed fairly
rational and recognizable as the minerals they
represent. Likewise, the number of formula units
in the reactions are given as whole numbers since
the equations do not warrant further precision,
although the calculations were made to two deci-
mal places. The reactions were also calculated on
the basis of introducing only Na™* ions wherever
necessary to balance the equations. Justification for
doing this comes from a study of the whole-rock
geochemistry of the Loe Shilman fenites (in prep.).
Trace minerals such as iron oxides and calcite were
omitted from the calculation.

Reaction 1 balances the change in mineralogical
assemblages from zone 1 to zone 2 in the volumetric
proportions of the mineral present as shown in
Table 2. The biotite has high Al since it is in
equilibrium with phengite. The K-feldspar and
albite may be the product of fenitization in this
outermost zone or they may be the product of
authigenic growth pertaining to the original sedi-
ment, but in view of the proximity of these rocks to
carbonatite and their similarity in composition to
the feldspars next to and undoubtedly formed by
the carbonatite, they are interpreted to be fenites.
Unfortunately samples were not taken of the
sediments further from the carbonatite contact
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Table 3.

1. MIAN AND M. J. LE BAS

Balanced reactions between mineralogical assemblages within pairs of fenitic zomes at Loe Shilman

Zone 1
25[K(M8,Fe)'35A12‘Ssi3.150“(0H)2] + 16[K (Mg, Fe),

Phengite High—Al biotite

Zone 2

ll[K(Mg,Fe).BSAl (OH)Z] + lB{K‘gs(Mg,Fe)z'

2,553,150

Phengite High-Al biotite

Zone 2

1L{KQMg Fe) 35Aly o515 150, (0R),] + 1B[K o5(de,Fe), goal) ,S1p 801y
Phengite High-Al biotite

Zone 3

BIK jNa) g5(MEsFe)y sl 1Sty g,0)) 5(0M)] + L1IR o 0 Fed, ghl o958

Amphibole (Mg-riebeckite) Low-Al biotite

Zone 3
BIK [Ny 03" gFe) Al 1Sig 401y s(OM] + LUK gMg) soFe) oAl 4

Amphibole (Mg-riebeckite} Low-Al biotite

Zone 4

3[!(.17 (OH)] + 12(K

Ba) 281 207 1Last L0750 3,920 11,5 L9581 6178122

Amphibole (Mg-arfvedsonite)

561,452,801

56211,4512,6%11

752.96%11

AL

phlogopitic biotite

REACTION 1
(0H), 1 + 6[KALS1,05] + 17(NadlSi 0,1 + 20[5i40

' K-feldspar

(OH)Z] + lS(KAlSiSOB] + 41[N3A151308] + 13[3180

+ +
16) + 24[Na]” + 6H
Albite Quartz

16] + lSHZO

K-feldspar Albite Quartz

REACTION 2 +
(0),] + 15[KALS105) + 41{Nan18i 0,] + 13[8ig0) ) + 311Nal

' K-feldspar

12.96 OII(OH)Z] + 33[KAISi308]

Albite Quartz

. +
+ 64[NaA1$1308] + 10[]{20] + 8H

K-feldspar Albite

REACTION 3 4
(OH), ] + 33([KALS1,05] + 64{NaAlSi 0] + 6[Na]

K-feldspar Albite

\ 4

99551 2,5g011(0HY,1 * SINay goFey (AL 1,81,0,,) + 32[RALSEOq]

Aegirine K-feldspar
+ 65[N3A1S1308] + 4HY

Albite

because they looked no different from those in
zone 1.

To obtain zone 2 from zone 1 requires the
addition of Na as shown in reaction 1. The biotite in
zone 2 remains Al-rich since some phengite persists
in that zone but more feldspar is formed: K-feldspar
from the breakdown of phengite and quartz, and
much albite by the introduction of metasomatic
Na-bearing fluids.

Reaction 2 shows the mineralogical changes
from zone 2 to zone 3 in which the Al content of the
biotite is reduced at the same time as phengite is
eliminated. Amphibole (magnesio-riebeckite) is
formed from the Mg and Fe released by the partial
breakdown of the biotite together with that from
the complete breakdown of phengite. Feldspar
increases in proportion with further K-feldspar
developing by the breakdown of the micas, and Na
is required to satisfy the incoming amphibole and
an increase in albite, although such an increase is
not apparent from the modal calculation. The
quartz in zone 2 is largely consumed by the
formation of amphibole and feldspar.

In reaction 3, the biotite becomes phlogopitic in
zone 4 without change in the Al content. Aegirine in
which all Fe is Fe** now appears in the reaction
product partly due to the increase in tempera-
ture but mainly due to the strongly oxidizing
conditions. The magnesio-riebeckite of zone 3
grades with increasing Mg/Fe ratio into magnesio-
arfvedsonite of zone 4 as a result of the buffering by

aegirine as seen in the reaction 3. Further Na has to
be introduced to balance the equation and for the
formation of more amphibole and pyroxene. In this
reaction 0.03 SigO,¢ and 0.06 H,0, not written in
the equation, is needed in zone 3 to maintain
balance. The more Mg-rich mica (phlogopite),
present in the inner zone 5 adjacent to the ankeritic
carbonatite, is believed to be the result of Mg-
fenitization by the ankeritic carbonatite, but it
could also be related to the buffering effect of the
presence of aegirine.

The anomalous fenite SM93 requires further
comment. This rock has 10 wt.% K,O (whereas in
the other fenites K,O normally ranges between 4.9
and 5.9 wt.%) and it contains much aegirine, mainly
in veins now showing minor folding but also in the
rock. There is also an unusually large amount of
K-feldspar (58%;) and albite (23%) but no amphi-
bole, and this is unusual for zone 4. The biotite is
more magnesian than in the rest of zone 4 (Fig. 7) in
both veins cutting the aegirine as well as in the
matrix (Table 1). Why this is so is not clear. It is
unlikely to be the product of variation in the
protolith which appears to have been constant, and
the following sequence of events for sample SM93 is
envisaged. The first and more widespread and
pervasive fenitization by the early amphibole sovite
produced the normal Na-amphibole-aegirine (also
in veins)-Na-feldspar-K-{eldspar-phlogopitic bio-
tite fenite. A second fenitization, probably emanat-
ing along small cracks, fissures and minor shear
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planes from the biotite sovite, produced a potassic
fenitization as is known elsewhere, for instance in
East Africa (Le Bas, 1977). As the result of the
K-fenitization, the early Na-amphibole was de-
stabilized and reacted with the potassic fluids to
form more magnesian biotite plus magnetite. At the
same time the aegirine in the veins and matrix
appears to have recrystallised.

Interpretation

The biotites in zones 1,2 and 3 were formed at the
expense of argillaceous material and phengite by
reaction with Na-bearing fluids which emanated
from the amphibole sovite. The biotite present in
cross-cutting veins which coexists with K-feldspar
(BaO = > 1 wt.%), and sometimes calcite, is inter-
preted as the result of K-metasomatism by the
biotite sovite. These K-feldspars with high Ba can
be easily distinguished from K-feldspar present in
the bands which have low Ba contents. The biotites
in zones 1 and 2, both in beds and veins, have similar
chemistries with high Al, and as the biotites in veins
are undoubtedly metasomatic, the biotites in beds
are also considered to be metasomatic.

The biotite in zone 4 became phlogopitic as a
result of the preferential partitioning of Fe into
aegirine as shown by reaction 3. The more Mg-rich
mica (phlogopite) in zone 5 is interpreted as a result
of Mg-metasomatism simply on the basis of the
sharp increase in Mg in the whole-rock chemistry.
However, buffering cannot be ruled out as the
aegirine increases in proportion in the innermost
zone 5 (Table 2).

In balancing the reactions given in Table 3, the
assumption was made that only Na needed to be
added. Whilst this enabled the balancing and the
production of appropriate modal proportions in
reaction 1, the products of reactions 2 and 3 depart
from the known modal proportions of the minerals
in zones 3 and 4, particularly those for albite
contents. In reaction 2, it takes over 30 Na™ ions to
balance the equation, and it produces 65 moles of
albite whereas 50 or less would be a better approxi-
mation of the modal content (Table 2). Likewise in
reaction 3, a further 5 Na™* are required to balance
the equation with the final result of having over 20
moles of albite in excess (65 are shown in reaction 3
but only 42 shown for the mode in Table 2).

Since these reactions imply that too much albite
has been created, the remedy for having too much
Na introduced is to remove excess Al and Si. It is
suggested that over 15 Na* ions should be intro-
duced in reaction 2, and over 15 AlSi;O4 moles
removed. In reaction 3, no Na* should be added,
allowing further AlSi;Og to be set free. The figure
for Na*t added is, of course, additional to the c. 24
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Na™ ions added in reaction 1, and which remains
present throughout in reactions 2 and 3. It is
therefore interpreted that, in zones 3 and 4, both Al
and Si are lost presumably by fluid transfer.
Calculation shows that the amount of Al and Si
removed from zone 2 to make zone 3 is about 10%,.
A more precise figure cannot be given owing to the
assumptions made in constructing the reaction in
Table 3. The Al and Si in zones 1 and 2 show no
increase but remain at values normal for pelitic
rocks. Therefore, either the mobilized Al and Si
remained in solution and passed from the inner
zones out through zones 2 and 1 to be dispersed
beyond them, or the mobilized Al and Si moved
towards the carbonatite. The latter interpretation is
preferred.

Reactions 1 and 2 release water, and the Eh and
pH can be estimated. In reaction 1, the requirement
of H* ions in zone 1 indicates that the reaction to
produce the zone 2 assemblage is reducing, as is
normal in very low-grade metamorphic reactions in
pelitic rocks. But in reactions 2 and 3, the reactions
are oxidizing. It was deduced above that some Al
and Si were mobilized in zones 3 and 4 considering
the known solubilities of Al and Si in aqueous
solutions at low temperatures (Stumm and Morgan,
1970), it is suggested that the fenitizing solutions
which enabled the Al and Si to move must have
been at pH about 10 to 11. Such highly alkaline and
oxidizing solutions are considered appropriate for
fenitic solutions from the Loe Shilman carbonatites.

Conclusions

The trioctahedral micas in the fenitized slates
and phyllites which occur at Loe Shilman in NW
Pakistan form a series between biotite and phlogo-
pite not previously reported from these or any other
fenites. The regular chemical variation in the micas
correlates well with that in the amphiboles (from
magnesio-riebeckite to magnesio-arfvedsonite). The
biotite-phlogopite series also is correlated with
distance from the contact. The biotite and phlogo-
pite are less aluminous (10-11 wt.%;) than biotites
and phlogopites encountered in ordinary meta-
morphic rocks, except where phengite or sericite
still coexist with the newly formed biotite, in which
case the biotite is more aluminous (Al,0; = 14-
15%,). The biotites in zone 4 became Mg-enriched
by the presence of aegirine which buffers Fe in
biotite. The more Mg-rich micas (phlogopite in
zone 5) are interpreted as the result of Mg-
metasomatism by the adjacent ankeritic car-
bonatite.

Balancing the chemical equations which repre-
sent the reactions from zones 1to0 2,2to 3and 3to 4
incidate at Loe Shilman that Na is added in all the
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zones, but that in zones 3 and 4 Al and Si are lost.
The fluids transporting the Al and Si are interpreted
to have been strongly oxidizing and alkaline, with
the Al and Si moving back towards the carbonatites.
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