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The Sokli carbonatite intrusion lies in north eastern Finland, and is part of the extensive province 
of carbonatites and alkaline igneous complexes which extends across the Kola Peninsula. The car
bonatite forms an oval shaped, downward tapering plug of so me 20 km2 in surface area, surrounded by 
an extensive fenite envelope. Numerous sheets of carbonatite cut the fenites, and kimberlite dykes are 
also common. A broad range of carbonatite types are present ranging from pure sövites to dolomite
rich types, and ineluding varieties rich in phlogopite, amphibole, serpentine and opaque minerals. 
Phoscorites occur within the carbonatites. Chemical analyses and modes of 7 carbonatites and pho

scorites are given. 
The country rocks comprise granite gneisses, amphibolites and hornblende schists. Close to Sokli 

there is an intrusion of syenite, and several ultramafic intrus:ons. Analyses are g:ven of four gne'sses 
and of four amphibolites and hornblende schists. Fenites extend up to 3 km from the carbonatite and 
descriptions are based principally on cores from seven drill holes, one of wh ich go es through the 
fenite-ca rbonatite contact. Fenitization involves the development of alkali fe lds pars, pyroxenes, alkali 
amphiboles and phlogopite, and the Sokli fenites are characterised by the exceptional abundance and 
variety of the amphiboles. Asodie and a later potassic series of fenites can be distinguished. Extensive 
phlogopitization has taken place elose to the carbonatite producing pure phlogopite and phlogopite
alkaline amphibole rocks, and the same phenomenon, on varying scales, can be seen along carbonatite 
veins and veinlets . Analyses for major and trace elements of 38 fenites are given ineluding five rock -
potassic metasomatic vein pairs, and the addition and subtraction of elements to and from the aureole 
is discussed using these data. 

Analyses of eleven magnesio-arfvedsonites and eckermannites, one ferrotschermakitic hornblende 
five aegirines and aegirine-augites and five phlogopites are given. The elassification of the arfvedsonite 
- eckermannite series is discussed and suggestion made that the series should be sub-divided at mg 
ratios of 25, 50 and 75. Feldspar compositions in so me fifty fenites have been investigated by dif
fractometry. The chemical variations of coexisting amphibole-phlogopite and amphibole-pyroxene 
pairs suggest that so me chemical equi librium was attained between minerals in the aureole, and there 
is a strong correlation between rock and mineral compositions such that chemical compositions 
producing the assemblages pyroxene, pyroxene + amphibole, amphibole, or amphibole + phlogopite 
can be defined. 

Using the Sokli data and that in the literature, a suggested five fold elassification of fenites is given, 
based principally on the ratio of sodium to potassium. The method of element transport in fenites is 
discussed and the suggestion made that much of the alkali, particularly in the inner zones, movcs as 
carbonates, but that considerable mobility is achieved by 'chemical transport reactions' involving 
migration of gaseous complexes, in which fluorine plays an important role. 
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INTRODUCTIO 

The Sokli carbonatite intrusion (Figs. 1 and 2) was discovered in 1967 by an 

airborne geophysical survey (Paarrna, 1970) carried out by the steel company Rauta

ruukki Oy, as part oE an extensive project to search Eor alkaline rocks in northeastern 

Finland. Since the discovery, the weathered cap oE the carbonatite has been the main 

object oE a detailed prospecting programme. However, various geochemical and 
geophysical anomalies encountered in the fenite aureole have also necessitated 

sampling the Eenites. The Eenites are covered by glacial deposits ranging between 
0.5 and 10 metres thick, so that sampling Eor this investigation has been possible only 

from trenches, oEwhich some 500 metres have been excavated, and from drilling, some 

1 900 met res oE diamond drill core having been recovered . The sites oE the principal 
trenches and the positions oE the drill holes, and their attitudes iE not vertical, are 

indicated on Fig. 2. 

The rocks oE the Sokli intrusion comprise a central carbonatite plug with an 

enveloping metasomatic aureole oE fenites . Within the plug and aureole occur nu
merous dykes having kimberlitic affinities. Alkaline igneous rocks of the types 
commonly associated with carbonatites do not occur at Sokli, although the Marja

vaara syenite crops out some 5 km to the west (Fig. 2) . This syenite, however, gives 

a very much older age than the Sokli carbonatite and cannot be considered to be 

consanguineous with it. 
A n account oE the age oE the Sokli intrusion and its pi ace in the extensive car

bonatite - alkaline igneous province of the Kola Peninsula and northwestern 
Europe (Fig. 1) has been discussed by Vartiainen and Woolley (1974). Dates from the 

carbonatite range from 334 to 378 m. y. (op. ci!. Table 1). The Marjavaara syenite 

gives 1 740 ± 35 m. y., while a biotite Erom a gneissose granite in the immediate 
vicinity oE the Sokli intrusion gives 1 695 ± 29 m. y. The Eenites give a spectrum oE 
dates between those oE the carbonatite and the country rocks. 

Earlier published papers on the intrusion include a brieE general account by Paarma 

(1970); an interpretation oE falsecolour air photographs (Paarma et al, 1968), and an 
account oE geochemical surveys oE the Sokli complex (Nuutilainen, 1973). The only 
other described occurences oE fenites in Finland are at Iivaara (Lehijärvi, 1960) and 

Siilinjärvi (Puustinen, 1971). The Iivaara Complex differs from the Sokli intrusion in 

comprising essentially varieties oE nepheline syenite and ijolite, not carbonatite. The 
Siilinjärvi Complex, however, consists principally oE carbonatite and syenite. From the 
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LOCALITIES OF ALKALI NE ROCK 
COMPLEXES AND CAR BONATITES 
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FIG. 1. M ap o f northwestern E urope showing the Ioeatio n o f the So kIi earbo natite intrusio n 
and the other earbonatites of the area . 

description of the rocks and their chemistry (Puustinen, 1971), and from study of a 
few thin seetions, and observations made during one day walking over the ground in 

the company of Dr. Puustinen, it appears probable that the syenites are in fact high 
grade fenites, which have possibly been mobilized. If this should indeed prove to be 

the case, then the Sokli and Siilinjärvi intrusions are lithologically very similar. 

The purpose of this paper is to give a petrographie, mineralogical and petro
chemical description of the fenites, and to present less detailed accounts of the country 
rocks and carbonatites. It is hoped to publish a full account of the carbonatites in the 
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future. The field work on which this paper is based has been done by H. Vartiainen 

who is responsible for the geological map, and the accounts of the country rocks and 

the carbonatite. The second author is responsible for the part of the paper devoted to 
the fenites. All the rock and mineral analyses and mineral separations were done in the 
British Museum (Natural History). The analyses were made by V.K. Din (rocks) and 
A. J. Easton (minerals), with much of the preparative work and some of the individual 

determinations by G. C. Jones. The mineral separations were done by Miss V. Jones. 

Chemical procedures 

Standard gravimetrie procedures were used for the determination of H 20 and 

CO 2 in all 54 rock specimens. Ferrous iron was determined by titration with 
standardised KMn0 4 solution after dissolution of the sampie as described by French 
and Adams (1972), and fiuorine was determined colorimetrically using alizarin fiuorine 
blue (Analytical Methods Committee 1971) following pyrohydrolysis of the sampie 

(Clements cl a/. 1971). 
The fenite specimens were analysed by X-ray fiuorescence methods for Si, Al, Mg, 

Ca, Fe, Ti, K, Sand P using the method of orrish and Hutton (1969): Na and Mn 

were determined by atomic absorption spectrophotometry (A.A.S.) of solutions 

prepared according to the method of Langmyhr and Pans (1968) . The same solutions 

were used for the estimation by A.A.S. of Cr, Li, Ni, Cu, Zn, V, Sr, Ba and Rb. The 
three trace elements, Nb, Zr and Y were estimated spectrographically by visual 

comparison of the sampie spectra with the spectra of a range of synthetic standards. 
The carbonatites and phoscorites were analysed for R 20 3 , MgO and CaO using 

classical gravimetrie techniques after the expulsion of Si from the sampie by treatment 

with HF/HCI0 4 mixture. Si02 was determined colorimetrically, on aseparate sampie, 

using the heteropoly blue method, after fusion with sodium hydroxide and dissolution 

of the solidified melt in HCl. P, Ti and total Fe were determined colorimetrically as 

their molybdovanadate, tiron and sulphosalicylic acid complexes respectively. The 
Al 20 3 values were calculated by correcting the R 20 3 as determined for the amounts 
of P 20 5 , Ti0 2 and total Fe 20 3 found. The procedures for the determination of trace 

element concentration were those used in the analysis of the other specimens and were 
extended to include K, Cs and Co with the A.A.S. determinations and Pb and Ga with 

the spectrographic estimations. The S conte nt was found by igniting the sampie 

mixed with vanadium pentoxide fiux in a stream of nitrogen and collecting the 

effluent S02 in a solution of H 20 2 which was then titrated with standardised borax 

solution. 
In the minerals, the Fe3 +/Fe2 + ratio was determined by dissolution of a few mg of 

sampie under an atmosphere of nitrogen using the 2,2,dipyridyl complex (Riley and 

Williams, 1959). The major constituents, with the exception of iron, were determined 
by A.A.S. on a lithium metaborate fusion followed by dissolution of the fusion cake 
in dilute nitric acid (Sühr and Ingammells, 1966) using mixed standards as suggested 
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by Abbey (1968) in a lithium meta borate matrix; total iron was determined on an 

aliquot of the solution using 2,2,dipyridyl. Water was determined by a standard 
gravimetrie procedure after combustion with sodium tungstate flux; fluorine was 
determined by the same method as the rock sampies. Trace elements were determined 
by the same spectrographic method as used for the rocks, with the exception that Rb, 

Ba, Sr and Cr were determined by A.A.S. methods. 

FIELD RELATIONS 

Satellite pictures of central Lapland indicate that the Sokli intrusion lies on a major 

fault which also intersects the Kovdor carbonatite in the Kola Peninsula. Some 
400 km2 of the basement of the Sokli district has been remapped as part of the present 
prospecting programme and this, together with air borne geophysics, has allowed the 
construction of a more accurate and detailed gwlogical map (Fig. 2) than that of 

Mikkola (1936). The dominant rocks of the area are gneissose granites and associated 

pegmatites, but there are also extensive areas of amphibolite and hornblende schist 

occurring in a broad zone extending north eastwards across the eastern part of the 

mapped area, and ultramafic rocks and syenite. To the west of Sokli an oval-shaped 
area of amphibolite has a core of olivinite, and other smaller ultramafic masses have 

also been mapped (Fig. 2). The geological relationship of the gneissose granites and 

the amphibolites is not known. Mikkola (1941, p. 160) has stated with regard to the 
amphibolites and ultramafic rocks of the area: »One would rather consider them as 

being early manifestations of magmatic activity - already prior to the intrusions of 

gneissose granites». However, it is possible that the amphibolites are the younger 

rocks. 
The Marjavaara syenite may represent the youngest rocks within the basement. 

Although it gives a K lAr date (on amphibole) of 1 740 ± 35 m. y., and the gneissose 
granite gives a K lAr date of 1 695 ± 29 m. y., the latter was done on biotite which 

probably relates to a later metamorphie event (Vartiainen and Woolley, 1974). 
The oval-shaped mass of ultramafic rocks to the west of Sokli, known as the 

Tulppio complex, probably represents a large igneous intrusion of olivinite. The 

central parts of this complex are relatively unaltered olivine-rich rocks, but the 

envelope comprises metaolivinites and other ultramafic variants. Four similar, but 

snuller, masses of ultramafic rocks with or without an amphibolite envelope occur 
within the Sokli district. The contact relationships between these ultramafic masses 
and the surrounding rocks are everywhere obscured by glacial deposits. 

The carbonatite fon11s a composite plug which has a brecciated contact against the 
surrounding fenites (Fig . 2). The plug occupies an oval area covering some 20 km2 , 

and thus is one of the largest carbonatites known. Gravity surveys indicate a down
ward tapering, cone-like form. There are no 'high level' volcanic features evident so 

the intrusion as now exposed represents either a relatively deep section through a 

volcanic plug, or an essentially plutonic intrusion, perhaps of diatreme-type, as 
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GEOLOGICAL MAP OF THE SOKLI AREA 
SAVUKOSKI, FINLAND 
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FIG. 2. Geological map of the SokJi carbonatite intrusion and its immediate vicinity. The 
positions of trenches, drill holes and sites from which specimens referred to in the text 

were collected are indicated. 

envisaged at Alnö by von Eckermann (1948). The earbonatite has a vertieal banding 

but it has not proved possible to demonstrate wh ether this is eoneentrie to the eontaets. 
Several types of earbonatite are present most of them ealcite-rieh variants. Overlying 

part of the western and eastern side of the earbonatite and the innermost fenites is a 
phosphate-rieh regolith whieh is probably a produet of eomplex weathering processes 

of the earbonatite (Fig. 2). 
Carbonatite also forms dykes, veins and veinlets whieh penetrate the fenites up to 

1.3 km from the eontaet, and some indieation of their abundanee in the fenites may be 
gained from the drill hole logs in Fig. 3. It has not proved possible to determine the 
attitude of these earbonatite dykes, but their abundanee suggests that they probably 
form tangential sheets, probably similar to the system 0 f eone-sheets deseribed from 

Alnö (von Eckermann, 1948). Kimberlitie dykes also oeeur within the fenites and it is 

probable that these form a similar though less extensive system to the earbonatite 

dykes. 
The fenite aureole extends up to three km from the earbonatite eontaet. The 

innermost part of the aureole is a fenite-sövite eontaet breeeia zone from 200 to 700 

2 11452- 7 5 
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metres in width discovered by apower augering programme based on a 100 X 100 
metres grid. There is also one incomplete dia mond drill core through the contact zone. 
Within the breccia zone there is every gradation from brecciated and comminuted 
fenites through to isolated fenite fragments set in a sövite matrix. Fenite fragments are 
also encountered within the main carbonatite intrusion. 

The outer margins of the fenite aureole are gradational, as is usual in such aureoles, 

and the gradual disappearance of the fenitization effects is well illustrated in drill 

holes 215 and 223 (Figs. 2 and 3). The outer margins of the aureole have been inter

preted by the former photogeologist of Rautaruukki üy, Dr. J. Talvitie, using aero 
false colour and anaglyph colour pictures. The narrowness of the fenite aureole in the 
vicinity of the Tulppio ultramafic body is apparent. This may suggest that the Tulppio 

rocks effectively resisted penetration by the fenitizing fluids at the time of the emplace
ment of the carbonatite. However, detailed work on this part of the aureole remains to 

be done. 
Logs of seven drill holes in the fenites are shown as Fig. 3, plotted against distance 

from the fenite-sövite contact. This diagram is somewhat simplified in that all seven 

were indined holes. Drill hole 70, for example, was drilled outwards from the car
bonatite in to the fenite and shows that the contact is not, in fact, a dear cut one. Drill 
hole 215 is sited on the outer edge of the fenite aureole and was drilled outwards at an 
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angle of about 45°. The upper 80 metres of core comprise distinctly fenitized rocks 
interspersed with carbonatite sheets, but below this the effects of fenitization rapidly 
diminish and no carbonatite dykes are encountered. The general heterogeneity of the 

fenites is also weil illustrated by Fig. 3 with rapid variations between coarse and 

medium grained fenites and with occasional intercalations of amphibolite. 

COUNTR Y ROCKS 

P etrography 

According to Mikkola (1941, pp. 18-22) the granitic basement rocks ofthe Sokli 

area comprise gneissose granites and granodioritic gneissose granites. Augen gneisses 
occur to the east of the Sokli intrusion (Fig. 2) and contain reddish microcline augen 

from 0.5 to 2 cm in diameter in a medium grained, faintly foliated granitic matrix. The 

gneissose granites vary from grey to red, may be fine or medium grained and may be 
massive, foliated or banded. Texturally they often display cataclastic features such as 
mortar textures. Microcline and plagioclase (An, 0 - 2 0) occur in variable proportions 

and, together with quartz, are the principal mineral constituents. Biotite is the only 

important mafic mineral and when abundant gives the rock a strong schistosity, and 
chlorite, sphene, iron ore, apatite and zircon bave been found as accessories. In the 

immediate vicinity of the Sokli fenite aureole the gneissose granites tend to be grey 
and fairly bomogeneous. 

The granodioritic gneissose granite occurs to the northeast of the Sokli intrusion. 

It is predominantly grey, medium grained and does not luve particularly weil devel
oped gneissose texture. It differs from the gneissose granite in tbe higher anorthite 

content of the plagioclase (An 30) and the presence of hornblende, while microcline is 
less abundant. Biotite mayaiso be plentiful. 

Pegmatites are simple types the main constituents being microcline, muscovite and 

quartz. They form irregular veins between 1 and 20 metres in width. 
No primary textural or structural features have been preserved in the amphibolites 

and hornblende schists. These rocks are petrographically somewhat variable; they are 
greyish to blackish green, fine to medium grained and may be eitber foliated or 

massive. Tbe foliated texture is due to the orientation of hornblende crystals and the 

segregation of dark and light minerals into distinct layers gives to some rocks a 
striped appearance. The colour index varies from about 50 to 100. Hornblende occurs 
mainly as bladed crystals whereas diopside, which when present tends to be concen

trated into distinct layers, forms stubby prisms . The amphibole has been separated 

from one specimen and chemically analyzed (Tables 4 and 5, o. 27); it proves to be 

ferro-tschermakitic hornblende, according to the classification of Leake (1968). 
Epidote may be abundant in some diopside -rich layers while gamet, when present, 
tends to be evenly distributed throughout the rock. Plagioclase is usually zoned and of 

andesine composition. Accessory minerals include iron ores, sphene, biotite, chlorite 

and calcite. 
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Geological mapping of the Tulppio ultramafic complex indicates that the following 
rocks occupy the foll owing surface areas: metaolivinite, 90 %; olivinite, 6 %; tremolite 

schist, 3 %; and anthophyllite rock, 1 %. All these rocks grade into each other. The 

olivinite is the least altered rock of the complex and is a medium to dark green, 
medium grained, granular rock. On sawn surfaces hypidiomorphic olivine grains 
between 0.2 and 1.0 cm in diameter can be disting uished in a finer grained and lighter 

coloured matrix of olivine and serpentine. The olivine is forsteritic (Fo 9 0 ± 2) in 
composition and comprises between 85 % and 95 % of tbe rocks. Serpentine, mag 
netite, carbonate, tale and tremolite are accessory minerals. 

The metaolivinites are a group of ratber variable rocks which may be massive, 

foliated or brecciated and bave a range of mineralogical compositions . The olivine 

content varies between 25 and 85 %, serpentine between 10 and 40 %, carbonate and 

tremolite between 0 and 30 % and tale and magnetite 0 to 10 %. The most strongly 

T ABLE 1 

Chemieal ana lyses of granite gneisses, sehists and amphibolite 

I I 2 I 3 I 4 I 5 I 6 I 7 I 
SiO • ............ .. 66.93 69.03 69.69 75.59 50.21 48. 60 48. 09 
Ti 6 2 . . . . . . . . .. . . . . 0.40 0.34 0.27 0. 04 1. 20 0.92 1. 05 
A l20 3 ....... . .... 16.05 15.47 16. 00 13.93 13. 91 15.35 14. 77 
Fe 20 3 . . . . . . . .. . . . . 1. 04 0. 59 0.31 0.09 1. 73 0. 91 1. 2 4 
FeO ... , .... . . ... . 2.37 1. 90 1. I 6 0.31 11. 22 8.70 8.10 
MnO . ... . , ..... . . 0.06 0.05 0.02 0. 01 0.22 0.22 0.26 
MgO . .......... . .. 1. 80 1. 19 1. 0 1 0.05 7.6 1 6.41 7.05 
CaO . . . . . . . . . . . . . . 4.16 3.09 2.53 1. 33 10. 16 14. 49 10. 12 
Na20 ... . . . ....... 4.83 5.10 6.15 4.1 6 2.00 

I 
2.28 3.43 

K 20 ..... .. .... - , 1. 37 1. 33 1. 53 3.59 0.27 0.13 0.65 
H 20 + .. .... . .... .. 0.69 0. 58 0. 52 0.23 1. 3 2 0. 58 1. 23 
1-12°-..... ... ..... 0.09 0. 12 0. 08 0.11 0.11 0. 08 0.21 
P20 S . . . . . . . . . . . . . 0.10 0.05 0.09 0.03 0. 12 0.1 0 0.03 
CO2 ... . ......... . 0. 53 0.53 0.32 0 . 14 0.28 0. 77 3.55 
F .... ... ......... . 0.03 0.05 0.03 0.01 0.03 <0.01 0.02 
S ........... . . .. . . ni l 0.01 nil nil nil 0.38 0.11 
others . . ,_ . . ... ... 0.117 0.1 75 0.221 0. 116 0.164 0.159 0.182 

° = F,S 1

100.57 1 99 . 60 1 99.93 1 99.741100.551100.09 1100.09 1 

.. . ...... 0.012 0. 026 0. 0 13 0. 004 0.013 0.1 94 0.063 

1 100.55 I 99.58 I 99.92 I 99.73 1100.54 I 99.90 1100. 03 I 

Cr ........... . ... . 
L i ... .... .... . ... . 
Nb .. . ........... . 
Ni ... . . .. ... . . . .. . 
Cu .. ........ . ... . 
Zn .............. . 
V .............. .. 
Zr .... . .. . . ...... . 
Y .. .. ......... .. . 
Sr .. .. . .......... . 
Ba .............. .. 
Rb . ...... ... ..... , 

25 
25 
nil 
75 
30 
75 
80 

150 
nil 

330 
90 
45 

40 
145 

nil 
70 
70 
85 
20 

150 
nil 

370 
220 
135 

traee elements in p .p.m 

15 25 
25 25 
nil nil 
70 60 
10 15 
60 10 
20 20 

200 150 
nil nil 

750 170 
600 275 

25 1200 

165 
15 
nil 

140 
110 
130 
325 

50 
nil 
85 
75 

5 

250 
15 
nil 

155 
35 

110 
290 

50 
10 

140 
tr 

nil 

260 
45 

100 
155 

20 
130 
360 
100 

25 
90 
tr 
20 

8 

46.64 
0. 96 

12.91 
1. 71 

13.34 
0.62 
5.13 

15. 28 
1. 1 8 
0.33 
0. 72 
0. 08 
0.1 3 
0.36 
0.0 I 
0.50 
0.173 

100.07 

0.254 

99 . 82 

215 
50 
nil 

150 
15 

130 
250 
100 

25 
60 

150 
5 
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altered rocks are tremolite schists and anthophyllite rocks wh ich can be nearly mono
mineralic or have up to 10 % of accessory minerals. In general the smaller ultramafic 
masses to the east of the Sokli intrusion resemble the Tulppio metaolivinites, whereas 
those to the west are fairly pure serpentinites. 

The Marjavaara syenites are typically red massive rocks with a medium grained 
granular texture. The felsic minerals form a panxenomorphic fabric and microcline 

is predominant usually comprising some 60 % of the rock with plagioclase and quartz 
10 % or less . Hornblende, which forms ragged lath-shaped crystals, forms up to 20 % 
of the rock. There is some alteration of hornblende to biotite and a litde sericitization 

of the microcline. Apatite, biotite, sphene and opaques form accessories. Towards the 
contact with the gneissose granites, which is , unfortunately, obscured by moraine, 

there is an increase in the content of quartz, biotite and plagioclase. 

Chemistry 

Four specimens of gneissose g ranites and four of amphibolites and hornblende 
schists considered to be representative of the basement rocks of the Sokli vicinity, and 

therefore the antecedants of the Sokli fenites, have been chemicall y analyzed. The 
analyses, including major and trace elements, together with CIPW norms are given in 
Table 1 and the localities are indicated on Fig. 2. 

Table 1 continued C.LP.W. norms 

I I 2 I 3 I 4 I 5 I 6 I 7 I 8 

Qz . . ...... .. . . ... 22.38 26.31 21. 60 34. 99 
I 

1. 76 
I 

-
I 

-
I 

-
c ........ ... ... . . 0.53 1. 37 0. 59 1. I 8 - - - -
Or ............ .. . 8. I 0 7.86 9.0 4 21. 22 

I 
1. 60 0. 77 

I 
3. 84 1. 9 5 

Ab ........ . ... . .. 40. 87 43. 15 52.03 35.20 16.92 19. 29 29.02 9.98 
An .............. . 16.64 11. 65 9.94 5. 52 28.18 31. 27 22.99 28.9 6 
Di ... . . . . . ... .. .. - - - - 16.23 28.92 3.75 36.88 
Hy ........ . ...... 7.43 5.50 3. 98 0.57 28.53 7.42 22.70 11 .26 
01 ............ . ... - - - - - 6.16 4.1 1 4. 13 
Mt ...... , ... .. ... 1. 51 0.86 0.45 0.13 2.51 1. 32 1. 80 2.48 
IJ .... . .. . , ....... 0. 76 0.65 0. 51 0. 08 2.28 1. 7 5 1. 99 1. 82 
Ap ... ... . . ... ... . 0.24 0. 12 0. 21 0. 07 0.28 0. 24 0.07 0.31 
ce . .......... .... 1. 21 1. 21 0.73 0.32 0.64 1. 7 5 8.07 0.8 2 
H 20 + ............. 0. 69 0.58 0. 52 0.23 1. 31 0. 58 1. 23 0.7 1 
H 2 0 - ......... . .. . 0. 09 0.1 2 0.02 0.11 0. 11 0.08 0. 21 0. 08 
Others ....... - .. .. 0. 16 0. 26 0.24 0.1 2 0.1 8 0. 36 0.25 0. 43 

1. Biotite hornblende granite gneiss. Drill hole 266 at 41.0 metres (B. M. 1973, P15(7)). 
2. Bio tite granite gneiss. Drill hole 228 at 86. 5 metres (B. M. 1973, P15(9)) . 
3. Biotite granite gneiss. Drill hole 215 at 89 metres (B. M . 1973, P15(10)). 
4. Bio tite granite gneiss. 3 Km. SE. of Sokli (R. O. 19/TV/68; B. M. 1973, P15(5)). 
5. H ornblende schist. 2. 5 Km. SE. of Sokli (R . O . 61 /TV/68; B. M. 1973, P15(4)). 
6. H ornblende-pyroxene schist. 1 Km. W. of SokJi (R. O. Trench 27; B. M . 1973, P15(2)). 
7. H ornblende schist. Drill hole 232 at 83.4 metres (B. M. 1973, P15(8)) . 
8. Pyroxene-garnet amphibolite. Drill hole 232 at 16. 5 metres (B. M. 1973, P15(6)). 

Localities and sites of boreholes are indicated on Fig. 2. 
Analyst: V. K . Din. 
FeO, H 20 and CO2 determined by G. C. Jones. F determined by A . J. Eas ton. 
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The gneisses are all typically granitic in composition with high normative Qz 
values. In all four rocks is a 2 0 > K 2 0 and in numbers 1 and 3 markedly so, which 
is reflected in very high normative Ab values and comparatively low Or values. These 

data suggest that rocks 1 to 3 should, if treated as igneous rocks, be assigned to the 

tonalites. Specimen 4 with its higher Or value is a granodiorite, although the An value 

is rather lower than is usual. All four gneis ses when plotted in the normative system 

Qz - Ab - Or, lie outside the area shown by Tuttle and Bowen (1958) to be occupied 
by igneous granites, suggesting that although these rocks may have had an igneous 
origin they have since undergone considerable chemical changes. 

Inspection of the analyses and norms of amphibolite and hornblende schist sug

gests that they are metamorphosed basic to intermediate igneous rocks. Comparison 
with the average rock compositions ofNockolds (1954) shows that rocks 5,6 and 8 are 

very elose to gabbros, two oE them having olivine and one a little quartz in the norm. 

Specimen 7 has normative Ab > An indicating a dioritic composition. Rocks 7 and 

8 co me Erom the same borehole and yet represent the extremes of the compositional 
range oE the four analyses, and this indicates the heterogeneity of the extensive mass oE 
amphibolites lying to the east of Sokli. The heterogeneity may be because this mass 
originally comprised a number of distinct intrusive units, because it was layered, or 

because oE the possibility that metamorphie segregation took place within the 

amphibolite units. 

Rock 6 is taken from the amphibolite envelope of the Tulppio ultramafic body. If, 
thereEore, the amphibolites are metamorphosed basic igneous rocks, then the Tulppio 

intrusion must have had both ultra-basic and basic members. 

There appears to be no particular features amongst the trace element data which 

could be unequivocally used Eor differentiating between an igneous and a sedi
mentary origin for these rocks. 

CARBO ATITE 

Only such petrographie and mineralogical work as would help in understanding 
the fenites has so far been done on the carbonatites. 

The carbonatite intrusion comprises essentially two groups of rock types: sövites 

and phoscorites. A range of these types occurs within the intrusion and some internal 
intrusive contacts have been recognised between them, although observations are 

confined to drill cores, pits and trenches. The rock variants are extremely hetero

geneous having streaks and bands of varying mineralogy and texture. These structures 
are nearly vertical but wh ether or not the foliation is concentric wirh the intrusive 
contact cannot be determined from the drill cores . The heterogeneity of the 
carbonatites is illustrated by the modes of the analyzed sampies given in Table 2. The 
following principal variants have been distinguished: 



'fABLE 2 

Mineral cornpositions (volurne per cent) of analyzed carbonatite and phoscorite sarnples 

9. 10. 11. 12. 

Söv itc Tremolitc-phlogopite sövite Phlogopite-magnctite sövitc Tremolire sövitc 

DH 

I 
DH 

I 
OH 

I 
Avcr- OH 

I 
OB 

I 
OH 

I 
Aver- OH 

I 
OB 

I 
OH 

I 
Aver- OH 

I 
OH 

I 
OH 

I 
Aver -

2 260 262 age 193 260 262 age 193 262 278 age 193 6 251 
14.0 93.0 61.0 11 0.0 60.0 11 6.0 112.0 99.5 102.0 85.5 120.8 37.0 

agc 

I 
I 

I 
Carbonate . . . . ... , - 84.3 86.9 84.4 85.2 70.0 69.7 84.2 74.6 35.2 69.1 77.2 60.5 77.0 45.9 73.6 65.5 
Apatite .... . ...... 5.0 7.6 10. 6 7. 7 4.7 16.2 6.8 9.2 28.0 5.5 9.1 14.2 5.5 20.2 10. 4 12.0 
Phlogopite , _ ... . .. 5.5 3.3 0.7 3.1 2.5 9.7 2.4 4. 9 21. 4 8.7 8.1 12.7 3.3 4.2 8.7 5.4 
Amphibole ........ - - 1. 7 0. 6 14.0 - 2.7 5.6 2.1 1. 0 1. 7 1. 6 11.4 21.9 1. 2 11. 5 
Serpentine .. . ..• . .. - - - - 6.3 2.3 2.2 3.6 0.3 - - 0.1 - 0.3 - 0.1 
Pyrochlo re ........ - 0.3 0.8 0.4 - 0.2 - 0.1 0.3 - - 0. 1 - - - -
Zircon ......... . . - - - - - 0.3 - - 0.1 0.1 - - - - 1. 0 -

I 
0.3 

Opaques ...... ,_ . . 5. 5 1. 9 1. 8 3.0 2.2 1.9 1. 7 1. 9 12. 9 15.7 3.9 10.8 2.8 6. 5 6.1 5. 2 

13. 14. 15. 

Phoscoritc Sulphide phoscoritc Rauhaugitc 

OH 

I 
OH 

I 
OB 

I 
Aver- OH 

I 
OH 

I 
OH 

I 
Aver- DB 

I 
OB 

I 
OH 

I 
Aver-

2 278 288 agc 2 260 278 agc 92 284 262 agc 
53.5 73.0 71.5 67.0 85.0 51.0 16.5 13.0 45.0 

Carbonate .... . . . , - 10.4 7.7 18.2 12. 1 39.8 4.2 9.0 17.7 85. 8 94.7 95.0 91.9 
Apatite . , - .. ,- , _ .. 25.5 2.1 3. 1 10.1 4.0 33.5 6.1 14. 5 12.0 0.4 - 4.2 
Phlogopite . ....... 28.6 2.8 13.5 15. 0 7.6 14. 8 16. 7 13. 0 1.3 0.7 1. 9 1. 3 
Amphibole ........ - - - - - - 0. 1 - - - - -
Serpentine ...... , - 9.1 51. 3 - 20.1 - 5.7 6.0 3.9 - - 0.1 -
Olivine ...... - .... - 0.7 - 0. 2 - - - - - - - -
Clinohumite . . . .. . - - 8.5 - 2.8 - 7. 3 - 2.4 - - - -
Pyrochlore .. ,- ,_ . . 1. 4 0. 1 0.1 0.6 0.2 0.8 1. 0 0. 7 0.3 0.1 0. 1 0.2 
Zircon .... . .... . . . 1. 0 - - 0. 3 - 0. 2 - 0.1 - - - -
Opaques . . ...... . . 24.0 26.8 65.0 38.6 48.4 33.5 61.1 47. 7 0.6 4.1 2.5 2.4 

For each sarnple 1,000 points were counted at 0.5 rnrn intervals. For details and method of sampling see text. Drill hole numbers and depths are showu 
at the top of each colurnn . 
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sövite - calcite over 80 % (by volume) 

silicosövite - calcite 40- 80 » » 

rauhaugite - dolomite over 80 » » 

silicorauhaugite - dolomite 40-80 » » 

The silicosövites and silicorauhaugites are named according to their principal 

non-carbonate minerals, except that apatite which is ubiquitous and abundant, is 

ignored. The principal non-carbonate minerals (Table 2) are mica (mainly phlogopite), 
amphibole (variously tremolite or a blue alkaline type), serpentine and opaque 

minerals. 
Texturally the sövites and rauhaugites are generally fine to medium grained, 

massive rocks, whereas the silicosövites and silicorauhaugites are medium grained 

and streaked and banded. Dyke rocks tend to be fine to medium grained and relatively 
massive. 

The phoscorites seem to occur as fragmental rocks within sövites and they tend to 

be concentrated in the central parts of the intrusion as irregular breccia zones. They 

are characteristically coarse grained massive rocks of variable composition. The 

principal minerals are magnetite, green and red brown phlogopite, apatite, calcite and 
dolomite. Where the sulphides exceed 10 %, the rocks are distinguished as sulphide 

phoscorites. Towards the margin of the intrusion fragments of amphibole rock occur 

and these show noticeable alteration towards compositions which are comparable to 
those of the phoscorites. 

As a result of recent work on carbonatites in the U.S.S .R., a phase doctrine has 
been developed wh ich, in its fullest development, involves several successive and 

distinct stages of carbonatite evolution (Ternovoi cl. a/., 1969; Potzaritskaja and 

Samoilov 1972). At Sokli, although work on the carbonatite is in the beginning, five 

stages have been distinguished. Magmatic and metasomatic pro ces ses luve affected 
the evolution of the carbonatite complex. 

Chemistry 

Five sampies of carbonatite and two phoscorites have been analyzed (Table 3). The 

material analyzed was chosen so as to give averages of the principal rock types and 

each sam pIe consisted of three 30 cm long drill cores obtained from different parts of 

the intrusion. The limits of such a procedure are apparent, but for the purposes of 
this work, which is directed principally towards the fenites, average compositions are 
probably of more utility than extreme carbonatite compositions. The modal varia
tions within and between sampIes are illustrated by Table 2. 

There is a good correlation of the modal and normative carbonate contents of the 

carbonatites ranging from the 95 % carbonate in the rauhaugite to 58 % in the 
magnetite-phlogopite sövite. The magnesian nature of the carbonate in the rauhaugite 
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TABLE 3 

Chemical ana lyses of carbonatites and phoscorites 

Si02 ••• • 0 •• • ••• ·._ 

Ti02 . . . . . . . . . . . . . 
A l20 3 . .......... . 
Fe20 3 ...... , . .... 
FeO ... .. . ...... . . 
MnO ........... . . 
MgO .......... . . . 
CaO . . .. , .. , . . 0 . · · 

a20 .... .. ... . ... 
K 20 ,- .. . ........ . 
H 20 + ....... . . . ... 
H 20 - ......... . ... 
P20 5 .. . ........ . , 
CO2 •• 0 ••• • ••••• o. 
F ............ ... .. 
S .... . .... . .... . . . 
others . . . . . . . . . . . . 

° = F,S . .. . ... .. . 1 

Total I 

Cr ............... . 
Li . .......... . . .. . 
Nb .............. . 
N i ..... . .. ... .. .. . 
Cu . . . . .... . .... . . 
Zn .. . ...... . .... . 
V ... . .... . .... . . . 
Zr .. . . ... . .... ... . 
Y ......... .. ... . . 
Sr . ....... . ..... . . 
Ba ... .. .... ....... I 
Rb ... . . . . .. . ... " 1 
Cs .... . .......... . 
Co ..... ... ...... . 

~~ :::::::::::: ::: I 

9 

1. 3 6 
0. 04 
0. 83 
2. 31 
1. 79 
0.29 
3.09 

48.08 
0.08 
0. 21 
0. 27 
0.09 
2. 54 

37.67 
0.10 
0. 83 
0.89 

100.47 

0.46 

100.01 

nil 
5 

500 
75 
80 
55 
60 

350 
100 

5200 
1 110 

6 
125 
nil 
10 
nil 

I 

9. Sövite. (B. M. 1973, P14(1)). 

10 I 11 

5. 82 6.29 
0.33 0. 52 
1.45 1. 99 
4.87 9. 67 
3.76 5. 48 
0.26 0. 38 
5.01 4.87 

40. 96 36.86 
0.32 0.40 
0. 91 0.83 
0.62 0.74 
0.13 0.10 
3.76 5.32 

30.31 25.70 
0.24 

I 
0. 30 

0. 69 0. 36 
0.67 0. 85 

100.11 100. 66 

0.46 0.31 

99.65 100. 35 

tr.ce 
nil 

elements In 

nil 
8 

200 
75 
35 
80 

125 
1000 

100 
3200 

590 
14 

140 
nil 
10 
25 

7 
300 
100 

30 
130 
240 

2 000 
75 

3 200 
660 

17 
155 
nil 
10 
50 

10. Tremolite-phlogopite sövite (B. M. 1973, P14(2)) . 
11. Phlogopite-magnetite sövite. (B. M. 1973, P14(3)) . 
12. Tremolite sövite. (B. M . 1973, P14(4)). 
13. Phoscorite. (B. M. 1973, P14(5)). 
14. Sulphide phoscorite. (B. M. 1973, P14(6)). 
15. Rauhaugite. (B . M. 1973, P14(8)). 

I 12 

6.92 
0.48 
1. 81 
6.63 
4.61 
0.30 
7.73 

34.84 
1. 1 2 
0.84 
0.59 
0. 05 
5.14 

28.12 
0 . 31 
0.59 
0.74 

100. 82 

0.4 3 

100.39 

p.p.m. 
13 
13 

300 
90 
60 

170 
150 

1200 
50 

3100 
960 

17 
50 
nil 
25 
25 

For details of local ities and method of sampling see text. 
Modal compositions of these rocks are given in TABLE 2. 

Analyst: V. K. Din. 
FeO; H 20; CO2; Sand F determined by G. C. J ones. 

3 11452-75 

I 

I 
I 

13 

12.12 
1. 1 9 
0.91 

30.18 
16. 67 

0.63 
11. 54 

9.95 
0.36 
1. 99 
1. 9 2 
0. 22 
2.66 
8.15 
0.4 2 
1. 49 
1. 00 

101.4 0 

0.93 

100. 47 

nil 
40 

2000 
50 

280 
540 
415 

2500 
nil 

1030 
515 

40 
nil 
nil 
40 

100 

I 
I 

1 

14 

10.1 5 
1. 10 
1. 0 5 

25.14 
22.16 

0.52 
10. 61 
10.65 

0.13 
1. 1 8 
1. 41 
0.25 
4.46 
5. 00 
0. 33 
9.31 
1. 22 

104. 67 

4. 80 

99.87 

nil 
11 

2000 
60 

3125 
380 
355 

1750 
nil 

970 
330 

25 
nil 

340 
nil 
30 

I 15 

0.4 6 
0. 016 
0.15 
0.77 
0.54 
0.33 
9. 49 

43.11 
0. 13 
0.04 
0.27 
0.05 
0. 62 

43. 39 
0. 03 
0.18 
0.67 

100. 25 

0.10 

100. 15 

nil 
5 

100 
70 
10 
18 
60 

120 
25 

4900 
465 

1 
75 
nil 
tr 
nil 
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is confirmed by the high MgO value of the rock . The tenor of trace element concen

trations in the carbonatites is typical for such rocks, with high Sr and Ba and Sr:Ba 

ratios between 3 and 10. Nb is somewhat below the average for carbonatites, while Cu 

is relatively high. The phoscorites are characterized by enrichment in Fe and S (the 

latter reaching 9.3 % in the sulphide phoscorite), Ti, b, Cu, Zn, and Zr; they are 

depleted by comparison with the carbonatites in Y, Sr, Cs and in CaO and CO 2• 

FENITES 

Some of the specimens used in this study were collected from trenches and pits on 

the W, NW, and E sides of the aureole but most were cut from the cores from 

seven boreholes drilled in the southern and southeastern parts of the aureole (Fig. 2). 

The trench and pit specimens are usually somewhat weathered and so the chemical and 

mineralogical work has been done on the borehole material. 

Petrography 

Fenite nomenclature is imprecise because of the diverse mineral assemblages which 

result from the partial fenitization of a wide range of host rocks . However, many 

carbonatite intrusions have been emplaced in basement complexes which are 

composed dominandy of granites and granite gneisses and the gradual replacement of 

the quartz in the country rocks during the fenitization process allows the convenient 

subdivision into 'quartz fenites' and 'syenitic fenites', the latter being rocks in which 

all the quartz has been replaced . This nomenclature can be applied at Sokli with 

reference to fenitized granite gneisses but not to fenitized amphibolites which contain 

litde or no quartz . It is convenient, therefore, to refer instead to the fenites as low to 

medium grade fenites and syenitic fenites. Low and medium grade fenites contain 

either quartz or identifiable 'primary' minerals, that is minerals which are derived 

from the country rocks . Low to medium grade fenites derived from amphibolite, for 

instance, contain hornblende. The term syenitic fenite is applicd when the whole 

mincralogy comprises thc alkali-rich minerals diagnostic of fenites. There is a perfect 

gradation through the series from country rocks to syenitic fenites. 

Because their antecedants are known the low to medium grade fenites are sub

divided here into those derived from granite gneiss and those derived from 

amphibolite and hornblende schist. 

The majority of fenites at Soldi are 'normal' fenites, in that the secondary minerals 

they contain are characteristically sodic. However, another type of fenitization which 

is characteristically potassic has also been recognised and these fenites are described 

separately. 
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Low to medium grade fenites 

Granite gneiss 

The first sign of fenitization apparent in hand specimen is the development of a 
reticulate pattern of veinlets of iron oxides. With increasing fenitization these become 

a little more abundant and they become green or blue depending on whether they 
contain aegirine or alkaline amphibole. The rocks g radually assurne an overall green

ish or bluish hue, caused by the growth of aegirine and alkaline amphibole in knots and 

patches as weil as along the veinlets. 
The first sign of fenitization as seen in thin section is the development of turbidity 

in the felds par. The turbidity progresses from the margin of grains towards the interior 

along cracks, deavages and twin planes (Fig. 4), so that in some rocks the turbidity 
has a reticulate pattern while in others rounded 'cores' of fresh feldspar remain in a 

turbid matrix. A system of more substantial criss-crossing, continuous and discon

tinuous veinlets develops along, and in the vicinity of which, turbidity is more pro

nounced and iron oxides are concentrated (Fig. 5). The nature of the turbidity has not 

been determined; it may be due to partial hydration of the feldspar, for in a few 
sections tiny sericite flak es can be identified, or possibly it may result from a change in 

the ratio of the alkalis in the felds par. Similar turbid feldspars in fenites around the 
Kangankunde carbonatite, Malawi have been shown to involve an increase in the 

potassium to sodium ratio (Woolley 1969, Plate 9A). Commonly at this stage 

microdine, if present, remains fresh and only the sodic plagiodase is turbid (Fig. 6); 

but with increasing fenitization the microdine becomes turbid also . 

FIG. 4. 'Turbidity' developing in feldspar in an early stage of fenitization; 
quartz (paler grey) is unaffected. Plane polarised light. Drill hole 200 at 61 

. rnetres. B. M. 1973, P20(49). Scale line, 0.5 rnrn. 
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FIG. 5. Slight turbidity in feldspar, enhanced . long a veinlet, and aegirine 
(dark grey) developing along quartz-feldspar contacts in a quartz fenite . Plane 
polarised light. Drill hole 210 ar 44 metres.B. M. 1973, P20(30). Scale line, 

0.5 mm. 

FIG. 6. Primary plagioclase is densely turbid but primary microcline (pale grey, 
upper lefr) is still relati vely fresh in a quartz fenire. Biorite is pseudomorphed 
by fine grained alkali feldspar (running bottom lefr to top right); the light grey 
mineral at bottom righr is quartz. Plane polarised lig ht. Drill ho le 215 at 60.5 

metres. B. M. 1973, P20(10). Scale line, 0. 5 mm . 
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FIG. 7. A primary bi o tite crys tal (dark g rey) is partly replaced by fine grained 
alkali feldspar. Aeg irine (a lso dark g rey) fo rms a narrow tim aro und, and forms 
prisms penetrating into, quartz crys tals (pale g rey to w hite). Plane polarised 
lig ht. Drill hole 200 at 150 metres. B.M. 1973, P20(57) . Scale line, 0. 5 mm. 

Biotite which is present in many of the gneis ses and abundant in some of them, in 

the very earliest stages of fenitization is replaced by a fine g rained granular aggregate 

of wh at appears to be potassic feldspar (Figs. 6 & 7). Some fine grained ore, usually 
defining the original cleavages, is also present in the pseudomorphs after biotite. 

Muscovite is replaced in a similar way and the mica pseudomorphs persist into 
relatively high grade fenites. A litde aegirine and or alkaline amphibole soon develops 

and tends to be restricted to the network of veinlets but may be concentrated in rare 

patches or along the contacts between quartz and feldspar g rains (Fig. 5). The am

phibole is a deep blue to bluish-g reen very fine grained variety, giving anomalous blue 

interference colours, and is usually a magnesio-arfvedsonite. 
The medium stage of feniti zation is characterised by the widespread development 

of aegirine andjor alkaline amphibole. There is every gradation from rocks in which 

aegirine is the only secondary mafic mineral to those in which alkaline amphibole is 
the sole secondary mafic mineral. Both minerals are strikingly developed along veinlets 

but also occur as isolated grains and aggregates, as rims to and penetrating quartz 
grains (Figs. 5 and 7), which are g radually replaced inwards, and occasionally they 

replace primary biotite. Aegirine is deeply coloured in shades of yellow or green, and 
at this stage of fenitization is usually fine grained and fibrous, and occurs mainly as 

radiating zoned aggregates (Figs. 8 & 9), but may form isolated acicular prisms or 
clusters of prisms. Alkaline amphibole varies from deep-blue to bluish green, and is 
characteristically very fine g rained and fibrous, and has anomalous blue interference 

colours. There is a considerable amount of carbonate, which may be concentrated 
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FIG. 8. Cluste rs of radiating aeg irine needles amongst variably turbid alkali 
feldspar. Plane polarised light. Drill hole 200 at 30 met res. B. M . 1973, 

P20(48). Scale Jine, 0. 5 mm. 

FIG. 9. A cluster of sub-radiati ng aeg irine need les showing colou r zoni ng 
perpendicular to direction of growth, and coarsening of later crysta ls. Pl ane 
polarised li ght. Drill hole 200 at 159 metres. B. M. 1973, P20 (59). Scale 

Jine, 0.25 mm. 

along the centres of veins, at feldspar bo undaries, or scattered throughout feldspar 
crystals. Ore minerals are generally scarce, though what appears to be hydrated iron 

oxides (limonite?, goethite?) are rather plentiful, particularly within the system of 

veinlets. 
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The development of turbidity in the feldspars continues into the cores of grains 
and 'new' fresh feldspar starts to form at the rims . Even the microcline, which tends to 

resist alteration in the early stages, is now turbid. Sometimes primary plagioclase is 

still distinguishable from primary alkali feldspar, but commonly the feldspar takes on 

a 'flamy' appearance or appears to be vaguely perthitic. The new feldspar rims have 

complex sutured margins and patches of fresh, fine grained feldspar sometimes devel

ops between the larger grains. The fine grained feldspar may or may not be finel y 

twinned. The rocks often show the effects of strain, usually in the form of bent, 

broken and displaced twin lamellae in plagioclase, and bent cleavages in biotite. That 

general shattering of the rock facilitated penetration by fenitizing fluids is shown by 

the association of turbid felds pars and mechanical deformation features. More severe 

deformation is shown by occasional zones of comminuted minerals, and by mortar 

textures. 

Alllphibolite and hornblende schist 

There is a complete gradation among the low grade fenites from amphibolites 
with 50 per cent or more hornblende, to hornblende-biotite schists. The amphibolites 

are more resistant to fenitization than the granite gneisses and schists, and there 

appears to be two principal reasons for this. Firstly, the hornblende is relatively stable 

in the outer fenite zones and resists alteration; and secondl y, the system of veinlets 

which seems to be the principal means of access of the fenitizing fluids do not develop 

as easily in these rocks as in the gneis ses and schists. Where such veins are developed, 

however, they are very distinctive. 

As with the gneisses and schists the onset of fenitization is indicated by the devel

o pment of turbidity in the feldspar. The feldspars in the amphibolites, however, are 

less disrupted by veinlets, but instead the turbidity gradually encroaches inwards from 

grain margins producing concentric patterns of turbidity (Fig. 11). The turbidity is 

m o re pronounced in the vicinity of the few fenitization veinlets, and in some specimens 

the feldspar is so turbid as to be almost opaque (Fig. 10). The alteration of the feldspar 

can become very intense before any alteration is apparent in the hornblende. 

In only a few specimens is the alteration of the mafic minerals evenly spread 

through the rock as a whole, rather than being confined to the aureo les of veins. In 

these few rocks the hornblende is altered to a mixture of alkaline amphibole and 

phlogopite or phlogopite and alkali feldspar (Fig. 10). The alkaline amphibole, wh ich 

forms ragged or sub-prismatic crystals which are sometimes poikilitic towards 

feldspar, is a magnesio-arfvedsonite varying from shades of pale blu to deep blue

g reen. Phlogopite is pale brown and forms subhedral to anhedral flakes which may be 

intimately intergrown with amphibole, form isolated flakes, or occur as small clusters 

of flakes . Primary biotite is replaced by a finely granular feldspar mosaic with opaque 

minerals outlining the cleavages. Carbonate is abundant. 
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FIG. 10. A primary hornblende crystal (dark grey) being replaced peripherally 
by an aggregate of phlogopite, alkali feldspar, and carbonate, which is sur
rounded by very turbid (Iightly speckled) feldspar. Plane polarised light. 
Drill hole 243 at 127 metres. B. M. 1973, P20 (23). Scale line, 0.25 mm. 

FIG. 11. Hornblende (b lack) altering to fine g rained, rounded patches of 
aegirine (dark g rey); and feldspar showing the peripheral development of 
turbidity in the vicinity of a fenite vein let in a fenitized hornblende schist. 
Plane polarised light. Drill hole 243 at 120 metres. B. M. 1973, P20 (21). 

Scale line, 0.5 mm. 
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FIG. 12. Near to a veinlet ho rnblende (dark grey, to the rig ht) is altered to 
fine g rained, rounded patches o f aegirine (medium grey, to the lefr), the 
transition being relatively sharp, in a fenitized hornblende schist; feldspar, 
pa le grey. Plane polarised light. Drill ho le 210 at 57 metres. B. M. 1973, 

P20(31) Scale line, 0. 5 mm. 

The fenite veinlets in the amphibolites usually have a central thread of carbonate 

with an aureole of fenitization up to 3 or 4 cm wide on either side. The vein plus 
aureole may be white to grey, or a distinctive brick red to pink; the latter type are 
described with the potassic fenites. The zones of alteration are sharply bounded 

against the amphibolite (Figs. 11 & 12). Within the altered zone feldspar is turbid, and 

hornblende is altered to aggregates of aegirine (Figs. 11 & 12), or alkaline amphibole 

plus pale brown phlogopite, and opaque minerals. The aegirine usually forms sharply 
bounded, rounded, fine-grained, fibrous aggregates, while the amphibole ten ds to be 

restricted to the outer parts of the alteration zones where it often forms rims to the 

primary hornblende. The style of alteration may be different on either side of avein, 
and it is noticeable that the width of the alteration zones is not necessarily related to 
the si ze of the central vein of carbonate. 

Syenitic fenites 

In the syenitic fenites no primary minerals remaln, though pseudomorphs after 
primary minerals, textures, or structures may be recognizable. The syenitic fenites are 

found in the inner parts of the ferrite aureole, the best examples being encountered in 
boreholes 196, 210 and particu larly in borehole 70 which cuts the contact with car-

4 1145 2- 75 
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bonatite. The mineralogy comprises essentially alkali feldspar and aeglrlne a nd or 

alkaline amphibole; phlogopite is abundant in some amphibole-rich fenites, and 

carbonate is always plentiful; opague minerals are sometimes present. 

Initially feldspar is turbid, as in the low to medium grade fenites, but turbidity 

becomes less marked until in some of the syenitic fenites from bore hole 70 tbe feldspar 

is almost clear. In some specimens the g ranular mosaic of new feldspar, which develops 

between the large feldspar plates in some of tbe lower grade fenites, becomes more 

abundant; in otbers, bowever, the feldspar coarsens to form large poikilitic plates a 

centimetre or more across, which include patches of mafic minera ls, sometimes in the 

form of a complex network of veins. In all textu ral types the intra-feldspar boundaries 

are always complexely sutured (Fig. 13). The feldspar is dominantly albite but so me 

of the more turbid feldspar is untwinned and, apart from being alkali feldspar, it is 

difficult to determine its precise nature. Tbe albite may be simply twinned on the 

albite law or form a very complex cheguer albite, while a vague ly perthitic or 'flamy' 

pattern is sometimes evident. Deformation is sbown by the almost ubiguitous bending 

and breaking of tbe twinned feldspars. Other types of twinning are sometimes present 

and patently produced mechanically, as sho\vn by their spatial relationsbips to de

formation features such as cracks along which there has been dis placement. 

FIG. 13. Syenitic fenite . Alkali feldspat (white to grey, low relief) has lost 
its turbidity, and has complex sutured margins. Pyroxene has recrystallized to 
stout crystals. Crossed polarisers. Drill hole 70 at 161 metres. B. M. 1973, 

P20(73). Scale line, 0.5 mm. 

Aegirine continues to crystallize in the syenitic fenites and may comprise as much 

as 40 per cent of some rocks. It characteristically forms clusters of radiating crystals 

which may be a centimetre or more across (Fig. 8), and a vague reticulate pattern of 
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FrG. 14. A sinuo us, reticulate vein pattern comprising fib ro us aegirine (dark 
g rey) . Plane po la riscd lig ht. Drill ho le 200 at 175 metres . B. M. 1973, P20(62). 
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Scale line, 0. 5 mm. 

FrG. 15. Syenitic fenite fro m elose to the carbo natite contact showing coarse 
aegirine-augite crystals (dark grey, cent re and to the ri g ht), coarse alkaline 
amphibole (medium relief, to the left) and felds par (white, low re lief). Plane 
p o larised lig ht. Drill h o le 70 a t 161 metres. B. M. 1973, P20(73). Scale line, 

0 . 5 mm. 

veins (Fig. 14). The crystals are larger tban in tbe low to medium grade fenites, and 

increase in size until in tbe fenites dose to the carbonatite contact they are stout 

subhedral to euhedral prisms. In tbese rocks there is litde si g n of the usual fenite 

veinlet network (Figs. 13 & 15). The aegirine is deeply coloured in shades oE buff, 
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FI G. 16. A poikilitic plate of alkaJinc amphibole (dark grey) growing around 
and including alkali feldspar. Plane polarised light. D ri ll hole 196 at 93.5 metres. 

B. M. 1973, P20(81). Scale line, 0.25 mm. 

yellow and g reen, and radiating masses may be colour zoned, but there is no appre
ciable difference in ex tinction angle across the zo nes. However, the stout p yroxen es 
from borehole 70 have a: z = 19- 20° indicating aegirine-augite. 

Amphibole is very variable in colour, habit, and texture, and the abundance and 

variety of the amphiboles in the SokE fenites appears to be unique. In many of the 

pyroxene-rich fenites a very pale green or blue amphibole occurs as isolated crystals 

o r patches within p yroxene aggregates, and in some oE the pyroxene fenites of borehole 

70 a very pale blue-green to colourless amphibole forms occasional veinlets (Fig. 15). 
In other rocks a more abundant amphibole forms isolated, ragged, poikilitic plates 

{Fig. 16), while in fenites which are probably derived from amphibolites the amphibole 
js very abundant, oE a deep blue-green colour, and forms patches w hich may replace 

the primary hornblende, and with which a brown phlogopite is usually intergrown. 
'Cross-cutting veins composed almost wholly oE amphibole are very striking in some 

rocks from boreholes 196 and 210, and may cut sharply across pyroxene fenite 

suggesting more than one stage oE fenitization (Fig. 17). The veins are up to 0.5 cm 
ilCroSS and the stout to acicular pale blue to green amphibole prisms are orientated 

parallel to the length of the rather sinuous veins, producing a remarkable appearance 
of flow (Figs. 18, 19 & 20) . These veins are probably to be correlated with the zones 
of blue amphibole-rich fenite, up to three metres wide, w hich can be seen cutting 

across green pyroxene fenite in the trenches in the WNW and NNW part of the 

aureole. 



H. Varliainel1 and A . R. Woollry: The Sokli earbonatite intrusion 29 

FrG. 17. Hand speeimen of drill eo re showing a late alkaline amphibole-rieh 
vein eutting sharply aeross a pyroxene fenite. Drill hole 210 at 71. 2 metres. 

B. M. 1973, P20(37). Seale line, 1. 0 em. 

FrG. 18. Veins of fibrous alkaline amphibole (darker grey and higher relief); 
the other mineral is alkali feldspar. Plane polarised light. Drill hole 243 at 72. 5 

metres. B. M. 1973, P20( 14). Seale line, 0. 5 mm. 

In some parts of the core from borehole 70 there is a striking bluegreen amphibole, 
which forms stubby, euhedral prisms up to a millimetre long wh ich are associated with 
phlogopite. In some places these two minerals are the sole constituents of the rock 

(Fig. 21). This amphibole-phlogopite rock forms lenses and patches within the more 
normal syenitic fenite but in places occurs as 'aureoles' to carbonate veins. 

Phlogopite is invariably pale brown and associated with amphibole. Carbonate is 

abundant in all the syenitic fenites and may comprise as much as 15 volume per cent 
of the rock. It forms cross-cutting veins, isolated patches, and small grains within the 
feldspar. Opaque minerals are usually absent but are plentiful in a few specimens. A 
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FIG. 19. Section across an a lkaline am phi bole vein (dark g rey); there is also a 
little carbonate in the vein; the pale grey mineral is alkal i feldspar. Plane 
polarised lighr. Drill hole 196 at 88.4 metres . B . i\L 1973, P20(80) . Scale 

linc, 0.5 mm . 

FIG . 20. Same as Fig. 19 but crossed polarisers, to show the fibrous nature 
of the alkaline amph ibo le and its general or ientation along the vei n. Scale 

line, 0.5 mm. 

little apatite may occur, but in one thin section of amphibole-ph logopite rock from 

borehole 70 apatite comprises some 30 per cent of the rock. Zeolite has been identified 
in one section and probable cancrinite in another. 
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FIG. 21. A layer o f alkaline amphibo le rock ( tO the right, hig her relief) adj 
ace nt tO phlo gopite rock. Plane polarised lig ht. Drill ho le 70 a t 201. 3 metres. 

B. M . 1973, P20(77) . Scale line, 0. 5 mm. 

The syenitic fenites encountered on the fenite-carbonatite contact in borehole 70 

are of especial interest in showing the highest grade of fenitization developed at Sokli. 

The most noteworthy features of these fenites are as folIows: there are all gradations 

from pyroxene fenite, through pyroxene-amphibole fenite to amphibole fenite (see 

Fig. 15); phlogopite is exceptionally abundant in some samples and is always asso

ciated with amphibole; feldspar is usually dear or only slig htly turbid and is 

dominantl y albite; all the minerals are coarse-grained, pyroxene, for instance, forms 

stout prisms and not the fibrous aggregates characteristic of the lower grade fenites; 

the cross-cutting fenite veinlets are hardly discernable. These features combine 

to give tbe pyroxene syenitic fenites in particular, an 'igneous' appearance and indeed 

some speclmens, if taken in isolation, could not be distinguished from igneous 

syenites. 

Potassic fenites and 'phlog opitization' 

A very distinctive group of fenites characterised by high K 20 values has been 

recognised at Sokli. Tbey form only a small proportion of the total volume of fenites 

but are of considerable significance. They can be divided into three groups: firstly a 

group characterised by a general potassic feldspathization; secondly, a suite of potas

sium-rich metasomatic veins, and thirdly a group distinguished by the widespread 

development of phlogopite. 
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The first type of potassium metasomatism occurs only in specimens from borehaIes 

215 and 223 on the outer edge of the ESE part of the fenite aureole. The degree of 
fenitization is here low and the granite gneisses and biotite schists, which are the 

dominant rock types, contain feldspars that are only slightly turbid and have rare 

fenite veinlets. Whereas these normal fenites are grey, the potassic fenites are a 
distinctive pink to brick red. This red colour pervades the feldspars and ma y be 
concentrated along and in the vicinity of veinlets which form typical reticulate pat

terns. In section the colouration is reflected in an enhanced turbidity in the plagioclase 

feldspars, which may sometimes become almost opaque, but microcline remains fresh 
much longer. There is same concentration of iron oxides and carbonate alang veinlets. 

Biotite is rapidly replaced by a fine-grained aggregate of untwinned feldspar wirh the 

traces of the c1eavages outlined by iron oxides. Occasional patches of very fine
grained blue alkaline amphibole may occur along veinlets and a litde aegirine is 

sometimes present. 

FIG. 22. A specimen of drill core showing amphibolite 
(dark grey to black) cut by veinlets of carbonate pro
ducing aureoJes of potassium fenitization (grey). lt is 
noteworthy that the foliation of the amphibolite has 
so me control over [he distribution of the fenitization. 
Drill hole 210 at 90.7 metres. B. M. 1973, P20(44). 

Scale line, 1.0 cm. 
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FIG. 23. A specimen of drill core sho,,·ing amphibo li te (bl ack) being 
altered to potassic fenite along veins. Drill hole 200 at 157 metres. 

B. M. 1973, P20(58). Scale line, 1. 0 cm. 

FIG. 24. A rock consisting almost wholly of phlogopite; there are a few 
small crysta ls o f alkaline amphibole also present. Rm 1117. Scale line, 0.5 mm. 

The second type of potassic fenites consists of potassium-rich metasomatic veins 

which are common in the rocks from boreholes 243 and 210 in the ESE part of the 
aureole, and two examples have been recognised from borehole 200 on the SE part of 

the aureole. Whereas boreholes 215 and 223 were drilled mainly through granite 
gneisses and schists, 243 and 210 penetrated a considerable thickness of amphibolites 

5 11 452- 75 
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and hornblende schists, and it is to these latter rocks that the potassium-rich meta
somatic veins appear to be restricted. It is probable that the style of potassium meta
somatism is determined by the physical characteristics of the invaded rocks. 

The veins are up to 3 or 4 cm wide and brick-red in colour. A central thread of 

carbonate is invariably present and the outer part of the zone of alteration to either 

side of the carbonate thread is sharply bounded against amphibolite or hornblende 

schist (Figs. 22 & 23). In section the zone to either side of the carbonate is seen to be 
composed of fine grained very turbid feldspar which is heavily impregnated and 

obscured by iron oxides, which are probably goethite or limonite. These oxides 
sometimes pseudomorph hornblende, but more commonly are disseminated through
out the rock. Scattered through this feldspar - iron oxide rock are irregularly shaped 

patches of very fine grained brown to olive green phlogopite, which sometimes appears 
to be secondary after hornblende. Phlogopite also occurs within and adjacent to the 
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FrG. 25. Phlogopitization produced at carbonatite-fenite contacts. All three 
figures are based on drill core hand specimens. Scale lines, 1. 0 cm. 

(a) Carbonatite thread cutting amphibolite with an adj acent zone o f phlogopiti 
zation (darker shading). Drill hole 243 at 98 metres. B. M. 1973, P20(19). 
(b) A sinuous vein o f carbo natite cutting syenitic fenite and producing a 
phlogopite-rich zone (darker shading) alo ng the contact. Drill hole 255 at 

112.16 metres. 
(c) A fragment of fenite completely enveloped in carbonatite, with a dark 
phlogopite-rich reaction zone around it. Drill hole 255 at 110.0 metres. 
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carbonate veins, as irregular patches among feldspars, or as rounded masses either 
within the carbonate itself or as lobes within feldspar at carbonate - feldspar bound

aries. Much of this phlogopite is developed manifestly by 'phlogopitization' of feldspar 

through the agency of the carbonate, and similar phlogopitization, although on a 
smaller scale, has also been observed associated with carbonate veinlets in the sodic 

fenites . 
The third group of rocks which has underg one potassic metasomatism is particu

lady well shown in borehole 70, though single specimens from boreholes 196 and 243 
are also to be included in this category. The characteris tic feature of this group is a 
widespread replacement of feldspar by phlogopite to produce rocks which locally are 

entirely composed of phlogopite (Fig. 24). The development of phlogopite may be 

restricted to a zone along contacts with carbonate veins (Fig . 25), or be widely dis

seminated through the body of the rock, and it is commonly, though not always, 
associated with an alkaline amphibole. 

The development of phlogopite along veins may result in a phlogopite rich zone 
up to 0.5 cm wide consisting of yellow-brown phlogopite crystals up to a millimetre 

long which are sometimes orientated perpendicular to the margin of the vein. The 

zone may be pure phlogopite or phlogopite and a blue alkaline amphibole (Fig. 26). 
There is some thin section evidence that phlogopite has replaced feldspar, whereas 

amphibole was either already present in the surrounding fenite or, if this fenite is 

FIG. 26. Pyroxene-a lka line amphibole syenitic fenite (to the left) cut by a 
carbonatite vein (extreme rig ht). Along the vein is an aureole of alkaline 
ar p libole (bladed crystals concentrated nearer to the vein) and phlogopite 
( tl e most abundant mineral in the central part of the photomicrograph, and 
often with a weil deve loped c1eavage) . A few aeg irine crystals (dark grey) 
can be dist ing ui shed in the syenitic fenite amongst patches o f alkaline amphi-

bole (med ium g rey). Rm 1115. Scale line, 1. 0 mm. 

-
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FIG. 27. A seetion of drill eore comprising phlogopitc-rieh fcnite from close 
to the earbonatite eontaet. The dark patehes are mainl y phlogo pite with somc 
alkaline amphibole. The white areas are alkali feldspar, carbonate, and apatite. 

Drill hole 70 at 201. 3 metres. B. M . 1973, P20(77) . Scale line, 1. 0 cm. 

FIG. 28. Phlogopite (dark grey) developing around and rcplacing alkali 
feldspar (palc grey). Plane polariscd light. Drill hole 70 at 202.5 mctres . 

B. M. 1973 P2078). Scalc linc, 0.5 mm. 

pyroxene-bearing, has replaced the pyroxene. Phlogopite and amphibole are invariably 
present also within the carbonate veins. 

In the more widely developed type of phlogopitization, which has been observed 

in rocks from borehole 70 only, the soft black phlogopite rock forms pods and lenses 

sometimes as much as 0.5 metres thick.(Fig. 27). In thin section tbe rock varies from 

small patches of almost pure phlogopite to phlogopite-amphibole rock. Small remnant 
areas of amphibole syenitic fenite wh ich have resisted the replacement by phlogopite 
sometimes occur. The progress of the phlogopitization process can be seen in some 

syenitic fenites in which the phlogopite forms a discontinuous network extending 
around and between the feldspar grains which are gradually replaced inwards 

(Fig . 28). 
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The areal distribution of aegirine-bearing, amphibole-bearing and potassic 
fenites 

Fig. 29 shows the distribution of aegirine and alkaline amphibole fenites and 

potassic fenites in the seven boreholes in the fenite aureole, plotted as a function of 

distance from the carbonatite contact. It is apparent that amphibole and aegirine occur 

throughout the aureole and that there is no correlation between their occurrence and 

the degree of fenitization. There is some bias, however, in the distribution of the 

potassic fenites of which the first two groups, i .e. those occurring as a general potassic 

feldspathizatio n and as potassium-rich metasomatic veins, are concentrated in the 

outer parts of the aureole, particularly in borehole 215, whereas the third g roup of 

potassic fenites, which is characterised by the presence oE phlogopite, is restricted to 

the inner part of the aureole. 
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FIG. 29. Diag ram illustrating the distributi o n of aegirine and alkaline 
amphibole-bearing and potass ic fenites, together with areas of phlogopiti
zation, as determined from thin sections, in the seven drill ho les in the 
fenite aureo le, the numbers of which are indicated, plo tted aga inst distancc 
from thc carbonatite-fenitc conract. Filled circles, aegirine fenite; o pen 
circles, aeg irine plus minor amphibo le fenite; filled sq uares, amphibole 
fenite; open squares, amphibole plus minor aegirine fenite; X, potassic 

fenite; P, phlogopitization. 

Possible mobilization of fenites 

As already pointed out many of the rocks of borehole 70 are coarse grained with 

textures comparable with those of ig neous rocks, and some rocks from this borehole 



38 Geological Survey o f Finland, Bulletin 280 

FIG. 30. Specimen o f drill core showing a layer o f coarse syenitic fenite 
with relatively sharp co ntacts against finer g rained fenite . The coarser 
rock may represent a rheo morphosed fenite . Drill ho le 210 at 73 metres. 

B. M. 1973, P20(41 ). Scale line, 1. 0 cm. 

FIG. 31. A specimen of drill core showing contact of coarse and fine 
g rained syenitic fenite, similar to Fig . 30. Drill ho le 210 at 72 metres. 

B. M. 1973, P20(38). Scale line, 1 .0 cm. 

display 'swirling structures', particularly in phlogopite-rich parts, which may indicate 
mobilization of the fenites dose to the carbonatite contact. 

Two lengths of core from borehole 210 show sharp contacts between very coarse 

grained fenite and a much finer grained variety (Figs. 30 & 31). One of these speci
mens consists of a coarse zone four centimetres wide with finer grained rock to either 

side (Fig. 30). Both the coarse and fine grained varieties are pyroxene syenitic fenites 

with very minor amphibole. The pyroxene in the coarser rock varies from fine grained 

fibrous aggregates to coarser aggregates of euhedral prisms, and the feldspars form 

large plates up to 0.5 cm in diameter. These specimens constitute perhaps the best 
evidence from Sokli of limited mobilization of the fenites, but it is possible, though 
unlikely, that the coarser and finer grained fenite types reflect original compositional 

differences in the country rocks. 

Mineralogy 

Feldspar 

Feldspar was separated from some 50 rocks and investigated on a diffractometer in 
the ranges 20 = 20-23° and 29-31°. The chemically analyzed specimens of un

fenitized granitic gneiss contain microdine with high obliquity values, obtained from 
the 131-131 peaks, though the presence of albite peaks predudes accurate measure-
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ment. Diffractometer traces of feldspars separated from the four analyzed amphibolites 
and hornblende schists show albite as the only component in three of them, while in 
the fourth, which is the most potassic, a potassium feldspar can just be detected . 
Measurement of the 201 sodic felds par peak, and using the data of Bowen and Tuttle 

(1950), gave feldspar compositions for two specimens of Ab 93 Or 7 and Ab 90 Or10, 

which matches fairly weIl with the normative feldspar compositions from the rock 

analyses. 
In 15 of the 26 feldspar fractions separated from syenitic fenites sodic feldspar only 

could be detected, while in the rest only very smaIl peaks corresponding to a potassic 

feldspar phase could be identified. The results indicated compositions varying 
between Ab 95 Or5 and Ab 99 Or1 • 

Feldspar from the two most potassic fenites which have been analyzed (nos. 
61 & 75, Tables 10 & 12) together with those from four analyzed potassic veins were 

amongst the feldspars investigated. Diffractograms of feldspars from rocks 61 and 75 
are dominated by the presence of potassic feldspar with smaIl sodic feldspar peaks 
just detectable. The compositions of the potassic feldspar, estimated from the 201 
peaks, appear to be very elose to Or100 Abo. The sodic feldspar 201 peaks are too 

diffuse to measure accurately. The potassic feldspar is a microeline having obliquity 

values of 0.78 in both rocks. The feldspar of the most potassic of the veins (68) gave 
similar results with a potassic feldspar phase elose to Or100 Abo having an obliquity of 

0.75, but the sodic feldspar peaks are more pronounced in this rock. Feldspars from 

the other three separated veins have distinct 201 peaks for both potassic and sodic 

feldspars, for which in 72 potassic feldspar (201) is greater than sodic feldspar (201 ), 
while the reverse holds in 74 and 66. The indicated relative abundances of the feldspars 
match elosely the normative feldspar compositions of the rocks. The compositions of 

the two feldspar phases in the three veins are Ab 96 - 99 Or 4 - 1 and Abo Or100, or very 
elose to it. The potassic feldspar is trielinic. 

Amphibole 

Eleven alkali amphiboles have been separated and chemicaIly analysed; the results 

are given in Table 4 and some details of nomenelature, colour, texture, etc., are given 
in Table 5. There was not enough material for the determination of the water content 
of two of the specimens (17, 24) and these have been caIculated to 23 (0, OB, F). Total 

alkalis are greater than 2.5 atoms per half unit cell for aIl except 24, in which they are 

2.4. The Y group is dominated by iron and magnesium, wh ich have a elose reciprocal 

relations hip (Fig. 32). These features together place these amphiboles in the 
arfvedsonite-eckermannite series, and ta king the subdivisions of this series at mg 

ratios (100 Mgj(Mg + Fe2 + + Fe3 + + Mn) of 30 and 70 as recommended by Deer, 
Bowie and Zussman (1963, Fig. 89), four amphiboles prove to be eckermannites and 
the rest magnesio-arfvedsonites (but see below). 
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TABLE 4 

Chemical analyses o f alkaline amphiboles and ferro-t schermakitic hornblende 

16 I 17 I 18 I 19 1 20 1 21 I 22 23 I 24 I 25 I 26 27 

Si02 ....... 51. 09
1 54. 40

1 
52. 241 52. 681 51. 88 52.861 51. 82 1 53.391 56 .661 54. 77 1 56. 27 42.4 3 

Ti02 ... .... 1. 0 8 1. 82 0. 75 0. 90 0. 47 0. 55 1. 35 0 . 33 0. 30 1. 28 0. 28 1. 70 
Al 20 a ...... 3.03 0.9 6 1. 93 2.51 4.21 1. 7 5 2. 09 2.35 0. 66 0. 57 0. 41 11. 59 
Fe20 a ...... 12. 77 10.1 8 11. 88 9.76 9. 77 9.75 8.86 7. 99 5. 76 8. 65 4. 52 6.11 
FeO .... . .. . 6. 531 6. 08 1 5. 72 6 . 5 1 5. I 4 

4.
67

1 
4. 30 4. 60

1 3. 841 2. 9 11 2.92 14. 3 1 
MnO ... . ... 0. 32 0 . 27 1 0. 2 11 0. 381 0.41 0. 37 0.2 7

1 
0.2 9 0. 70 0 . 55 0.9 2 0.40 

Mg O ....... 11. 3 0 11. 29 12.56 12.97 13. 74 15. 21 16. 02 16.1 6 17.48 16. 02 18. 77 7. 90 
CaO . .. ..... 1. 57 0. 71 1. 14 1. 92 2.23 1. 32 3. 73 2.83 4. 14

1 
1. 631 4. 47 10. 76 

Na.O .. . .. . 9.14 7.71 9.59 8. 97 9.11 9.4 0 8.66 8.75 7. 62 9. 59 7. 78 1. 68 
K20 . ... .. . 1. 0 5 

2. ] 
0. 94 1. 0 5 0. 59 1. 03 1. 0 2 1. 02 1. 8 6 1. 09 1. 88 0.91 

H oO + .. " .. 1. 0 5 1. 60 1.5 21 1. 4 81 1. 261 0. 90 1. 12 
=1 

1. 07 0. 94 1. 55 
H;O - ...... 0. 02 0. 04 0.0 3 0.0 3

1 

0. 03 <0.01 0. 07 0. 03 0.0 6[ nil 
F ........ .. 1. 27 1. 03 1. 56 1. 2 I 1. 08 1. 76

1 

1. 29 1. 41 1. 7 5 2. 10 1. 80 0. 04 
o thers 0. 53 0. 55 0.4 5 0. 22 0 . 23 0.1 5 0. 3 1 0. 39 0. 091 0. 38 0.1 0 

100. 75 97. 50,100. 6 1 100. 6YOO . 37 100.11 100. 63 100. 70 100. 86 100. 64

1

101. 121 99. 38 

° = F ... . . 1 0. 53 0. 02 0.4 3 0. 66 0. 51 0.4 5 0.74 0. 55 0.60 0. 74 0. 88 0 .76 

!t 00. 221 97.07 ! 99. 95!t 00.1 21 99.92! 99. 371t 00.0 81100.1 01t 00.1 2! 99. 76!t 00. 36! 99. 36 

trace elements in p.p.m . 

Cr · . . . . . . . . 200 200 100

1 

100 < 100 < 100 < 100 200 < 100 200 1 < 100

1 
Li ... . .. . . . 1 nil

l 
nil nil

l 
nil l nil l nil nil l 

I~ I 
nil nil 

Nb .. .. . ... 200 1000 200 200 tr 100 100 < 100 100 tr 
Ni ..... . .. . 100 300 50 100 100 5 100 100 ' 50 15 50 
Cu ......•.. 175 300 nil nil nil nil nil nil nil nil 30 

~n.::::: ::::1 
nil nil nil nil nil nil nil nil nil nil nil 

1 800 1 400 1 500

1 

300 1 600
1 

300 500 / 500 100

1 

600
1 

300 
Zr ....... . . 1500 2000 1 1 500 1000 1000 700

1 
1 500 2000 1 200 1800 300 

y ....... .. . nil nil nil nil nil nil 25 nil ni l nil nil 
Sr ... .. ... . 50 20 50 90 100 70 170 150 420 100 200 
Ba · . . . . . . . . 100 300 100 100 < 100 100 100 100 500 100 < 100 
Rb ......... 30

1 
60

1 
45

1 

30 30 1 40
1 

30
1 

30 60 40 1 40

1 

G a ..... .... 40 5 60 25 50 25 25 25 tr 25 n~ Sn 
::::::: :: ! 

20 50 25 40 1 100 50 50 25 
Co 50 100 50 100 100 50 100 150 120

1 Pb · . . . . . . . . tr 30 nil 50 300 

Thc dominance of the Y group by magnesium and iron and the relationship 

between them is shown in Fig. 32 using both the new data here presented together 

with analyses taken from the literature. Ferric iron exceeds ferrous for the Sokli 

amphiboles (Fig. 33 a) and there is a distinct decrease in this ratio from eckermannitic 

to arfvedsonitic amphibolcs as a group. It is noteworthy that up to 2 % fluorine has 

been found in these amphiboles. 

K empe (1969, Fig. 1) showed on a plot of mg ratio against weight per cent MgO 

a linear relations hip for tbe arfvedsonite-eckermannitc scries but he had data for only 

three amphiboles with mg ratios > 70. The new data shows that there is a weil 

deflned slope change at an mg ratio of about 50 (Fig. 33 b). This slope change sepa-
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umbers of ions on the basis of 24 (0, OH, F), or 23 oxygens for analyses 17 and 24 for which 
water has not been determined 

16 I 17 I 18 I 19 I 20 I 21 I 22 I 23 I 24 I 25 I 26 I 27 

Si .......... 7.528 7.638 7.597 7.631 7.487 7.656 7.530 7.684 7.586 7.841 7.964 6.424 
Al . . ....... 0.526 0.159 0.331 0.429 0.716 0.299 0.358 0.399 0.104 0.096 0.068 2 . 069 
Ti .. , .. .. .. 0.120 0.192 0.082 0 . 098 0.051 0.060 0.148 0 .036 0.030 0.138 0 .030 0.194 
Fe3+ ........ 0.416 1. 076 1. 300 1. 064 1. 061 1. 063 0.969 0.865 0.580 0.932 0.481 0.696 
Fe2+ ....... 0.805 0.714 0.696 0.789 0.620 0.566 0.523 0.554 0.430 0.348 0.346 1. 812 

Mn . .... . .. 0.040 0.032 0.026 0.04 7 0.050 0.045 0.033 0.035 0.079 0.067 0.110 0.051 
Mg . . . . . . . . 2.482 2.362 2.722 2.800 2 . 955 3.283 3.470 3.466 3.488 3.418 3.959 1. 782 
Ca ......... 0.248 0.107 0.178 0.298 0.345 0.205 0.581 0.436 0.594 0.250 0.678 1. 7 46 

Na . - ....... 2 . 611 2.099 2 . 704 2.519 2.549 2.639 2.440 2.441 1. 978 2.652 2.157 0.493 
K . . . . . . . . . 0.197 0.448 0 . 174 0.194 0.109 0.190 0.189 0.187 0.318 0.199 0.340 0.174 
OH . , .... . . 1. 032 - 1. 552 1. 469 1. 425 1. 2 1 7 0.873 1. 075 - 1. 022 0.888 1. 567 
F ... . ...... 0.592 - 0.718 0. 55 4 0.493 0.806 0.593 0.642 - 1. 022 0.806 0.019 

Z . . . . . . . . . . 8.00 7.80 7.93 8.00 8.00 7.95 7.89 8.00 7.69 7.94 8.00 8.00 
Y .......... 4 .92 4. 3 7 4.82 4.8 6 4.94 5.02 5.14 5.04 4.61 4.90 4.96 5.0 2 
X , ....... . . 3.06 2.6 5 3.06 3.01 3.00 3.03 3.21 3.06 2 . 89 3.11 3.17 2.4l 

100 Mg 

1

4U (Mg + Fe2++ 
52.4 56. 5 57.4 59.6 63.0 66.2 69. 5 70.4 71. 6 71.7 80.9 

Fe3++ Mn) I 
For details of amphibole types, localities, and rocks from which the y were separated see Table 5. 
In calculating the formulae of amphiboles 1 7 and 24, for wh ich there are no water determinations, the 
values for F were ignored. 
Major elements and Cr, Sr, Ba, and Rb by A. J. Easton; trace elements by V. K . Din . 

6 114 52-7 5 

5·0 1<""---,.--,---.--,---,---,.--,----.--,-----, 

4·0 •• .. 
3·0 •• • 

Mg ~. 
2·0 I •• -
1·0 

,. 

o 1·0 2·0 3·0 4·0 5·0 
Fe 2+ + Fe 3+ 

Fig. 32. Plot of Mg against (Fe2 + + Fe3 +) for arfvedsonites, 
magnesio-arfvedsonites, and eckermannites using new data 
and data taken from the literature including Borley ( 1963), 
Brock et al. (1964), Deer, Howie, and Zussman (1963), Kempe 
( 1 969), Kempe and Deer ( 1 970), McKie ( 1966) , Nash and 
Wilkinson ( 1 970), Nayak and euvonen ( 1964), Nickel and 

Mark (1965), Sutherland (1969), and Velde ( 1971). 



TABLE 5 So me details o f the amphibo les fo r which chemical clata are g iven m Table 4 ~ 
N 

num-I drill hole nomenclatu rc of suggcsted new rock type fro m which 
her B.M. numbcr and dcpth Decr, Howic and no menclat ure general calo ur crys ta I fo rrns scparatcd Cl 

Z ussman (1963) " 0 

1973, P20 (14) 1 243 I magnesioa rfvedsonite I 1 pale green-yellow! acic~la r cross-

0" 
IJQ 

16 at 72.5 m. ferri -eckermannite alkaline amphibole syenitic ,,' 
cuttmg masses fenite ~ 

I deep g reen-lilac I stubby prisms 

(fJ 

(25) I 
c 

17 » 243 at 132 m. » » » alkaline amphibole (phlog- < 
" o pite) syenitic fenite '< 

0 

(67) 223 at 45. 3 m. blue-green fine alkaline amphibo le 
...... 

18 » » » » very quarrz 'Tl 

I ' grained fibrous fenite S' 
I masses ;;-

::> 
p.. 

19 » (73) 70 at 161 m. » » » very pale-g reen euhedral aegirine-aug ite-alkalinc tD 
stubby prisms amphibole syenitic fenite E. 

if 
20 » (76) 70 at 200 .5 m. » » » pale g reen -lilac sto ut prisms aeg irine-aug ite-alkaline S' 

amphibo le syenitic fenite N 
00 

I 0 

21 » (77) 70 at 201. 3 m. » » » I deep g reen-blue stubby prisms alkaline amphibole-
phlogopite rock 

22 » (78) 70 at 202.5 m'

l 

» » » medium g reen - stubby prisms phlogopite-alkaline 
lilac amphibo le syenitic fenite 

23 » (80) 196 at 88.4 m. eckermann ite » » mediu m g reen- acicular cross- alkaline amphibole -

I 
lilac cutting masses phlogopite syenitic fenite 

24 » (81 ) 196 at 93.5 m. » » » deep g reen-lil ac stout prisms alkaline amphibole-
aegirine syenitic fenite 

25 » (82) 196 at 103 m. » » » I deep green-lilac stout prisms alkaline amphibole-

I phlogopite syenitic fenite 
I 

26 

I 
» (84) 196 at 115. 5 m. » eckermannite I deep green-lilac short prisms alkaline amphibole syenitic 

I fenite 

27 11973, P19 ( 8) I trench 29 I ferro-tschermakit icho rnblende I o live-green to I short prisms I unfenitized amphibolite 
yellow 
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FIG. 33. (a) Plot of mg ratio (100 Mg/Mg + Fe2+ + Fe3+ + Mn) against 
ferric iron ratio (100 Fe3 +/Fe3+ + Fe2+) far arfvedsonites, magnesio-arfved
sonites, and eckermannites. Filled circles, new Sokli data; open circles, data 

taken from literature as specified for Fig. 32. 
(b) Plot of mg ratio against weight per cent MgO fo r arfvedsonites, 
magnesio-arfvedsonites, and eckermannites. Symbols as for (a) above. 
Attention is drawn to the change o f slope at an mg ratio of about 50 . 
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10 (Wt% 1 

8 

6 

2 

rates those amphiboles with mg ratios > 50, in which Fe3 + > Fe2 + from those of mg 

ratio < 50, in which Fe 2 + > Fe3 +, and is probably an arithmetic effect of the differing 
atomic weights of ferrous and ferric iron. 

Deer, Howie and Zussman (1963) placed the boundary between eckermannite and 

magnesio-arfvedsonite at an mg ratio of 70 because of a supposed change in attitude 

of the optic axial plane from perpendicular to (010) in the arfvedsonites to parallel to 
(010) in the eckermannites. The optical da ta on which this is based is very sparse but 

it is hoped at some future date to investigate optically the amphiboles separated 
during this work, as they conveniently span the crucial range. 

Consideration of the slope change at an mg ratio elose to 50 on Fig. 33 band the 
change of Fe3 +: Fe2 + ratio corresponding to trus (Fig . 33 a), - which is caused by the 

variation of Fe2 + through the series not through any significant change of Fe3 + (Fig . 

34) - suggests that a more satisfactory division of the arfvedsonite-eckermanniter 
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FIG. 34. Plo t oE Fe3 + against Fe2+ for arfvedsonites, 
magnesio-arfvedsonites, and eckermannites using the 
new Sokli data and the data taken from the literature 

as specified with Fig. 32. 

series would be at this point. On this basis the arfvedsonites have mg ratios < 50 and 
the eckermannites > 50. This would remove the anomaly of Deer, Bowie and 

Zussman's scheme in which an amphibole with an mg ratio of, say, 69 is called 

arfvedsonite - with the prefix 'magnesio' - although it lies doser to pure 
eckermannite than pure arfvedsonite. It also has the advantage of a chemical basis, for 

the determination of the optical properties of the arfvedsonite-eckermannite amphi

boles present formidable difficulties, so that only rarely can optical criteria be applied 

anyway. 

Further subdivision is possible as follows: 

Arfvedsonite - mg ratio 0- 25 
Magnesio-arfvedsonite - mg ratio 26- 50 
F erri -eckermanni te -mg ratio 51 - 75 
Eckermannite -mg ratio 76- 100 
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The prefix 'ferri' follows the usage of Leake (1968) who recommended that it be 

used for calciferous amphiboles when Fe3 + > Fe2 +. In the majority of amphiboles in 

this series in which the mg ratio > 50, Fe3 + is greater than Fe2 + (Fig. 33 a). Applying 
this nomenclature to Sokli am phi boles only one is now an eckermannite while all the 

rest are ferri-eckermannites (Table 5). 
There is a distinct colour change through the series which corresponds closely to 

the variation in mg ratio, such that those rich in iron are strongly coloured in shades of 
blue and green, which becomes paler as the mg ratio increases through shades of 

green and lilac to very pale green. There appears to be no relationship between 

crystal habit, texture, and chemical composition, but there is a correlation of 
amphibole composition with distance from the carbonatite contact, wh ich is illustrated 

by Fig. 35. There is a general increase in the mg ratio of the amphiboles towards the 

carbonatite contact. 

1000 

800 

~ 600 
210 

v (j.~:l E 

400 

200 

o 10 20 

70 
,.------, 

30 40 50 
mg ratio 

. 223 

60 

,-- ------
70 80 90 100 

FIG. 35. Plot of the mg ratios o f Sokli alkali amphibo les and pyroxenes shown as 
a function of distance from the carbonatite-fenite co ntact. Circles, amphiboles; 
squares, pyroxenes. The numbers o f the drill holes from w hich the specimens were 

taken are indicated. 

Pyroxene 

Five pyroxenes were separated and analyzed (Table 6). Numbers 28 and 29 are from 

drill hole 210 some 500 metres from the carbonatite/fenite contact, and three (30 to 32) 
are from drill hole 70 which cuts the contact. The pyroxene analyses from drill hole 70 

rocks have been adjusted to allow for 2.8 %, 5.3 % and 7.4 % alkaline amphibole 
contamination, which was estimated from fluorine data on the pyroxenes and the 

known amounts of fluorine in the amphiboles. Trace element data for pyroxenes 30, 
31 and 32 are not given because of the amphibole contamination. 
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Si02 . . . . . . . . . . . . . 
Ti02 ••••••• 0 ••••• 

AI 20 a ............ 
Fe20 a •••••••• 0 ••• 

FeO •••• • • •••• 0 ••• 

MnO •••••• •• • 0 • •• 

MgO ••••••••• 0 ••• 

CaO .............. 
Na20 ••••••••• 0 ••• 

K20 . ....... . .... 
H 2O + ..... ... . . . . 
H 20 - ........ .. ... 
others ............ 

Total ! 

Cr ... . . . ......... . 
Nb . . .. .... ...... . 
Ni .............. . . 
Zn .. . . . ......... . 
V .... . ....... ... . 
Zr .. . .. .... . ..... . 
Y ............... . 
Sr .... . .......... . 
Ba ............... . 
Rb ... .. ...... . .. . 
Co 
Ga 

Si ............. . . . 
Al 
Ti ....... . ....... . 
Fe3 + ..... .... .... . 
Fe2 + ........•..... 
Mn ........... . .. . 

~g.::::::::::::::: I 
Na .............. . 
K ............... . 

Z .............. .. 
Y 
X 

TABLE 6 

Chemical analyses of aegirines and aegirine-augites 

28 ! 29 

51. 7 4 52.40 
1. 7 5 1. 25 
1.92 1.34 

26.44 28.20 
1. 9 7 1. 3 8 
0.10 0.07 
0.82 0.67 
0.57 0.41 

13.32 12.82 
0.05 0.28 
0.74 0.82 
0.06 0.06 
0.36 0.49 

99.84 100.1 9 

trace elements 

200 200 
600 1 500 

10 10 
nil nil 

1000 1000 
800 800 
nil nil 
30 30 

100 < 100 
< 10 20 

nil 
50 50 

Numbers of ions on the 
1. 992 
0.087 
0.051 
0.766 
0.063 
0.003 
0.047 
0.024 
0.994 
0.002 

2. 00 
1. 0 1 

1. 02 

2.014 
0.061 
0.036 
0.816 
0.044 
0.002 
0.038 
0.017 
0.955 
0.014 

2.01 
1. 00 
0.99 

! 30 ! 

53.12 

I 1. 18 
0.84 

18.14 
2.33 
0.62 I 5.15 
8.43 
9.36 
0.08 

I 0.66 
0.01 
0.00 I 

99.92 

in p.p.m. 

basis of 6 oxygens 
2.014 
0.038 
0.034 
0.517 
0.074 
0.020 
0.291 
0.342 
0.688 
0.004 

2.01 
0.97 
1. 03 

I 

31 

53.98 
1. 26 
0.80 

15. 99 
2.31 
0.55 
6.31 
9.32 
8. 21 
0.07 
0.75 
0.03 
0.00 

99.58 

2.036 
0.036 
0 .036 
0.454 
0.073 
0 .018 
0.355 
0.377 
0.600 
0.003 

2.04 
0.97 
0.98 

! 32 

53. 03 
1. 63 
0.81 

19.80 
1. 7 5 
0.41 
4.21 
6.72 

10.24 
0.00 
0.90 
O. OS 

0.00 

99.55 

2.02 0 
0.036 
0.047 
0.568 
0.05 6 
0.01 3 
0.239 
0.274 
0.756 
0.000 

2.02 
0.96 
1. 03 

28. Aegirine from aegirine syenltlc fenite. Drill hole 210 at 83 m . (B . M. 1973 P20(42». 
29. Aegirine from aegirine quartz fenite. Drill hole 210 at 95 m. (B. M. 1973, P20(45». 
30. Aegirine-augite from aegirine-augite-(alkali amph ibole) syenitic fenite. Drill hole 70 at 159 m. 

(B. M. 1973, P20(72». 
31. Aegirine-augite from aegirine-augite-alkaline amphibole syenitic fenite. Drill hole 70 at 161 m. 

(B. M. 1973, P20(73». 
32. Aegirine-augite from aegirine-augite-alkaline amphibole syenitic fenite. Drill hole 70 at 200. 5 m. 

(B. M. 1973, P20(76» . 

Analyses 30, 31 and 32 have been corrected for contamination by amphibole (for details see text). 
Major elements and Cr, Sr, Ba, and Rb by A. J. Easton; trace elements by V. K. Din. 
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Ac +.Jd 

Di Hd 

FIG. 36. Plot oE Sokli pyroxenes in terms oE acmite + jadeite 
- diopside - bedenbergite. Numbers correspond to analyses 
in Table 6. For significance oE triangular plots see text. Sbaded 
area includes pyroxenes from alkali ne rocks oE East AErica 
(Tyler and King, 1967); beavy line defines trend oE pyroxenes 

oE tbe Morotu district, Japan (Yagi, 1966) 

High H 20 + values were found in all the pyroxenes and these are too high to be 

caused by amphibole contamination and appear to be real. These high values are 

unexplained. The pyroxene formulae, however, are calculated on a water-free basis . 

The pyroxe:1es are plotted on an acmite + jadeite-diopside-hedenbergite dia gram 
(Fig. 36) according to the method of calculation recommended by Yoder and Til'ey 
(1962), in which the size of the triangles represent the 'error of dosure' proportional 

to the Tschermak's molecule and titanaugite. Tschermak's molecule is low in these 
pyroxenes because Si is relatively high and so Ali " is low. The two pyroxenes from 

borehole 210 are aegirines while the other three are aegirine-augites. The trend which 

these five pyroxenes define dose to the Ac + J d - Di side of the triangle is very 

unusual as compared, for instance, with the alkaline series pyroxenes of East Africa 
(Tyler and King, 1967) or the Morotu district series of Japan (Yagi, 1966). 

The hedenbergite-poor nature of the pyroxenes seems to be a reflection of the rock 
composition, particularly the ferric to ferrous iron ratio. The aegirine-bearing rocks 
have ratios of 8 : 1 and 12: 1, whereas the rocks with aegirine-augite have ratios 

between 3.5: 1 and 6: 1. These high ratios, combined with the low total iron values of 

the rocks, must suppress the production of hedenbergite molecule. 
Measurements of a: z for pyroxenes in sections from seven of the boreholes in the 

fenites gave values consistantly of 9° or less, indicating aegirine. Only in borehole 70, 
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FIG. 37. Pl ot of pyroxenes from fenites in terms of Na- Mg
Fe2 +. Solid circles, Sokli pyroxenes; open tri angles, East African 
fenite pyroxenes (Tyler and King, 1967; Sutherland, 1969); open 
squares, Oldonyo Dili fenite pyroxenes (McKie, 1966); open 
circles, Alnö fenite pyroxenes (von Eckermann, 1966). For 
numbers adjacent to Alnö pyroxenes see text. Heavy line defines 
trend of pyroxenes from the Morotu district, Japan (Yagi, 
1966); dot -dash lines define area of pyroxenes from crystalline 

schists according to Yagi (19(6, Fig. 7). 

which cuts the carbonatite contact, are values characteristic of aegirine-augite (19-

20°) encountered. It is apparent, therefore, that whatever the nature of the country 
rock the first pyroxene produced by fenitization is aegirine, and only in the innermost 

part of the fenite aureole are chemical conditions such that aegirine-augite is produced. 

This effect paralleIs the change in mg ratio in the amphiboles (Fig. 35) . 

As a result of her work on East African fenites Sutherland (1969, p. 123) was able 
to show a relationship between pyroxene composition and proximity to the car

bonatite contact; high grade syenitic fenites containing aegirine-augite and lower 
grade fenites aegirine. The da ta from Sokli and from Sutherland (1969) and two other 

pyroxenes from East African fenites (Tyler & King, 1967), together with three 
pyroxenes from fenites at Oldonyo Dili (McKie, 1966), and six pyroxenes from Alnö 

fenites (von Eckermann, 1966), are shown on an Na- Mg-Fe2 + plot (Fig. 37). Two 

of the Oldonyo Dili pyroxenes are aegirines and one an aegirine-augite which McKie 
(1966, p. 284) thought reAected a difference in composition of the primary rock, but 
Sutherland (1969, p. 123) has suggested that this may not necessarily be so. It is 

difficult from McKie's analyses of the rocks from which the pyroxenes were separated, 
to decide which rock is the most highly fenitized, since all three are syenitic fenites. 
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One of the Alnö pyroxenes is from a nepheline fenite (von Eckermann, 1966, Table 

3, no. 9), two from fenites (op.cit.nos 10 & 11) (the caption for no . 11 describes it as 

from »a leucocratic nephelinitic fenite»); and three (op.cit.nos. 12, 13 and 14) from 
basic fenites. All are from dose to carbonatite contacts and range from aegirine
augite to diopsidic aegirine-augite. In the Alnö Memoir (von Eckermann, 1948, p. 30) 
aegirine is described from the fenites but von Eckermann comments that the aegirine 
content of the pyroxenes (based on optical determinations) is dependent on the type 

of migmatite which has been fenitized (op.cil. p. 30). It is diffi.cult to decide wh ether 

von Eckermann's nepheline fenites or basic fenites represent the higher grade of 

fenitization, so that the direction of pyroxene compositional change at Alnö, the 
trend of which is apparent on Fig. 37, is open to doubt. This diffi.culty might be 
resolved by data on pyroxenes from Alnö low grade fenites. There is no information 

available on the grade of fenitization of the two fenite pyroxenes analysed by Tyler and 

King (1967). 
No analyses are available of fenite pyroxenes from the Fen Complex, lorway, 

except for an approximate 'spectral' analysis (Saether, 1957, p. 16) which does not 

distinguish ferrous from ferric iron. However, Saether describes the pyroxenes as 

aegirine-augite shading into aegirine and gives a: z as'small'. In a large collection of 

fenites from the Fen Complex made by one of us (AR W), the pyroxenes in the lower 

grade fenites are always aegirine, but a specimen of syenitic fenite 0.5 met res from the 
melteigite contact 80 metres west of Melteig Farm is an aegirine-augite with a: z = 
40°. This observation suggests that at Fen also there is a decrease in acmite content of 

the pyroxenes with increasing fenitization. 

The 21 fenite pyroxene analyses available are of widely differing compositions 
(Fig. 37) as characterises the pyroxenes of crystalline schists, for which the suggested 

limits given by Yagi (1966, Fig. 7) are shown on Fig. 37 together with the trend for 

the Morotu district alkaline volcanic Series of Japan (Yagi 1966, Fig. 6). lt would 
appear, therefore, that there is a complete series of pyroxenes possible in the fenites 

from aegirine to diopsidic aegirine augites, as there are in igneous pyroxenes, except 
that the field is rather more variable for the fenites in terms of Fe2 + - Mg substitution. 

Phlogopite 

Five micas have been analysed (Table 7) and all are phlogopite. One (33) is from 

an amphibole-phlogopite fenite in which there are broad selvages along carbonate 
veinlets consisting almost wholly of phlogopite; another (34) is from an alkaline 

amphibole-phlogopite fenite forming layers in fenitized hornblende schist. Three 
specimens come from drill hole 70 on the fenite - carbonatite contact and occur in a 

phlogopite-apatite sövite vein (35), a phlogopite-alkaline amphibole rock forming 

irregular masses in carbonatite (36), and an alkaline amphibole-phlogopite syenitic 

fenite (37). 

7 11452- 75 
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TABLE 7 

Chemical analyses of phlogopites 

33 I 34 I 35 I 36 I 37 

Si02 ... . , - . . . - . . .. 41. 82 40. 68 40. 64 

I 
42.0 4 41. 33 

Ti0 2 .... . . ... .. . . 0. 45 1. 05 0.43 0.76 0. 76 
Al20 3 .. . .. . .. , .. . 11. 6 9 12.1 3 11. 4 6 10.3 1 10. 50 
Fe20 3 .. .. . . .... . . 1. 88 4.59 2. 54 2. 15 1. 51 
FeO . .... .. . . ..... 6. 48 8.1 8 7. 00 8.30 9. 56 
MnO •• • •• ,_ 0 • •••• 0. 20 0.27 0. 17 0.24 0.25 
MgO . . .. . .. o. ,_ . . 21. 8 2 18.37 22.98 21. 77 20.94 
CaO ••••• • •• 0 • •• • • 1. 22 0. 59 0.98 0.75 0. 27 
N a20 • • •• •• • 0 •• • •• 1. 22 1. 24 0. 71 0. 48 0.64 
K 20 ...... ........ 8.86 7. 43 9.59 10. 12 10.5 6 
H 20 + .... .... . . . . . 2.17 2.2 1 2.26 1. 41 1. 4 7 
H 20 - . . . . ....... . . 0. 22 2.1 1 0. 01 0.02 0. 27 
F ............ .. ... 2. 09 1. 1 2 1. 3 3 1. 6 8 2.26 
o thers .. . .. . . . ... . 0.1 9 0. 56 0.1 1 0.1 2 0. 14 

I 
100. 31 100. 53 100. 21 100.1 5 100.46 

° = F ..... ....... 0.88 0. 47 0. 56 0. 70 0.95 

I 99.4 3 100.06 99. 65 99 .45 99 .5 1 

trace elements 10 p.p.m. 

Cr ... . .. . . .. . .... . 300 1200 < 100 < 100 < 100 
Nb •• ••• 0 • •••• , . _, nil 200 nil 100 < 100 
Ni . . ... . . . . . . . ... 75 400 tr 100 280 
Cu • , •• , ••• •• • 0 • •• tr 25 tr tr nil 
Zn • 0 • •• , • • • •• 0 •• • nil nil nil nil nil 
V . . ,- . .. . ... .. .. . 200 300 100 50 25 
Zr · , -.- . .. ....... 60 50 25 40 50 
Y . . . . . . . . . . . . . . . . nil nil nil nil nil 
Sr . .. .... . ... .. .. . 130 20 90 70 20 
Ba . .. ..... .. .. .... 700 2000 600 500 500 
Rb • ••. , , ••. . . •. 0' 310 245 270 410 440 
Ga . . .... .. , . ..... 50 75 200 100 100 
Co ... . .. .. .... . . . 50 125 110 80 

All five phlogopites are rather similar with litde variation in the mg ratio, and they 

contain a moderate amount of fluorine . 

Chemical relationships among co-existing minerals 

Of the chemically analyzed minerals in the Sokli fenites there are two amphibole

pyroxene and two amphibole-phlogopite co-existing pairs. The chemical relationships 
between these pairs are illustrated in Figs . 38 & 39 on which are also plotted three 

amphibole-pyroxene pairs from fenites described by Sutherland (1969) and one by 

McKie (1966), together with an amphibole-biotite pair from a fenite at Oldonyo Dili 
(McKie 1966). Although on Fig. 38 there is some crossing of tie-lines, it is apparent 
that there is some approach to equilibrium with respect to the partitioning of magne-
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Table 7 

Si . ..... .... . ... . . 
Al ............... . 
Ti ....... . .... . .. . 
Fe3+ . ... ......... . 
Fe2+ ........ •. .. .. 
Mn . .... . .. ....... 1 

Mg ...... ..... . .. . 
Ca .............. . 
Na .............. . 
K ............... . 
OH .... . ........ . 
F .... . .. .... .. . . . 

z ...... ......... . 
y 
X 
A 

Numbers o f io ns o n the basis o f 24 (0, OH, F) 

33 

6.123 
2.108 
0.0 50 
0.207 
0.794 
0.02 5 
4. 762 
0.191 
0.346 
1. 655 
2.120 
0.968 

8.00 
5.98 
2.19 
3.80 

34 

6.112 
2.14 8 
0. 11 9 
0. 519 
1. 028 
0. 034 
4.114 
0.095 
0.361 
1. 424 
2.215 
0. 532 

8.00 
6.07 
1. 88 

2.7 5 

35 

5.991 
1. 9 91 
0.048 
0.28 2 
0.863 
0.02 1 
5.049 
0. 155 
0. 203 
1. 80 4 
2.223 
0. 620 

7.98 
6.26 
2.1 6 
2. 84 

36 

6.284 
1. 8 1 7 

0.085 
0. 242 
1. 038 
0. 030 
4 .850 
0. 120 
0.139 
1. 930 
1. 406 
0.794 

8.00 
6.35 
2.19 
2.20 

37 

6.214 
1. 85 1 
0 . 086 
0.171 
1. 202 
0.032 
4.693 
0.044 
0.187 
2.026 
1. 475 
1. 075 

8.00 
6.25 
2.26 
2.55 

33. Phlogopite from phlogopite-amphibole syenitic fenite . Drill hole 243 at 98 m. (B. M . 1973, 
P20(19)). 

34. Phlogopite from phlogopite-amphibo le syenitic fenite layer with in less fenitized hornblende 
schist. Drill ho le 243 at 100 m. (B. M. 1973, P20(20)). 

35. Phlogopite from phlogopite-apatite carbonatite vein cutting amphibole syenitic fenite. Drill hole 
70 at 178 m. (B. M. 1973, PZO(75)) . 

36. Phlogopite from phlogopite-amphibole rock. Drill hole 70 at 201. 3 m. (B. M . 1973, P20(77)). 
37. Phlogopite from phlogopite-amphibole syenitic fenite. Drill ho le 70 at 202. 5 m. (B. M. 1973, 

P20(78)). 
Major elements and Cr, Sr, Ba, and Rb by A . J. Easton; trace elements by V. K . Din. 

2: Fe 

. . 

Co Mg 

FIG. 38. Plo t of feni te amphiboles (circles), pyroxenes (squares), 
and micas (triangles) in terms of total Fe- Ca-Mg using Sokli 
data, o f which co-existing pairs are joined by tie lines; and three 
amphibole - pyroxene pairs of Sutherland (1969), and an 
amphibole - pyroxene and amphibole - mica pair of McKie 

(1966) wh ich are joined by dashed tie lines. 
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FrG. 39. Plot of mg ratio (100 Mg/ Mg + Fe2+ + Feh ) against ferrie iron 
ratio (100 Fe3 +/Fe3 + + Fe2 +) for fcnite amphiboles, pyroxenes and mieas 

using the same data and symbols as in Fig. 38. 

sium and iron, in that aegirine-augites eo-exist with the most magnesian amphiboles, 

and the more aegirine-rieh pyroxenes eo-exist with more iron-rieh amphiboles. The 
same feature is illustrated by Pig. 39, but the pair HC77 (Sutherland 1969) is aberrant 
in that the ferrie /ferrous iron ratio of the amphibole is rather higher than would be 

expceted. 

Apart from the data given in this paper, it appears that only one analyzed miea 

from a fenite assoeiated with earbonatite is reported in the literature. This is a biotite 
from a quartz-bearing magnesio-arEvedsonite fenite at Oldonyo Dili (MeKie, 1966, 

Table 10, Bt 3). Analyses of phlogopites from fenitized quartzites oE the Borralan 

Complex (Woolley cl af., 1972) are not used beeause they are assoeiated with nepheline 
syenites and not earbonatite. Although the data are searee, the parallel tie-lines of the 

amphibole-miea pairs on Pig. 39 suggest that, as with the amphibole-pyroxene pairs, 
iron and magnesium vary sympathetieally, the more iron-rieh Oldonyo Dili biotite 
co-existing with an arfvedsonitie amphibole, while the Sokli magnesium-rieh mieas 

eo-exist with eekermannitie amphiboles. 

The data on eo-cxisting mineral pairs in fenites, although rather limited as yet, 
indieate therefore that, in spite of the faet that fenites are metasomatie roeks oE rather 
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variable composition and are characterised microscopically by replacement textures, 

the mineral phases are sensitive to chemical variations and approach equilibrium 

assemblages. 
A further feature worthy of note on Fig. 39 is the relative state oE oxidation and 

Mg/Fe ratios oE the pyroxenes, amphiboles and micas. The pyroxenes are most iron

!:ich and most highly oxidized, the micas the most iron-poor and least oxidized, while 

the amphiboles have intermediate values for both. This feature is of considerable 

significance with regard to the para genesis oE these rocks, as described later. 

Petrochemistry 

Forty six rocks have been analysed including eight unEenitized 'country rocks' and 

38 fenites, all of which were taken from drill cores. The analyses are given in Tables 8, 

10 and 12. 

The analyses have been recalculated to a standard cell oE 100 anions, a procedure 

first advocated by McKie (1966) for comparative work with fenites. Most oE the Sokli 

fenites however are exceptionally rich in carbonate, and a number oE them have CO 2 

values in excess of 10 %, indicating contents 01 approximately 20 % by volume of 

carbonates. Although the chemical changes during fenitization are intimately related 

to the composition oE the carbonates, the first aim in any chemical study of fenites 

must be to discover what changes have taken place in the country rocks as a result of 

fenitization. The main interest therefore must be in the silicate phases oE the fenite. 

Because of the large volume of carbonate in the Sokli fenites it has been found that the 

principal dunges in concentration of the major elements are obscured iE the analyses 

are recalculated to a standard anion cell as they stand. To overcome this the analyses 

were recalculated to atoms, then carbonate was removed, together with the equivalent 

amounts of calcium, magnesium and Eerrous iron. The carbonate-free analysis was 

then recalculated to 100 anions (Tables 9, 11 and 13). This recasting of the analyses 

assumes that most oE the carbonate was simply added to the rock with a consequent 

increase in volume, and thereEore in order to follow the changes in the number of 

cations during fenitization, the country rocks should be compared with the fenites on 

a carbonate-free basis. Although the basic assumption may be challenged, it is con

sidered to be a good approximation, and results in a considerable decrease in the 

scatter oE plotted analyses points on some dia grams wh ich would seem to substantiate 

this. 

The carbonate in the fenites is rarely pure calcite, but contains varying proportions 

of magnesium and iron. To allow the calculation of the analyses to a carbonate-free 

basis, while ta king into consideration the presence of magnesium and iron, it proved 

necessary to analyse the carbonates. They were extracted by boiling the powdered rock 

with 2 % or 4 % acetic acid, filtering, diluting, then determining Fe, Mg, and Ca in 



54 Geological Survcy of Finland, Bulletin 280 

TAB-

Chemical ana lyses 

38 I 39 I 40 I 41 I 42 I 43 I 44 I 45 I 46 

Si02 •••••••• 56. 31 56.18 48. 93 53.4 2 59.25 59.42 56.04 54.72 60.92 
Ti02 ..... , - 0.16 0.39 0.88 0.51 0.83 0.49 0.53 0.64 0.46 
Al 2 0 a .. ... . 10. 37 14.43 11. 0 I 12.59 11. 6 9 14.1 8 14. 89 10.92 14.30 
Fe2 0 a ...... 3.57 2.65 4. 82 5.94 8. 41 5.10 3.83 9.23 5.93 
FeO ., ...... 1. 19 0.34 4.77 1. 05 0.73 0.65 1. 86 0.90 0.67 
MnO . . ... . . 0. 27 0.16 0.29 0.32 0.13 0.20 0.18 0.22 0.09 
MgO ....... 7.20 1. 64 6.84 2.82 2.06 1. 24 3.02 2.32 0.95 
CaO ........ 4.73 7.04 5.28 6.30 1. 91 3.16 4.44 4.00 1. 62 
Na 2 0 ....... 9.39 9.81 6.86 8.66 10.15 9.10 7.87 9.38 10.48 
K 2 0 ........ 0.79 0.32 2.25 0.83 0.85 2.47 1. 4 8 1. 04 1. 00 
H 20 + ....... 0.69 0.37 1. 0 I 0.42 0.44 0.44 0.68 0.43 0.27 
H 2 0 - ....... 0.16 0.21 0.75 0.28 0.19 0.17 0.22 0.35 0.04 
P2 0 S ....... 2.02 0.87 0.03 0.99 0.04 0.09 0.16 0.20 0.01 
CO 2 ...... ,. 2.20 4.92 5.73 5.77 2.31 3.28 3.51 4.46 2. 21 
F .......... . 1. 00 0.19 0.25 0.22 0.11 0. 03 0.15 0.11 0.02 
CI . . .. . .... , nil - - - - - - - -
S ...... .. .. . 0. 01 0.07 0.18 0.25 0.05 0.29 0.03 0. 01 0.0 I 
others ...... 0.247, 0.173 0.322 0.445 0.503 0.367 0.332 0.445 0.292 

1100. 31 I 99.76 1100.20 I 100.81 I 99.
65

1 100. 68 1 99 . 22 1 99.
37

1 
99.27 

0== F, Cl, S 0.4261 0.1150.195 0.218 0.071 0.1 58 0.078 0.051 0.013 

Total ' 99.88 I 99.65 1100. 01 , 100.6 0 I 99.58 , 100. 52 , 99.14 , 99.32 , 99.26 

trace elements 

Cr .......... 25 tr 410 50 65 <5 40 40 35 
Li .......... 45 nil 15 40 50 5 50 30 5 
Nb ......... 150 150 200 200 200 200 150 250 300 
Ni ......... 55 tr 165 75 5 80 100 90 80 
Cu . . .. . . .. . 15 13 20 15 15 5 10 10 10 
Zn . ........ 235 80 175 165 130 200 90 140 900 
V .......... 400 4 300 200 350 340 300 250 350 
Zr ......... 300 120 200 200 600 200 200 400 150 
Y ......... . 100 10 nil 50 nil nil 25 10 nil 
Sr .. . ....... 490 430 460 560 690 250 450 375 150 
Ba .......... 40 650 470 2000 1900 1500 1200 2000 210 
Rb ••• , _ • • o' 5 2 35 I nil 10 50 45 10 5 

38. Alkaline amphibole syenitic fenite. Drill hole 243 at 72.5 m. (B. M. 1973, P20(14». 
39. Alkaline amphibole-aegirine syenitic fenite. Drill hole 243 at 96 m. (B. M. 1973, P20(16». 
40. Alkaline amphibo le-phlogopite syenitic fenite. (fenitized hornblende schist). Drill hole 243 at 

135 m. (B. M. 1973 P20(26». 
41. Aegirine-alkaline amphibole syenitic fenite. Drill hole 210 at 71. 2 m. (B. M. 1973, P20(38». 
42. Aegirine-(alkaline amphibole) syenitic fenite. Drill hole 210 at 72 m. (B. M. 1973, P20(38». 
43. Aegirine syenitic fenite. Drill hole 210 at 77.5 m. (B. M. 1973, P20(40). 
44. Aegirine syenitic fenite. Drill hole 210 at 73 m. (B. M. 1973, P20(41». 
45. Aegirine syenitic fenite. Coarse grained type in sharp contact with 44 above. Drill hole 210 at 

73 m. (B. M. 1973, P20(41». 
46. Aegirine syenitic fenite (coarse grained type). Drill hole 210 at 83 m. (B. M. 1973, P20(42». 
47. Aegirine quartz fenite (coarse grained type). Drill hole 210 at 95 m. (B. M. 1973, P20(45». 
48. Aegirine-(alkaline amphibole) syenitic fenite. Drill hole 200 at 171 m. (B. M. 1973, P20(61». 
49. Aegirine syenitic fenite. Drill hole 200 at 171 m. (B. M. 1973, P20(61 ». 
50. Aegirine-(alkaline amphibole) syenitic fenite (coarse grained type). Drill hole 200 at 175 m. 

(B . M. 1973, P20(62». 
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LE 8 

o f sodic fenites 

47 48 49 50 

54. 92 56. 95 46.36 58.11 
0.67 0.4 1 0.2 3 0.73 
7.8 6 13.87 12. 06 11. 3 6 

13.76 4. 94 3. 76 8.45 
1. 0 2 0.97 2. 60 0. 92 
0.1 6 0. 35 0.80 0.33 
1. 7 5 2.50 4.11 2.17 
2. 93 3.74 7.39 2.04 
9.01 10.20 6.43 10. 70 
2.08 0.4 8 2.63 0. 50 
0.34 0.25 0.24 0.1 8 
0. 08 0.03 0.0 5 0. 07 
0. 03 0.24 0.06 0. 20 
4. 20 4. 52 12. 09 2.87 
0.0 3 0.15 0.03 0.21 

- - - -
0.10 0.12 0.68 0. 08 
0. 599 0.505 0.736 0. 640 

99. 54 1100.22 1100.2 6 1 99. 56 1 

0. 063 0. 12 3 0.353 0.1 28 

99.48 h OO.l 0 1 99.90 1 99.43 1 

in p.p.m. 

60 
20 

800 
65 
15 
75 

500 
200 

nil 
1 500 
1300 

30 

20 
35 

100 
80 
10 

115 
300 
200 

25 
2400 

900 
5 

90 
nil 

100 
80 
10 
65 

450 
100 

25 
2800 
2400 

40 

65 
90 

200 
65 
10 
85 

125 
300 

5 
1600 
2800 

5 

51 

62.42 
0.27 

14.88 
3. 63 
0. 53 
0.13 
1. 38 
3.29 

10. 00 
0.81 
0.27 
0. 04 
0.34 
1. 3 2 
0.0 5 

-
0.01 
0. 230 

99.60 

0. 03 

99.57 

15 
10 

100 
80 
nil 
55 
50 

300 
tr 

860 
460 
nil 

52 53 54 55 56 57 58 

62.21 46. 63 57. 83 58. 58 51. 98 51. 1 0 45.16 
0.21 1. 1 7 0.4 8 0.17 0.2 5 0.35 0. 61 

14.00 11. 69 12.09 14. 03 10. 62 12. 89 11. 24 
2.48 4. 75 5.1 3 2.06 4.4 9 3.16 3.57 
0.64 5. 55 1. 02 2.15 1. 56 3.05 3.21 
0.18 0.29 0.2 0 0.1 2 0.2 8 0. 29 0 .48 
3. 04 5. 36 3.34 6. 06 6.21 4. 97 5. 51 
3.80 8.29 5. 06 1. 7 9 7.13 5.84 8.48 
9. 06 7.1 8 9. 59 8.26 8. 38 7.75 7.14 
1. 24 1. 27 0. 81 2.48 1. 14 1. 64 0. 99 
0. 40 1. 0 5 0. 30 0.7 6 0.69 0.50 0. 56 
0.02 0.25 0. 07 0.5 7 0.21 0. 14 0.24 
0. 32 0.1 9 0. 62 0. 37 0.8 0 0. 22 0.1 0 
1. 71 5.87 2. 95 1. 60 5. 50 7.84 12.82 
0.19 0.25 0.21 0.6 3 0.71 0.37 0.1 9 

- - - - - - -
nil 0.62 0. 04 nil 0.09 0.43 0. 23 

0.179 0.4 35 0. 506 0. 245 0. 293 0.2 71 0.4 06 

99.68 \100'85 1100.25 \ 99.88 1100. 33 1100.81 1100.90 

0. 08 0.415 0.1 08 0. 267 0.34 41 0. 371 0.1 95 

99. 60 h OO.4 3 h OO.14 1 99.61 1 99.99 hOO.44 1100.70 

40 
10 
nil 
80 
10 
85 
70 

200 
tr 

760 
300 
nil 

95 
15 

100 
75 
20 

175 
250 
150 

10 
810 

1800 
20 

20 
25 

100 
80 
15 
85 

400 
500 

40 
990 

1800 
nil 

65 
90 

100 
190 

10 
100 

80 
200 

nil 
560 
400 

50 

15 
55 

150 
65 

5 
140 
300 
400 
150 
585 
320 

15 

55 
60 

100 
100 

30 
225 
300 
150 

30 
800 
180 

10 

55 
50 

300 
90 
25 
75 

300 
100 

25 
785 

1 500 
10 

51. Aegirine-augite -(alkaline amphibole) syenitic fenite (coarse g rained type) . Drill hole 70 at 159 m. 
CB. M. 1973, P20(72)) . 

52. Aegirine-augite-a lkaline amphibole syenit ic fenite. Drill hole 70 at 161 m. (B. M. 1973, P20(73)). 
53. A lkaline amphibole-phlogopite syenitic fenite (fenitized hornblende schist). Drill hole 70 at 

181.8 m. (B. M. 1973, P15(11). 
54. Aegirine-augite-alkaline amph ibole syenitic fenite . Drill hole 70 at 200. 5 m. (B. M. 1973, P20(76)). 
55. Alkaline amphibole-phlogopite -(aegirine) syenitic fenite. Drill hole 70 at 202.5 m. (B. M. 1973, 

P20(78)) . 
56. Alkaline amphibole-phlogopite syenitic fenite. Drill hole 196 at 88.4 m. (B. M. 1973, P2'1(80)). 
57. Alkaline amphibole-phlogopite syenitic fenite. Drill hole 196 at 103 m. (B. M. 1973, P ~ 0(~2)). 

58. Aegirine-alkaline amphibo le syenitic fenite. Drill ho le 196 at 111. 8 m. (B. M. 1973, P2J(83)). 

Minerals in rock names which are bracketed signifies present in only minor amo unts. 
For loca tion of drill holes see Fig . 2. 

Analyst: V. K. Din. 
FeO; H 20 and CO2 determined by G . C. J ones. F determined by A. J. Easton. 
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TAB -

Compositions of sodic fenites recast in cations per 100 oxygen anions after 

38 39 40 41 42 43 44 

Si . .............. . 33. 43 1 34. 13 1 31.
43

1 
33.1 6 35.33 ) 35 . 28

1 33.
82

1 
Ti ...... . .... ... .. 0. 71 0.1 8 0.4 3 0. 24 0.37 0.22 0. 24 
Al ... . .... ... ..... 7.26 10.33 8.33 9.21 8.22 9.93 10. 59 
Fe3 + ......... . .... 1. 59 1. 2 1 2. 33 2.77 3.77 2. 28 1. 74 
Fe2+ ............ ,. 0.4 9 0. 03 1. 9 1 0. 04 0. 36 0.1 5 0.94 
Mn .......... • .... 0.1 4 0.0 6 0.16 0.1 7 0.06 0.1 0 0.09 
M g ...•......•.... 6. 12 1. 36 5.1 9 1. 6 6 [ 1. 29 0.4 7 1. 8 8 

Ca •• • • • • • •• 0 ••••• 1. 40 0. 77 0. 62 0. 76 0. 01 0.1 5 1. 1 8 
Na . . . . . . . . . . . . . . . 10. 81 11. 5 5 8.54 10. 42 11. 7 4 10. 47 9. 21 
K ................ 0.60 0. 25 1 1. 8 4 0.66 1 0. 65 

1.8
7

1 

1. 1 4 
OI-! . . . . . . . . . . . . . . 2.73 I 1. 50 I 4. 33 1. 7 4 1. 7 5 1. 7 4 2.74 
P ... . . . ... . ....... 1. 0 1 I 0. 45 0. 02 0. 52 0. 02 0. 04 0. 08 

For details of rock types and localities see Table 8 . 

Co 

Fe 

FIG. 40. Plot of the proportions, in atoms, of Ca, M g , and 
Fe (total iron calculated as Fe2+) in carbonates extracted from 
fenites . For details of techniqlle see text. Solid circles, sodic 
fenites; open circles; potassic fenites; crosses, carbonatites. The 
line drawn from the Ca corner has been taken throllgh the 

sodic fenite points only. 

45 46 

34. 11
1 35. 83 

0. 30 0. 2U 
8. 02 9.91 
4.33 1 2. 62 
0.0 0 0.1 3 
0.11 0. 04 
1. 0 5 0.2 7 
0.45 0.00 

11. 3 4 11. 9 5 
0. 83 0.7 5 
1. 79 1. 06 
0. 10 0. 00 

the solutions directly by atomic absorption. The reproducibility of the results was 

usually quite good, but sometimes it was necessary to average two or three determina

tions. Some of the fenites, particularly those enriched in potassium, are highly oxi-
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LE 9 

removal of C and equivalent amo unts of Ca, Mg and Fe2 + (see text) 

47 48 49 50 51 52 53 54 55 56 57 58 

34.70 34.52 32.11 35.19 35.9 5 35.92 30.18 34. 61 34. 40 32. 5 9 32. 7 1 31. II 

0. 32 0.1 9 0 . 1 2 0. 33 0.1 2 0. 09 0. 57 0 .22 0. 07 0.12 0 .17 0 .32 

5. 85 9.91 9.85 8.11 10.1 0 9.53 8 .92 8.53 9.71 7.85 9 . 72 9.13 

6.54 2.25 1. 96 3.85 1. 57 1. 0 8 2.31 2.31 0.91 2.12 1. 52 1. 8 5 
0.08 0.19 0 .00 0.14 0.25 0.30 2.84 0. 36 1. 06 0.38 0.91 0.0 I 

0 .08 0 .18 0 .27 0 . 1 7 0 .06 0 .09 0 .16 0 .10 0 .06 0 . 1 5 0.1 6 0 .28 
0 .57 0 .91 0. 00 1. 1 7 1. 1 8 2.61 4 .95 2.80 4. 90 4 .90 2 .62 1. 70 
0. 00 0 .33 0. 00 0. 07 1. 0 0 1. 02 0. 95 1. 16 0 .25 1. 42 0 . 00 0. 00 

11. 04 11. 98 8.63 12. 56 11. 1 7 10.14 9. 0 I 11. 13 9.40 10.19 9 .62 9.54 
1. 68 0. 37 2 .32 0. 39 0. 60 0 .91 1. 05 0 .62 1. 8 6 0 .91 1. 34 0.87 
1. 4 3 1. 0 1 1. 11 0 . 73 1 .04 1. 5 4 4 .53 1. 20 2.98 2 . 89 2.1 3 2. 5 7 
0.02 0.12 o 0 3 0.1 0 0.17 0.16 0.10 0.31 0.18 0.42 0.12 0. 06 

dized, an effect w hich is no t due to weathering but is a usual feature of p otash 
fenitization. The solutions obtained from these rocks are enriched in iron, but n o 
convenient chemical method could be found for distinguishing iron derived from 

carbonate from that derived from iron oxides. The procedure adopted was, therefore, 

as follows. A ll the acetic acid extraction data were plotted in the triangular diagram 

Ca-Mg- Fe (Fig. 40) and, if the p o tassic fenites are excluded, a reasonable li ne can be 
drawn through the plots from the Ca corner. The potassic fenites lie on the iron-rich 

side of the line. These points were then projected onto this line from the Fe corner 
and the intersection taken as the carbonate composition. This technique is an arbitrary 

one and it certainly obscures any real compositional differences there may be between 
the carbonates in the sodic and potassic fenites , but short of obtaining electron probe 

analyses of the carbonate for each rock, which must be difficult because of finely 

disseminated oxides in some rocks, no other course seemed open. Rocks containing 

less than 1 % CO 2 were not acid treated and for these the carbonate was taken to be 

entirely CaC0 3, the errors resulting from such a simplification being negligible. 

Sodic fenites 

A nalyses of 21 sodic fenites are given in Table 8, and five rocks which are also 

sodic fenites are given in Table 12 with the potassic fenites, because they are cut by 

metasomatic potassic fenite veins, and it is convenient to present together the chemical 
data for veins and enclosing rock . 

In plotting a variation diagram to follow any changes in the major elements during 
fenitizatio n it was found that sodium is a more useful index of deg ree of fenitization 
than silicon, because du ring fenitization silicon may be added or subtracted, whereas 

8 11452- 75 
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TABLE 10 

Chemical analyses o f feniti zed schists and g ranite g neisses showing trends o f po tass ic feniti zation 

59 60 61 62 63 64 

Si02 ... .. .. .. .• . .. 66. 39 63. 69 57.1 7 69.9 7 69.1 6 64. 85 
TiO. . . . . . ... . ... . 0. 34 0. 28 0. 51 0.24 0. 25 0. 27 
Al 2Ö 3 . . . . . . . . . . . . 

1 

15. 01 15. 27 14.41 15.99 14. 51 14. 90 
Fe20 a . . . . . . . . . . . . 1. 6 1 2. 07 2. 23 0. 38 0. 96 0.9 8 
FeO ........... . .. 1. 19 0. 28 0. 90 0. 97 0.14 0. 74 
MnO ............. 0.0 6 0.1 2 0. 06 0. 02 0. 05 0. 09 
M gO ............. 1. 80 0. 88 2. 24 0. 70 0.87 0.9 2 
CaO ......•..... o. 2. 56 3.1 2 3. 98 2. 38 1. 1 5 1. 7 5 

a20 . ... . .. . ..... 3. 80 2.4 6 1. 59 5. 75 4. 55 3. 92 
K 20 ...... . .... . . 3. 90 8.41 11. 81 1. 8 4 5. 76 7. 57 
J-120 + . . . ..... .. ... 1. 05 0. 79 0. 74 0.48 0. 34 0.28 
H 20 - .... . . ....... 0. 59 0.44 0. 56 0.11 0. 21 0.06 
1'2°5 ......... , . . . 0. 05 0. 04 0. 04 0.08 0. 00 4 0.09 

°2 .......... . ... 0. 61 2.1 7 3.1 5 0.42 1. 3 6 2.2 6 
F . ................ 0.11 0. 04 0.1 3 0.05 0.0 2 0.0 6 
S . . . . . . . . . . . . . . . . . 

I 
0.1 6 0.1 0 0.1 0 0. 01 nil 0.1 0 

others • •• ••• 0 •• • •• 0. 287 0. 307 0. 96 4 0.1 81 0. 163 1 0.3 57 

99. 52 
I 

100.4 7 I 100. 58
1 99. 57 I 99. 50 I 99. 20 

0 == F, S .. . .. . . . . 0. 126 1 0. 067 1 0.1 05 0.02 6 0. 008 0. 075 

Total I 99. 39 I 100.40 I 100.48 I 99 . 55 I 99.4 9 I 99.12 

trace elements 111 p.p.m. 

Cr ••••• • ••• • 0 • ••• • 

I 
145 75 25 10 30 25 

Li . . .... . ...... . .. 75 20 10 25 5 5 
b .. . ............ 1 50 100 220 nil 100 100 

Ni . ...... .. ....... 130 110 55 65 105 65 
Cu ... . ........... 40 100 10 10 20 10 
Zn · . . . . . . . . . . . . . . 185 190 205 70 45 35 
V . . . . . . . . . . . . . . . . 150 100 150 nil 25 250 
Zr · . . . . . . . . . . . . . . 

I 
150 100 3000 100 150 100 

Y . . . . . . . . . . . . . . . . nil 20 50 nil nil nil 
Sr ... '., .... . .... , 180 105 290 650 190 690 
Ba ..... . ..... . .. . . I 1000 1500 3600 500 650 1400 
Rb · . . . . . . . . . . . . . . I 105 160 165 55 110 210 

59. Lightly fenitized quartz biotite (muscovite) schist. Drill hole 215 at 40 m . (B. M . 1973, P20(3» . 

60. Fenitized quartz biotite schist. Drill hole 215 at 42. 2 m. (B. 1. 1973, 1'20(4». 

61. Alkaline amphbole (aegirine) ultra potassic syenitic fenite. Drill hole 215 at 52 m. (B. M. 1973, 
1'20(7». 

62. Lig htly fenitized biotite granite gneiss. Drill hole 223 at 17.5 m. (B. M. 1973, P20(64». 

63. Fenitized biotite granite gneiss . Drill hole 223 at 40.9 m. (B. M. 1973, 1'20(66». 

64. Aegirine potassic quartz fernte. Drill hole 200 at 136 m. (B. M. 1973, P20(55». 

Rocks 59, 60 and 61, and 62 and 63 form two series illustrating trends of potassic fenitization. 
59 and 62 are not, of themsel ves, potassic fenitcs. 

Analyst: V. K. Din. 

FeO; H 20 and CO2 determined by G. C. Jones . F determined by A . J. Easton. 
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TABLE 11 

Chemical analyses of fenitized schists and granite gneisses showing trends of potassic fenitization, 
recast in cations per 100 oxygen anions after removal of C and equivalent amounts of Ca, i\1g and 

Fez+ (see text) 

59 60 61 62 63 64 

Si 37.32 36.90 35.04 38.4 6 38.98 37. 87 .... . ........ . .. 
Ti . . . . . . . . . . . . . . . . 0.14 0.1 2 0.2 3 0.1 0 0.11 0.1 2 

Al .. , ........... 9.94 10.4 3 10.41 10. 36 9.64 10. 26 

Fe3 + -, .... ,- .. ... . 0.6 8 0.9 0 1. 0 3 0.1 6 0.41 0.4 3 

FeZ+ . . . . . . . . . . . . . . 0. 56 0.1 3 0.43 0.4 5 0.00 0.1 0 

Mn . . . . . . . . . . . . . . . 0. 03 0. 06 0.0 3 0. 01 0. 02 0.04 

.Mg ........ .... ... 1. 51 0.01 1.92 0. 57 0.44 0.2 5 

Ca .. . ........ .. ... 1. 0 7 0. 97 1. 13 0.2 3 0.00 0.1 0 

Na . . . . . . . . . . . . . . . 4.14 2.76 1.89 6.1 3 4 . 97 4.4 4 

K . . . . . . . . . . . . . . . . 2.80 6.2 2 9 . 24 1. 29 4.14 5. 64 

OH . . . . . . . . . . . . . . 3 . 94 3.0 5 3.03 1. 76 1. 28 1. 0 9 

P . .. . .......... . .. 0.02 0.02 0.02 0.04 0.02 0.04 

For details of rock types and localities see Table 10. 

sodium is consistantly added. Fig.41 is a plot of a against the major elements for 

sodic fenites and unfenitized country rocks, using the values for the 100 anionic cell 

given in Table 9. 
Tbe group of rocks witb a values greater than 8.5 are all syenitic fenites, being 

approximately saturated witb regard to silica but with a varying mafic mineralogy. The 
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Co . 6 

Mg 4 

total 
F. 

••• • •• , 10 .. -. 
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.. . .. .- ..... .. 
: 

. . 

' 6 

n : 66-. 6 • 

. . . .. .., '·.~··f . 
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No (olom~) 

FIG. 41. Plot of the major elements in the sodic fenites and unfenitized country 
rocks against sodium. The data used are those recast to 100 oxygens after adjustment 
for carbonate (see text). Open squares, unfenitized amp hibol ites and hornblende 
schists; open triangles, unfenitized granite gneisses; filled squares, fenitized amphi
bolites and hornblende schists from which potassic veins were separated; filled 
triangles, very slightly fenitized reddened gneisses; filled circles, sodic syenitic 

fenites. For numbered .Mg and Fe points see text. 
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significance of their distribution on Fig. 41 might be dearer if it were known from 

what type of country rock each syenitic fenite was derived, but this is ha'rd to judge 
because of changes of mineralogy and texture during fenitization. 

The principal changes in the major elements during fenitization apparent from 
Fig. 41 are as folIows : 

1. There is a considerable addition of sodium. 

2. The syenitic fenites have Si values between those of the unfenitized amphibolites 

and the gneisses; Si has therefore been added to the former and subtracted from 
the latter. 

3. There may be a slight overall decrease in Al. 

4. There is probably a slight addition of Fe to the g neisses, but there is no definite 
trend for the fenitized amphibolites. It is noteworthy that the syenitic fenites 

for which the origin can confidently be ascribed to amphibolite (Fig. 41, Nos. 
40 & 53) are richer in iron than most of the other syenitic fenites, indicating, in 
part at least, that the tenor of iron is related to the composition of the original 

rock. 

5. The five rocks from which potassic fenite veins were cut indicate decreasing Mg 
values, but there is a wide spread of Mg amongst the syenitic fenites. Of the 

syenitic fenites wüh the higher Mg values two are derived from amphibolite 

(Fig. 41 , nos 40 & 53); two are cut by fibrous amphibole veinlets (Fig. 41, nos. 
38 & 56); and the other two rocks numbered on Fig. 41 (nos. 55 & 57) are 

rich in phlogopite as weil as amphibole, and come from boreholes dose to the 
sövite contact. The significance of these syenitic fenites rich in Mg are discussecl 

later. 

6. There is a considerable decrease of Ca in the amphibolites but little change in 

the gneisses. That the decrease in Ca is not a spurious effect due to calculating 
the rocks free of carbonate is shown by Fig. 42 in which the 'raw' a and Ca 

10 0 
0 

8 

0" • Ca 0 
6 • • • • . 
4 • • • .. 

6 •• • •• 2 6 
4 6 4 • ... 

6 

0 2 3 4 5 6 7 8 9 10 11 12 13 
Na 

FIG. 42. Plot of Ca against Na for unfenitized country rocks 
and sodic fenites, using analyses recalculated co 100 oxygens 
but not ad justed for presence of carbonate, as used in Fig. 41. 
Note that there is slightly more scatter than in the Ca- Na 
plot of Fig. 41, particularly amongst the sodic fenites, but that 
the overall trend remains the same. Symbols as for Fig. 41. 
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TABLE 12 

Chemical analyses o f fenites and associated potassic fenite veins cut fro m them, and an ultrapotass ic 
fenite vein 

ROC K 

I 
VEIN 

I 
RO CK I VE I N 

I 
R OC K I VElN 

I 
ROCK I VE I N 

I 
R OC K I VEI N 

I 
VEI K 

65 66 67 68 69 70 71 72 73 74 75 
I 

I SiO. 45.94 42. 22 41. 1 0 43 .77 46.20 44. 38 45. 69 37.4 9 45 .27 40 .88 44.3 3 
Ti62 0. 87 0.77 0. 78 0. 53 0.80 0.69 1. 99 1. 87 1. 9 3 2.24 1. 0 4 

Al20 3 13.55 12. 15 12.77 12.22 15. 31 12. 63 12.6 1 9. 61 13.17 11. 5 3 11. 87 
Fe20 3 3.64 8. 43 4.82 4.03 3.31 5. 84 6. 15 4.02 5. 41 2. 09 7. 14 
FeO 7. 63 1. 05 3.51 2. 96 6. 39 0.53 9.16 6.34 9.02 6. 82 0.6 8 
MnO 0.24 0. 37 0. 47 0.4 1 0.27 0.53 0.26 0. 56 0.25 0. 48 0.4 5 
MgO 6.60 2.29 5.18 3.80 5.77 2. 05 4.74 5.27 4.25 4.39 

I 
2.61 

CaO 10.44 11. 81 11. 2 2 8. 56 10. 91 10. 75 8. 18 9. 92 5.65 8. 33 9.5 9 
N aQ O 3. 88 4.70 5.00 2. 04 4.0 1 3. 53 4.63 3.38 6. 07 

I 
4. 38 1. 09 

K 20 1. 29 2. 95 2. 60 7.65 1. 0 6 5. 74 1. 68 5.01 1. 61 3. 62 9. 40 
H 2O + 1. 9 4 2. 03 1.76 0.90 2. 47 1. 58 0. 79 0.43 1.30 0. 81 1. 25 
H 2O - 0. 79 0. 98 0. 76 0. 69 0. 77 0.82 0.1 3 0. 23 0. 35 0. 37 0. 77 

1'2° 5 0.08 0.05 0. 17 0.03 0.3 1 0.07 0. 38 0.28 1. 0 3 0. 53 0.06 
CO 2 2. 82 9.73 9. 42 11. 92 2. 68 9. 87 3. 12 14. 84 4.20 12.52 9.90 
F 

I 
0.10 0. 04 0. 35 0.0 4 0.1 5 0. 02 0.1 6 0 .06 0.32 0. 09 0. 15 

S 0.03 0. 16 0.03 0.1 7 I 0.06 0.14 0.1 3 0. 46 0. 16 I 0. 53 I 0.21 
o thers 0. 392 0. 527 0.6281 0.428 0.566 0. 582 0.267 0.36 1 0.387 0.601 0. 52 6 

° = F, S \10:: :: J 10:::: 7!10:. :: J 10:: : :2\10:::: J 9:: :: 81

10

: ::: J 10:::: J 1 0:::: J I0:. ::J 1 

0:::: 8 

T otal .. 1t 00.1 7 1100. 16 h OO.4 1 1100. 05 1t00. 94 1 99 .67 1 99. 93 1 99. 85 1100.16 1 99 .9 1 1t 00.9 0 

Cr 
Li 
Nb 

i 
Cu 
Zn 
V 
Zr 
y 
Sr 
Ba 
Rb 

180 
30 
nil 

190 
65 

125 
I 400 

100 
nil 

410 
1600 

20 

150 
10 

250 
155 

85 
140 
250 

50 
nil 

565 
2 600 

50 

trace 
200 130 

20 10 
100 250 
190 130 

40 70 
360 225 
150 150 
200 50 
nil nil 

1100 520 
2800 1800 

80 120 

elements in p.p.m. 
180 125 50 75 50 35 90 

35 5 35 10 20 5 10 
nil 300 150 500 100 500 600 

180 125 115 90 105 85 105 
70 85 35 30 30 25 30 

430 465 155 120 165 130 1100 
290 125 400 360 360 150 250 
100 50 250 200 150 90 100 
nil nil 25 nil 25 nil nil 

315 475 270 850 1200 1200 850 
3070 3000 490 440 900 2800 845 

10 75 10 55 45 50 150 

65. Lightly fenitized (a lkaline amphibole and aeg irine) hornblende-pyroxene schist. Drill ho le 
243 at 58 m. (B. M. 1973, 1'20(13)) . 

66. 1'otassic fenite vein w ith phlogopite. Cu t from rock 65 above. 
67. Lightly fenitized (minor aegirine) biotite schist. Drill hole 210 at 50 m. (B. M. 1973, 1'20(27)). 
68. 1'otassic fenite vein . Cut from rock 67 above. 
69 . Lightl y feniti zed hornblende schist . Drill hole 210 at 48 m. (B. M. 1973,1'20(28)) . 
70. Po tassic fenite vein. Cut from rock 69 above. 
71. Fenitized (a lkaline amphibole, aegirine and phlogopite) ho rnblende schist. Drill hole 200 at 

123 m. (B. M. 1973, 1'20(54)). 
72. Potassic fenite vein with phlogopite. Cut from rock 71 above. 
73. Fenitized (aegirine and alkaline amphibole) hornblende schist. Drill hole 200 at 157 m. (B. M . 

1973, P20(58)). 
74. Potassic fenite vein with phlogopite. Cut from rock 73 above. 
75. Ultrapo tassic fenite with phlogopite. From thick fenite vein. Drill ho le 243 at 129. 2 m . (B. M. 

1973, P20(24)) . 

A nalyst: V. K . Din. 
FeO; H 20 and CO z determined by G . C. J ones. F. determined by A . J. Easton. 
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TABLE 13 

Compositions of fenites and associated potassic fenite veins cut from them, and an ultrapotassic fcnitc 
vein, recast in cations per 100 oxygen anions after removal of C and equivalcnt amounts of Ca, Mg 

and Fe2+ (see text) 

ROCK 

I 
VE IN I ROCK I VEIN [ ROCK [ VE rN I ROCK [ VErN I ROCK I VEIN I VE IN 

65 66 67 68 69 70 71 72 73 74 75 

Si .. . . 28.70 28.69 27.92 30.81 28.22 30. 25 29 . 23 [ 28.38 28.94 29 . 23 30.42 
Ti · .. 0.41 0.39 0.40 0 . 28 0.37 0.35 0 . 96 1. 06 0.93 1. 20 0.54 
Al · .. 9.98 9.37 10. 23 10.14 11. 0 2 10.15 9.51 8.58 9.92 9.72 9.60 
Fe3 + .. 1. 7 I 4. 31 2.46 2.13 1. 5 2 3.00 2.96

1 

2.29 2.60 1. 13 3.69 
Fe2 + .. 

[ 
3.91 0.30 0.77 0.33 3.16 0.00 4 .64 1. 7 7 4. 31 0 . 00 0.00 

Mn .. 0.13 0.21 0.27 0.24 0.14 0.31 0.14 0.36 0.14 0.29 0.26 
Mg .. 5.96 1. 62 3.06 0.40 5.0 I I 1. 0 5 

~::~ I 
0.33 2.77 2.92 0.83 

Ca · .. 4. 85 0.56 2.84 , 0.00 5. 25
1 0.00 0.56 2.00 0.00 0 . 00 

Na . .. 4. 70 6.19 6.59 2.78 

::: i 
4 . 66 5.74 4. 96 7.52 6.07 1. 4 5 

K .... 1. 03 2.56 2.25 6.87 4.99 1. 3 7 4.84 1. 31 3 . 30 I 8.23 
OH .. 8.08 9.20 7.98 4.23 10 . 06 7.18 3. 37

1 
2.17 5.54 [ 3 . 86 [ 5.72 

P .... 0.04 0.03 0.10 0.02 0.16 0.04 0.20 0.1 8 0.56 0.32 0.04 

For details of rock types and locaIities see Table 12. 

va lues are plotted rather than the recalculated values after removal of carbonate. 

There is still a noticeable decrease of Ca in the amphibolites, in spite of the 

presence of carbonate, but there is some increase of Ca in the fenitized gneisses, 

which is probably due to the presence of carbonate. 
7. There is a slight increase in K in tbe five rocks from which the potassic fernte 

veins were separated, but this is probably indicative of incomplete separation of 

the veins, or the presence of a few potassic veinlets. Otherwise there is very 
little change in potassium, except possibly for areal, but small, increase in the 

fenitized amphibolites. 

These results may be summarised as follows: 

Gains Losses lVo definite trend 

amphibolites major Na & Si major Ca Al,K,Mg,Fe 

gneisses major a; mmor Fe major Si Al,K,Mg,Ca 

Fig. 43a is a plot of a against the oxidation ratio 100 Fe3 +jFe3 + + Fe2 +. There is an 

increase in tbis ratio with fenitization from amphibolites with values around 10 to some 

syenitic fenites which contain only ferric iron. The one point which stands apart from 

the others is one of the rocks cut by potassic fenite veins, and its high aberrant 
oxidation ratio may be due to the presence of some potassic fenite veinlets, which is 
also indicated by the ratber higher potassium values for this rock. If a smooth curve 
is drawn tbrough all the points three of the four rocks from which potassic veins were 

separated lie above the curve giving oxidation ratios just a little higher than usual. 
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FIG. 43. (a) Plot of N a aga inst the oxidation ratio 100 FeJ+/FcJ+ + Fe2+ 
for unfenitized country rocks and sodic fenites . Same data and symbols 

as in Fig. 41. 
(b) Plot of K against the oxidat ion ratio 100 FeJ +/FcJ+ + Fe2+ for un
fenitized country rocks and potassic fenites. Symbols of unfenitized rocks 
as in previous diagrams. CircJes with dots joined by tie lines to fiIJed 
squares are potassic fenite veins and the host rocks which they cut; circJes 
with dots joined by dashed tie lines to fiIJed rriangles are the potassic 
reddened gneiss series; two other potassic fenites are rcpresented by circJes 
with dots. Two sets of stars joined by dotted t ie lines are potassic fenite 
veins and their host rocks from Kangankunde, Malawi (WoolJey, 1969). 
The very marked increase of oxidation ratio concomitant with an 

increaseof K is apparent. 

~ ~ . L-____________________________________________ ~ 

FIG. 44. Plot of all fenites and unfenitized country rocks in part of the 
weight normative system quartz - nepheline - kalsilite. Symbols as in 
Figs. 41 and 43 (b). The strongly potassic trends of the potassic fenite veins, 
and the reddened gneisses is apparent, contrasting markedly with the sodic 

character of the sodic syenitic fenites. 

The sodic fenites and country rocks are plotted on Fig. 44 In terms of weight 
normative quartz -nepheline-kalsilite. There is a marked clustering of the sodic 

fenites about the Ab-Or join towards the albite end. A lthough the syenitic fenites 

derived from amphibolite show litde or no change in position, in terms of this 
dia gram, those derived from gneis ses have been depleted markedly in quartz compo

nent. This diagram also emphasises the lack of data for fenites having compositions 
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between the extremes of the syenitic fenites and the country rock gneisses (see also 
Fig. 41). The one sodic fenite which lies markedly above the Ab- Or join is traversed 

by numerougs small quartz veins. The difficulty of finding intermediate compo
sitions appears to be a usual one. For instance, the 20 country rocks and fenites from 

Alnö analysed by von Eckermann (1948) fall into two distinct groups witb none of 
inter mediate composition (see Woolley, 1969, Fig. 5). 

Potassic fenites 

The potassic fenites comprise the buff-coloured metasomatic veins, together with 
certain of the fenitized gneis ses which have a characteristic reddish colour. To follo\\' 

the chemical changes involved in the formation of the veins five of them were sepa

rated from their enclosing rock, and rocks and veins analysed (Table 12). Specimen 75 
is also taken from a vein but from one of ratber larger than normal size. Also analysed 

were tbree reddened gneisses from borebole 215 and two from borehole 223, which 

were chosen to illustrate progressive metasomatic changes of a potassic type (Table 
10). Specimen 64 is another similar reddened gneiss. 

The marked increase in potassium which distinguishes the potassic from the sodic 

fenites is illustrated by Fig. 45. ot only is there a radical increase in potash in these 

rocks, but there is a distinct decrease in soda. However, four of the five rocks from 

which the potassic veins were cut were originally amphibolites, or hornblende schists, 

and it is notewortby that these have definately undergone sodic and not potassic 
metasomatism. The two reddened schist series confirm the general potassic trend. 
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FIG. 45. Plot of Na against K (recalculated to 100 
oxygens and adjusted for removal of carbonate) for 
all fenites and unfenitized country rocks. The two 
distinct trends of sodium and potassium enrichment 
are apparent. Symbols as in Figs. 41 and 43 (b). 
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In the same way that it was found convenient to plot a variation diagram of the 

sodic fenites against sodium, the most illustrative abscissa for the potassic fenites is 

potassium. The resulting diagram (Fig. 46), on which veins and host rocks are joined 

by tie-lines, indicates the following changes in the major elements during potassic 

fenitization: 
1. A considerable increase in potassium 
2. A marked decrease in sodium but, as pointed out above, the rocks cut by the 

potassic fenite veins contain a higher tenor of sodium than the rocks from which 

they were derived, suggesting that they underwent sodium metasomatism 

before the potassium-rich fenite veins were formed. 

3. There is very litde significant change in silicon or aluminium. 
4. The veins reveal a marked decrease in total iron, magnesium and calcium, but 

there is litde change in these elements in the gneiss series, in which they are low 

anyway. There is a very high proportion of carbonate in the veins, but the data 

plotted on Fig. 46 have, of course, been calculated free of carbonate. However, 

even if Ca, Mg and Fe are not removed as carbonate, a decrease in Fe and 

Mg still occurs, but in three out of five Ca increases. 

The changes may be summarised as follows: 

AI 

amphibolites 

gneisses 

Gains 

major K 

major K 

Losses No definite trend 

a,Fe,Mg,Ca Si,AI 

Na Si,AI,Fe,Mg,Ca 
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FIG. 46. Plot of the major elements in the potassic fenites and unfenitized 
country rocks against K, using atoms recast to 100 oxygens and adjusted after 

removal oE carbonate. Symbols as in Figs. 41 and 43(b) . 
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The weight normative quartz-nepheline-kalsilite plot (Fig. 44) indicates a strong 

convergence on the orthoclase composition point. There is little or no change in 

silica saturation between the veins and their host rocks, but the gneis ses, besides 

becoming more potassic with increasing fenitization, become also distinctly poorer in 
normative quartz. 

A distinctive chemical feature of the potassic fenites is the marked increase in 

oxidation ratio with increase in potassium, as illustrated by Fig. 43 b . A number of the 

potassic fenites are completely devoid of ferrous iron. This increase in the oxidation 

ratio paralleIs that occurring in the sodic fenites, but is noteworthy in the potassic 

fenites for the fact that along the edges of the metasomatic veins the change occurs 

within a few millimetres of rock. Also shown on Fig. 43 bare the trends obtained from 

similar potassic fenite veins and associated fenites from Kangankunde, Malawi 

(Woolley, 1969) which also show an increase in potassium with a parallel increase in 

oxidation ratio. 

Minor elem ents 

Data on a range of minor elements are given in Tables 1, 3, 8, 10 and 12 and 

variations of some of these elements are given in Fig. 47 for which tbe sodic fenites 

are plotted against Na and tbe potassic fenites against K. As with the major elements, 

tie !ines join separated potassic veins and the associated rocks and the two gneiss 

series which show increasing potassium fenitization. Noteworthy features revealed by 

the data are as folIows: 

Yttrium: There is little variation except that one or two sodic fenites indicate some 

enrichment. 

Zinc: No apparent significant variation. 

Nickel: Amongst the sodic fenites there appears to be some loss of nickel from 

fenites derived from amphibolites, but no significant change in fenites originating as 

schist or gneiss, and the same trend is apparent for the potassic fenites, with the 

potassic veins consistently poorer in nickel than their host rocks. 

Chromium: There is a marked decrease in chromium from the amphibolites to the 

sodic syenitic fenites, but no apparent change of the low values pertaining in the 

schists and gneisses. The same feature occurs in the potassic fenites. 

Copper: Although there is no apparent trend amongst the potassic fenites, with 

sodic fenitization the rather variable values of the country rocks are reduced to 

evenly low values of 30 p.p.m. or less in the syenitic ferrites. 

Vanadium: The vanadium results for sodic fenites are interesting in spite of the 

complete lack of any trend. The notable difference in vanadium values of the country 

rock amphibolites and gneis ses and schists is perpetuated into the syenitic fenites 

suggesting that vanadium is comparatively inert during sodic fenitization. In contrast, 

there is some indication that during potassic fenitization the high values of the 

amphibolites are reduced. 
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FIG. 47. Plot of se lected trace element data against N a for sodic fenite series and K for 
potassic fenite series. The heavy lines on tbe right of the diagram indicate the range of 

these elements found in the carbonatite sampies. Symbols as in Figs. 41 and 43(b). 

Zirconium: While sodic fenites derived from amphibolite have enhanced zirconium 

values, and a few sodic fenites show considerable enrichment in this element, there is a 
broad overlap of the majority of the sodic fenites with the unfenitized schists and 
gneisses so that no conclusions can be drawn as to changes of zirconium in the latter. 

In contrast, there is a modest decrease in the potassic fenite veins, but overall the tenor 

of zirconium is little changed in the potassic fenites. 

lv'iobitlJJJ: There is a very marked correlation between niobium and potassium. The 

niobium values of seven of the eight country rocks are negligible, but considerable 
niobium is detected in all the potassic fenites. Although there is a distinct increase in 
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niobium during sodium fenitization also, this 1S not so marked as ln tbe potassic 
fenites. 

Lithium: There is no apparent variation in lithium in tbe sodic fenites, but tbere is 

adefinite decrease in this element in the potassic fenites. 

Rubidium: A lthough only two of the analyzed country rocks contain appreciable 

amounts of rubidium, the constantly low values of the sodic fenites indicate that this 

element either decreases or remains at low levels. In contrast there is adefinite increase 

in ru bidium in the potassic fenite veins and tbe two gneiss series, indicating a distinct 

positive correlation of rubidium with potassium. 

Barium: There is a considerable increase in the barium values in many of the sodic 

and potassic fenites, but barium is remarkable for the wide range of values occuring. 

There is a tenfold increase in some fenites, whereas in others there is little change. 

Barium is higher in some of the potassic veins than the associated rocks, but it is lower 

in others . There is no correlation between barium and CO 2 in the rock so that these 

variations are not controlled by the amount of carbonate present. 

Strontium: There is a distinct increase in strontium amongst the sodic fenites 

derived from amphibolite, but any changes in the g neisses are obscured by one of the 

country rocks wh ich has high strontium values. The same holds for the potassic 

fenites for which strontium has increased amongst the amphibolites but for wh ich 

there appears to have been little change in the g neisses. 

The ratio of barium to strontium varies in the sodic fenites from 5: 1 to 0.2: 1, 

but for the majority of potassic fenites barium is greater than strontium, sometimes 

by as much as 10: 1. 

The variations in the minor elements during fenitization are summarised in Table 

14. 

TABLE 14 

Gains and losses of minor elements 

Y ...... . .. . .. . .. . 
Zn .... .. ........ . 
Ni ... .... ... . .... . 
Cr ..... . .. . .. . . .. . 
Cu . .. . .......... . 
V ............... . 
Zr .............. . 
Nb . . .... . ....... . 
Li ............... . 
Rb ... .... ....... . 
Ba ......... . . . ... . 
Sr ......... .... .. . 

Sodic fenires Potassic fcnites 

Amphibo- Schists and Amphibo- Schists and 
litcs gneisses lites gneisses 

+ 
+ 

+ 
+ 

+ 

+ 

+ 
..;
+ 
-+-

+ 
+ 

+, significant gain; - , significant loss . 
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Relationship between rock chemistry and mineralogy 

A sodic feldspar is common to all the syenitic fenites but the mafic minerals 

essentially comprise the four assemblages aegirine, aegirine + amphibole, amphibole, 

and amphibole + phlogopite, with complete gradation between pyroxene and 
amphibole, and amphibole and phlogopite syenitic fenites. These different assem
blages reflect differences in bulk rock composition, particularly with regard to magne
sium and iron. On the variation diagram (Fig. 41) the six numbered syenitic fenites 

have the highest Mg values and five of them consist of the assemblage amphibole + 
phlogopite, while number 38 contains amphibole only. All the rest of the syenitic 

fenites comprise either aegirine or aegirine + amphibole. 
The major factor determining the presence or absence of pyroxene appears to be 

the ratio of Mg: total iron (Fig. 48). This ratio va ries litde amongst the country rocks, 

but feniti zation pro duces a divergence towards either the iron corner or the magne
sium corner of Fig. 48. Rocks with total iron > Mg develop pyroxene whereas those 

L: Fe 

~ • 

//'-- ::~~. ~'-"" .. 
./ ."..." _ _ _ ~-----........ y ~ fleld 

,'"- ------- T 
Country rocks 

Ca Mg 

FIG. 48. Plot of sodic syemtlc fenites in terms of Fe3+ + 
Fe2+ - Ca - Mg (in a toms) to show variation of the mafic 
mineral assemblages. When a mineral phase or phases from a 
particular rock has been ana lyzed the mineral has been pl ot ted 
and joined to the rock by a tie line. Mineral points are indicated 
by small fi lled circles and the general compositional fie lds of the 
amphiboles, pyroxenes, and phlogopites shaded. Open circles, 
fenite with pyroxene only; half filled circles, fenite with pyroxene 
and amphibole; solid circles, fenite with amphibo le and phlo
gopite; circle with dot, fenite with amphibole only. Area of 
unfeniti zed country rocks is enclosed; open squares, amphibolites 

and hornblende schists; open tri angles, granitic gneisses . 
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FIG. 49. Plot of oxidation ratio (100 Fe3 +/Fe3+ + Fe2 +) 
against mg ratio (100 Mg/Mg + Fe3 + + Fe2 +) for sodie 
syenitie fenites and unfenitized eountry rocks to show 
variation of mane mineral assemblages. Pyroxene, amphibo le, 

and phlogopite neids shaded. Symbols as in Fig. 48. 

enriched in Mg develop an assemblage of amphibole ,,·ith or without phlogopite or 

aegmne-augite. The difference in the Mg: ferric iron ratio between the different 
syenitic fenite types is emphasised by Fig. 49, which also shows that not only is ir on 

relatively enriched in the pyroxene fenites, but the oxidation state of these rocks is 

also higher, ferrous iron being absent from some of them. 
Rock chemistry taken together with petrography indicates tbat the amount and 

relative proportions of Mg and total iron in the syenitic fenites is determined eitber by 
the original composition of tbe rock, or by secondary metasomatic e1lects. Of the six 

numbered magnesium-rich rocks plotted on Fig. 41, 40 and 53 have petrographie 

features indicating that tbey were originally hornblende schists, and their high Mg 

and total iron co ntents together with low silica supports this. There has been little or 
no change in the Mg: total iron ratio in these two rocks (Fig. 48), and this lack of 
change is also indicated by Fig. 50 on which they plot very dose to tbe unfenitized 

ampbibolites and hornblende schists. Rocks 55 and 57 are both from borehole 70 

dose to the carbonatite contact and 55, and to a lesser extent 57, are rich in phlogopite 
which microseopie examination shows to develop at the expense of feldspar adjacent 

to carbonate veinlets. The high Mg contents of these two rocks appears, therefore, to 
be partly metasomatic in origin. Rocks 56 and 38 are cbaracterised by cross-cutting 
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FIG. 50. Plo t of sodic syenitic fenites and unfenitized country 
rocks in terms of Si /4- Mg- Fe3 + + Fe2+: Filled squares are 
fenüized amphibolites and hornblende schists from which 
potassic veins were removed. Other symbols as on Fig. 48. 

For details of numbered po ints see text. 

masses of fibrous amphibole, together with abundant phlogopite in 56. In these two 

rocks also, therefore, the Mg appears to be partly introduced. 
In summary, the syenitic fenites with the highest Mg and Mg: total iron values 

comprise the assemblages amphibole and amphibole + phlogopite, and owe these 

features either to original rock composition, or to the secondary introduction of Mg. 

However, fenitized amphibolites and hornblende schists do not invariably result in 
amphibole-bearing assemblages. This can be seen on the variation diagram (Fig . 41 ) 
on which the Mg values of the amphibolites and hornblende schists cut by K-fenite 

veins fall consistently, but two of these rocks retain high iron values (Figs. 41 & 48) 

so producing pyroxene fenites. Apart from these two rocks there is a general tendency 

for the pyroxene fenites to have originated from gneisses of granitic composition, as 

is i11istrated by Fig. 50 on which the pyroxene fenites cluster towards the Si corner 
with the unfenitized schists and gneisses. 

Chemical variations in the constituent minerals are also sensitive to changes in 

rock composition. The pyroxenes in the most iron-rich rocks are aegirines, whereas 
rocks with intermediate Mg: total iron values contain aegirine-augite, with or without 

an amphibole (Fig. 48). A mong the syenitic fenites with the assemblage amphibole 
plus phlogopite, or amphibole only, the tie-lines between rocks and co-existing 

amphiboles are sub-parallel (Fig. 48) indicating that the amphibole compositions are 

also sensitive to changes in rock composition. There is an overlap in Mg: total iron 



72 Geological Survey oE Finlend, Bulletin 280 

E Fe 

Pyroxene f.eld 

Amphibole ond amphibole + mico f,eld 

Co Mg 

FIG. 51. Generalised Fe3 + + Fe2+ - Ca - Mg diagram to 
indicate the fields oE particular mafic mineral assemblages in 
SokIi sodic syenitic fenites. Heavy lines denote the general 
ranges of composition of the aegirine - aegirine-augite, 
eckermannite - magnesio-arfvedsonite, and phlogopite series. 

Approximate limits oE fields indicated by dashed lines. 

values of the aegirine-augite-bearing and the pyroxene-free assemblages, but the 

mineralogical difference here appears to be controlled by the Ca content of the rock; if 

Ca is very low then amphibole and phlogopite crystallize, while a moderate tenor of 
Ca leads to the production of aegirine-augite (Fig. 48) . 

These features are summarised on a generalised total Fe - Ca- Mg diagram 

(Fig. 51) on which the range of compositions of pyroxenes, amphiboles and micas in 
the Sokli fenites are given. For syenitic fenites from Sokli three compositional fields 

can be defined which will give rise to the respective assemblages pyroxene, pyroxene 

plus amphibole, and amphibole or amphibole plus phlogopite (Fig. 51 ). 

D ISCUSSIO 

In the preceding sections chemical and mineralogical data have been presented 
illustrating the changes which took place in the metamorphic aureole around the 

Sokli carbonatite intrusion. Because of the heterogeneity of the country rocks and the 

abundance of carbonate in the fenites, the bulk chemical changes were only described 

in general qualitative terms. However, in studying fenites it is of prime interest to 
know the overall quantitative chemical changes in the aureole. An attempt to elucidate 
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FIG. 52. Additionjsubtraction diagram for major elements in Sokli fenites using atoms 
per 100 eations. (a) granite gneiss to sodie fenite, (b) hornblende sehistjamphibolite to 
sodie fenite , (e) granite gneiss to potassie fenite, (d) ho rnblende sehistjamphibolite to 

potassie fenite. 

the dunges in the Sokli aureole for the major elements and on a quantitative basis, is 
illustrated in the additionjsubtraction diagrams of Fig. 52. These diagrams summarise 
the changes involved in passing from an average granitic gneiss (Table 1, anals. 1 

to 4) to asodie fenite (Table 8 analyses; but not induding fenitized hornblende 
schists and phlogopite-rich rocks) and to a potassic fenite (Table 10, anal. 61); and an 

average hornblende schistjamphibolite (Table 1, anals. 5 to 8) passing to asodie 

fenite (Table 8, anals. 40 and 53) and a potassic fenite (Table 12, anal. 75). 

The formation of sodic fenites (Fig. 52 a & b) from granite gneiss involves loss 
of major Si, and gain of a and Fe3 +, while from hornblende schistjamphibolite 

AI,Fe2 +, and Ca show significant losses, while Si, Fe3 +, a, K and possibly OB, are 

major additions. 
The addition of silicon to the more basic rocks is of particular interest in demon

strating that fenitization is not always a de-silication process. The additional silicon 

is taken up by the alkaline amphiboles and pyroxenes which are richer in this element 

than the ferro-tschermakitic hornblende of the country rocks (Table 4). The loss of 

silicon from the gneis ses and gain by the amphibolites means, because of the propor
tions of these rocks in the area of fenitization, that the totalloss of silicon is marginally 
less than would be the case were the aureole composed solely of gneiss; nevertheless, 

silicon is depleted in the aureole more than any other element. 

10 11452- 75 
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The destination of the fugitive silicon is always a problem when considering 
fenites. H. von Eckermann (1948) suggested that at Alnö it migrated inwards into the 

carbonatite, and Woolley (1969) favoured a combination of inward movement into 

the carbonatite and upward migration towards the surface, possibly in brines. Some 

of the high level carbonatites of the Rufunsa Valley in Zambia described by Bailey 
(1960) are extensively silicified, with the production in the carbonatite of 'silicajiron 
oxide rock' and 'brecciated quartz rock'. These quartz-rich rocks could represent a 

'sink' for silicon which originated in a fenite aureole not as yet exposed. Because 
Sokli is a relatively deep fenite section one would not expect to see such silicon 

enriched rocks. 
After silicon, the element having the greatest depletion is calcium, 66 % of the 

calcium in the gneisses and 90 % of that in the hornblende schists having been 

removed. It was shown earlier (Fig. 42) that the loss of calcium from the hornblende 
schists is not a spurious effect due to the calculation of the rocks free from carbonate, 

but that there is a considerable real removal of calcium. For the gneisses the total 
calcium in the fenites plus carbonate veins is about the same as in the unfenitized 

rocks. It would appear, therefore, that some calcium has been lost from the aureole, 

and that some has moved from the silicate mineral assemblage of the fenite into the 

carbonate veins. In this case the obvious 'sink' for the calcium is the carbonatite 
itself, so that the carbonate veins and veinlets must represent not only physical 

apophyses from the carbonatite, but also channels along which calcium moved 

inwards into the carbonatite. Such a conclusion immediately raises the problem of the 

original composition of the carbonatite veins in the more basic ferrites. The above 
argument would obviously be paradoxical if the veins were considered to have been 
originally composed essentially of calcium carbonate; it is more likely that they were 

of some other composition, and acquired their present chemistry as a result of the 

fenitization process. 

This dilemma is readily resolved if it is assumed that the present carbonatite veins 
initially were composed principally of alkali carbonates, perhaps akin to the Oldoinyo 

Lengai natrocarbonatite lava, analyses of which gave K 2 0 = 6.5 - 7.6 %, Na 20 = 
29.0 - 30.0 %, CaO = 12.7 - 19.1 %, MgO = 0.4 - 2.35 % (Dawson, 1966, 
Table 4), then loss of sodium ions to the surrounding rocks wou d involve the 

production of calcium carbonate thus: 

Na 2C0 3 + country rock -7 CaC0 3 + Na-rich fenite 

This process can be followed in more detail if the reaction of alkali carbonate with the 
rocks rich in hornblende is considered. The alteration of hornblende to an alkali 
amphibole during fenitization is readily demonstrated at Sokli, and can be followed 

chemically by comparing the analyzed ferro-tschermakitic hornblende (Table 4, No. 
27) with one of the analyzed alkaline amphiboles, of wh ich No. 17 (Table 4) is un

doubtedly the product of alteration of a country rock calciferous amphibole. In 
Table 15 the chemical changes in going from the calciferous to the alkaline amphibole 
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TABLE 15 

Elemental changes in alteration of a calciferous amphibole (Table 4, anal. 2 7) to an alkaline amphibole 
(Table 4, anal. 17) during fenitization, and composition of a phlogopite formed as a product o f the 

same reaction (Table 7, anal. 34) 

calci um sodium product of phlogopite 
amp hibole amp hibole alcerati o n 

Si ........... . . .. . 6.42 7 .6 4 + 1. 22 6.1 1 

Al (total) ....... . . . 2.07 0.1 6 - 1. 91 2.1 5 

Ti ... . . . ...... ... . 0.19 0.19 0.12 
Fe3+ . .. .. ..... .... 0. 70 1. 0 8 + 0.38 0 .52 
Fe2+ .............. 1. 8 1 0 .7 1 - 1.1 0 1. 0 3 

Mn .... . . ..... . .. . 0.0 5 0.03 - 0. 02 0. 03 
Mg . ............ . . 1. 7 8 2 .36 + 0 .58 4 .1 1 

Ca ............... . 1. 7 5 0.11 - 1. 6 4 0 .09 

Na . ... . . .. . .. . .. . 0 . 4 9 2.10 + 1. 6 1 0 .36 

K ............... . 0.1 7 0.4 5 + 0.2 8 1. 4 2 

are summarised. The principal elements added to the alkali ne amphibole are Si, Mg, 
and Na; and those removed are AI,Fe2 +, and Ca. Such an alteration is readily ex

pressed by the equation: 

Ca-amphibole + ( a,Mg)C0 3 + Si --+ a-amphibole + albite + (Ca,Fe)C0 3 

The albite accommodates the excess aluminium from the reaction, and silicon would 

be available from the fenitization of the gneisses. Commonly, however, phlogopite is 

also produced by fenitization of calciferous amphibole which would give the equation: 

Ca-amphibole + (Na,K,Mg)C0 3 + Si --+ Na-amphibole + phlogopite + CaC0 3 

Both equations balance weIl, but no account is taken of the additional water and 

fluorine necessitated by the second equation. However, both were present in abun

dance in the Sokli aureole, and by comparison with the Oldoinyo Lengai natro 
carbonatite lava, in which they are abundant, it is reasonable to conc1ude that they 

were present also in the Sokli ~arbonatite. 

Thus the fenitization of the hornblende schists is readily accounted for by inter

action with alkali carbonate magma or fluid, and supports the contention that the 

calcium now present in the carbonate veins, or a proportion of it, originated in the 
more basic rocks of the fenite aureole, not the carbonatite; and that the calcium 
removed from the fenite aureole migrated inwards along the veins into the 

carbonatite. This conc1usion is of considerable significance with regard to the origin 

and nature of the carbonatite. 

Verwoerd (1966) after comparing fenites from a number of complexes conc1uded 
that calcium »was added in greater or lesser amount in nearly every example wirh the 
exception of some of the basic rocks» (op.cil. p. 141). Verwoerd's findings with 

regard to basic rocks are the same as for SokE, but the difference for other rocks is 
due to the calculation of Sokli rocks carbonate free. 
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After calcium the greatest loss from the hornblende schists is of Fe2 +, but this is 

partly accounted for by oxidation to Fe3 +, while there is a considerable gain in Fe3 + in 

the fenitized gneisses. Although some of this gain could represent aredistribution 
from the hornblende schists, there has been a net increase in iron in the aureole 

during fenitization for which the carbonatite is a ready source. 
The only element added in large amounts to the sodic fenites is sodium, and the 

most likely source is the carbonatite which was probably emplaced as a melt containing 
a considerable proportion of alkalis, like that of the Oldoinyo Lengai natrocarbonatite 
lava. It would, therefore, have contained some 7 % K 20 as weil as 29-30 % of Na 20, 

and it is to be expected that this is the source of the potassium which is now con

centrated in some of the potassic fenites. 

The additionjsubtraction diagram (Fig. 52) indicates that in the potassic fenites, 
apart from the alkalis, the elemental changes are similar to those of the sodic fenites, 
the only significant exception being the greater loss of magnesium from the horn

blende schists. Whereas the sodic fenites derived from hornblende schist have only 

lost about 10 % of their magnesium, the potassic fenites have lost some 85 %. This is 
shown mineralogically by the presence of abundant alkaline amphibole and some 

phlogopite in the sodic fenites, but only minor phlogopite in the potassic fenites. 

The fixation of magnesium in the sodic fenites by reaction of a magnesian alkali 

carbonate melt with calcium amphibole to form phlogopite and alkali amphibole has 
already been outlined. In the potassic fenites however, some magnesium is fixed by a 

different reaction whereby phlogopite is genera ted at the expense of potassium 
felds par, a process referred to as 'phlogopitization' by Garson (1965, p. 42) . This 
reaction is concentrated along carbonate veins cutting potassium felds par, and hence 

it seems reasonable to assurne that the magnesium needed to form phlogopite comes 

from the carbonate of the veins. 

As explained in the petrographic section, the potassic fenites at Sokli indude two 
types, in one of which the potassium-rich rocks comprise sharply cross-cutting 

zones, particularly within the more basic rocks, usually with a central thread, or vein, 

of carbonate which must be the source of the potassium, while the second type is 
characterised by a more diffuse reddening of the rocks and is restricted to granite 
gneisses in the outer part of the aureole. The second type could be interpreted as an 

early phase of potassium metasomatism which predates the main sodium meta
somatism. Alternatively, reference to Fig. 52 a indicates that there has been a slight 

loss of potassium from the granite gneis ses which have undergone sodic 
metasomatism, and it seems possible that the potassium lost from these rocks was 
driven ahead of the front of sodium metasomatism, and was fixed in the periphery of 
the aureole. Yet another possible explanation is that both types of potassic fenitization 

are aspects of the same process, but that their different appearances are related to the 

mechanical properties of the host rock. The granite gneisses, for instance, probably 
shatter more easily resulting in dose veining, so that the metasomatising fluids can 
permeate widely and evenly. The hornblende schists, in contrast, are tougher and 
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break into sizeable blocks to the margins of which the metasomatising fluids are 

restricted. Evidence is at present lacking as to which of these petrogenetic models is 
correct for explaining the source of potassium in the diffuse type of potassic fenites, 

and their relationship to the sharply cross-cutting type. 
Because the cross-cutting potassic fenites are c1early later than the sodic fenites, 

they pose problems with regard to the evolution of carbonatite. There could have 
been two phases of carbonatite emplacement at Sokli of which the first was enriched in 
sodium and the second in potassium. Alternatively, the carbonatite could have 

contained both alkalis, but lost the sodium preferentially at an earlier stage, an 

hypothesis which has been discussed with reference to the fenitization around Malawi 
carbonatites (Woolley, 1969), where there is usually a later collar of potassic fenites 

between the carbonatite and sodic fenites. However, the potassic fenitization at Sokli 
is on a smaller scale than that of the Malawi carbonatites, and generally potassic 
fenitization seems to be a high level effect, as suggested by Garson (1962). Sokli 

represents a rather deep level, so that the bulk of any potassium in the primary 
carbonatite magma would have been concentrated at a level above the present erosion 
surface. The idea of two distinct carbonatite episodes at Sokli, one sodium and the 

other potassium enriched, is not favoured, and it is considered more probable that 

sodium was lost preferentially from the carbonatite to the wall rocks, and that the last 

fraction of carbonatite melt, enriched in potassium, was squeezed into tbe sodic 
fenite envelope causing local enrichment in potassium. 

Woolley (1969) has shown that the diagram quartz-nepbeline-kalsilite is par

ticularly useful in following the changes in the leucocratic constituents during fenitiza
tion. The diagram is used purely as a graphical construction; none of the data deter

mined experimentally for this system and applicable to igneous rocks, applies to 

fenites. The diagram is limited in that it does not reflect the peralkalinity of many 

syenitic fenites, some of the sodium of which is represented normatively by acmite, 
or sodium silicate, but it does indicate rather weil the bulk composition of the feldspar. 

A further restriction applies to fenites containing phlogopite the potassium of wbich 
is allocated normatively to felds par, so that the orthoclase component of such rocks is 
inflated. If these limitations are kept in mind the diagram is a very useful one. 

On Fig. 53 are plotted the Sokli fenites together with numerous fenites and the 
country rocks from which they were derived from 26 other localities. Most fenites are 

developed frorn granites, schists, and gneisses and plot in the central part of the 

Qz-Ab- Or triangle. The analyzed Soldi granite gneis ses and hornblende schists 
are rather more sodic than the typical unfenitized country rock and the Sokli sodic 

fenites are, as a group, the most sodic fenites described. 
Although in a composite diagram such as Fig. 53 tbere is a broad scatter from 

sodic to potassic fenites, if individuallocalities are considered it is usually found that 
there is a restricted, and often distinctive trend. In an earlier paper the data then 

available from nine localities were found to produce two trends, the first of which 

appeared to converge on the Ab-Or join approximately at the experimentally 
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FIG. 53. Plot of fenites and the country rocks from which 
they were derived taken from the literature and plotted in the 
system quartz - nepheline - kalsiIite (based on weig ht no rms). 
Solid circles, fenites; open circles, country rocks; cross es, 

Sokli fenites; circled crosses, Sokli country rocks. 

determined mlnlmUm, and the second of which then went towards the Or point 

(Woolley, 1969, Fig. 7). A trend towards the minimum was later found for fenitized 

quartzites from the Borralan Complex (Woolley ct al. , 1972, Fig. 9). However, 
although it is apparent from Fig. 53 that the more abundant data now available still 
show some clustering about the Ab-Or minimum there are also numerous analyses 
well away from this point, and the Sokli syenitic fenites which cluster towards the Ab 

composition point occupy an area of the diagram for which there were no published 

analyses in 1969. It is now necessary to abandon the idea that sodic fenites are con

verging on the Ab- Or minimum. 

If the plots on Fig. 53 are considered locality by locality they are found to fall into 

several broad trends a number ofwhich are shown on Fig. 54. For this diagram trends 
have only been drawn where there is either abundant data which define a clear pattern 

or, as in the case of the Sokli potassic fenite veins, give an unambiguous trend. The 
Amba Dongar and Borralan data are important because the fenitized rocks are derived 
from quartzite, which removes the difficulty of following trends when the country 

rocks are of widely differing compositions. The Amba D ongar fenites show two 

distinct trends, though both are extremely potassic. The Borralan fenites are asso

ciated with syenites and nepheline syenites, not carbonatite, but petrographically 
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FIG. 54. Fenitizatio n trends at a range of fenite localities 
plotted in the system quartz - nepheline - kalsilite. F o r classi
fication of fenites based o n these trends see T able 15. 1, Sokli; 
2a Alnä; 2b, Chilwa Island; 2c, Callander Bay; 2d, Borralan; 
3, Amba Dongar; 4a, Bukusu; 4b, Sokli po tassic schist series; 
4c, Brent Crater; 5a, Chilwa Island; Sb, Sokli potassic veins! 

Shading indicates area o f the majo rity o f co untry rocks . 

these fenites are clearly comparable with those associated with carbonatite. The 

classic data of von Eckermann (1948) for Alnö is difflcult to use because the country 
rocks and fenites show a very wide range of aJK values. H owever, one series of 
four specimens was taken by von Eckermann (1948, p. 41, nos 6, 11, 15, and 18) at 

right angles to the carbonatite contact across the fenite aureole, and were considered 

to represent increasing fenitization of a particular granite g neiss country rock. The 

12 analyses from Oldonyo Dili given by McKie (1966) have a diverse range of NaJK 

values, suggesting derivation from a wide range of country rock types and conse
quently no simple trend of the Na: K ratio can be defined. 

The only localities meeting the criteria outlined above are Alnö (von Eckermann, 
1948), Amba Dongar (Deans el al., 1972), Chilwa Island (Woolley, 1969), Brent Crater 

(Currie, 1971), Callander Bay (Currie and Ferguson, 1972), Borralan (Woolley ef al., 
1972), Bukusu (Baldock, 1973) and Sokli (this paper). 

Data from these areas define straight or gentle curves on the Q z- e-Ks diagram. 

The trends are of two types; those diverging from the Qz point, and those that 

converge on the Or composition point (see generalized inset dia g ram, Fig. 54). The 
first group indicates de-silication and addition of both sodium and potassium, though 

in widely contrasting proportions; the second group may not involve de-silication, 

l 
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Fenite type 

ORMAL FENITIZA TION 

1. Sokli type 

2. Intermediate type 

3. Amba Dongar type 

POTASSIC FENITIZATION 

4. Bukusu type 

5. Chilwa type 

TABLE 16 

Classification of fenites 

Characteristic 
features 

Na and K added; alkali 
pyroxene and amphibole 

strongly sodic 

major Na and K 

major K; only minor Na 

Major K added only; no 
alkali pyroxene or am
phibole; phlogopite 
sometimes 

K only 

potassic fenitization 
superimposed on normal 
fenitization 

Examples: numbers in parentheses 
refer to trends shown on Fig. 54. 

Sokli (1) 

Alnö (2a), Chilwa lsland (2b) 
Callander Bay (2c), Borralan (2d) 

Amba Dongar (3) 

Bukusu (4a), Sokli potassic schist 
scries (4b), Brent Crater (4c) 

Chilwa Island (Sa), Sokli potassic 
veins (Sb), Tundulu, Kangankunde 

but is characterised by an increase in the potassium: sodium ratio during fenitization. 

It is suggested that these trends encompass all the major changes in terms of normative 

quartz and alkali feldspar during fenitization, and that therefore, fenites can be 
c1assified into the five groups shown in Table 16. 

Although this c1assification is purely desc riptive, it may be that there is a genetic 

link between the different types. For instance, the different types of fenite may be 

related in terms of depth such that normal fenitization, particularly if it is very sodic, 

is a deep level phenomenon, whereas potassic fenitization of Bukusu type is a high 

level effect, but this awaits confirmation. 
Verwoerd's proposed c1assification of fenites (1966, p. 143, Table 4) is based 

firstly on the type of rock fenitized (i.e. acid rocks and basic rocks); then secondly on 

whether sodium or potassium has been added in greater amount; and finallyon 

whether CO 2 has or has not been added. This c1assification is useful but the system 
of sub-division based on original rock type is difficult to apply especially when 
considering aureoles of varied rock type. At SokJi, for instance, both basic and acid 

rocks have been subjected to the same fenitizing solutions. Separating these into 

different fenite categories would not be very useful, although admittedly there are 
mineralogical differences, and the chemical dunges undergone during fenitization 
have been different. evertheless, whatever the original rock type, fenitization is 
characterized by the addition of alkalis, so that a subdivision based primarily on this 

feature is a logical one. Verwoerd's (1966) subdivision into two groups based on the 

ratio of added Na: K is the equivalent of types 1 to 3 of Table 16, but Verwoerd 
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contests the suggestion of Garson and Camp bell Smith (1958) that late feldspathiza
tion at Chilwa Island is a distinct type of potassium fenitization, and in consequence 

Verwoerd does not have potassic types equivalent to 4 and 5 of Table 16. 

The concentration of syenitic fenites dose to the Ab-Or join in the Qz-Ne-Ks 

system (Fig. 53) is of considerable significance in considering whether carbonatites 
are capable of de-silication so as to produce silica undersaturated compositions. 

Although the Sokli carbonatite is very large and has a wide fenite aureole, no 
nephelinization has been observed. This holds for most carbonatites, so that the 

concentration of fenite analyses along the Ab-Or join probably represents the 
extreme of de-silication which can be produced by carbonatite. The relative abundance 

of feldspar phenocrysts in carbonatites and paucity of nepheline phenocrysts also 

supports this condusion. At some carbonatite centres however, there has been 

nephelinisation, for example Tundulu in Malawi (Garson, 1962), where however 
it is associated with foyaite rather than carbonatite, and at Dorowa (J ohnson, 1961) 
where nepheline-bearing pulaskitic fenites occur but they are associated with ijolite, 
and not with the carbonarite which is surrounded directly with syenitic fenites. At 

Alnö, however, von Eckermann (1948) interprets many of the nepheline-bearing 

rocks as being fenites resulting from the action of the carbonatite, but comparison 

with otber complexes suggests that tbe nephelinisation at Alnö was caused by 

ijolites and nepheline syenites of primary origin, and not by the carbonatite. 
Some idea of the probable temperatures obtaining during fenitization in the 

aureole at Sokli can be gained from the felds par and phlogopite. The syenitic fenites 

of the innermost parts of the aureole contain a felds par which is sometimes perthitic, 
indicating temperatures above the felds par solvus . The work of Bowen and Tuttle 
(1950) on the albite - orthodase series showed that at 1 Kilobar water pressure the 

solvus is at 660° ± 10°C at a composition dose to 55 % NaAISi 3 0 s, and Yoder et al. 

(1956) have shown that the solvus temperature increases by only about 14°C per 

kilo bar increase in water pressure. The Sokli fenite feldspars are richer in the albite 

component than 55 %, but temperatures of crystallisation were probably in excess of 
600°C in the inner part of the aureole. 

Bailey (1966) has shown that the reaction orthodase + dolomite + H20:t:. 
pblogopite + calcite + CO 2 at 1 kilobar total pressure is strongly dependent on the 
partial pressures of H 20 and CO 2 , such that with excess H 20 and deficient CO 2 

phlogopite + calcite is the stable assemblage above 340°C, below which orthodase + 
dolomite is stable. With excess CO 2, orthodase + dolomite is stable up to 640°C. In 
the inner Sokli aureole dose to the carbonatite the assemblage phlogopite + alkali 
amphibole is stable, and the phlogopite replaces feldspar. The proximity of the 
carbonatite suggests that the partial press ure of CO 2 would be high, so that from 
Bailey's (1966) da ta the presence of phlogopite indicates a temperature in excess of 

600°C. Phlogopitization also occurs along the central parts of potassic fenite veins up 
to 450 met res from the carbonatite contact. The crystallization of potassium feldspar 

along the veins later followed by phlogopite, suggests either increasing temperatures, 

11 11452- 75 
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or an increase in the relative pressure of water compared to that of CO 2 • Both factors 

probably applied, but in this part of the aureole water is probably more important, 
because of the crystallization of calcite taking up CO 2 , so that according to the data of 
Bailey (1966) the transition K-feldspar --7 phlogopite will occur at lower temperatures. 

Wyllie and Tuttle (1960) have shown that carbonatite melts can persist down to 
600°C. From work on fluid inclusions in apatites from sövites Le Bas et al. (1972), 
report minimum melting temperatures of about 550°C. This evidence points to 
minimum temperatures at the inner fenite boundary of some 600°C. Upper tempera

tures are more difficult to estimate. Apart from a few veins which could represent 

rheomorphosed fenites, there is no evidence of melting, so that sub-liquidus tempera

tures are indicated. As amphibole and phlogopite are abundant a substantial pressure 
of water must have prevailed. If, therefore, a water vapour pressure of 2 kilobars is 
assumed the data of Bowen and Tuttle (1950) indicate an upper temperature limit of 

ab out 800°C. 
On Fig. 55 the probable temperature gradient across the Sokli fenite aureole is 

given using the data discussed above to fix the temperatures at the carbonatite contact 

and within the innermost syenitic fenites. A very rapid decrease in temperature in the 

first few hundred metres from the carbonatite is deduced from the textures and miner
alogy of the rocks. Thus the innermost fenites, shaded on Fig. 55, differ texturally 

from the other fenites principally in their coarse, granular textures which take on an 

'igneous' appearance - indeed some of these rocks if studied in isolation could not be 
distinguished from igneous syenites. The relative homogeneity of these rocks suggests 

that any later diffusion or transport of elements has probably involved movement 

along crystal boundaries coupled with small scale solid diffusion. In contrast, move
ment of elements in the outer fenites seems to have been concentrated along veins and 

veinlets, and then along cracks, grain boundaries and cleavages, probably carried by 

Zone 01 homogeneous 

syenitic lenite 

Zone 01 veins 

100metres 1Km 2Km 
Distance Irom carbonatite contact 

FrG. 55. Inferred temperature distribution in the Sokli fenite aureole at the 
peak o f the metasomatism. For details of the 'zone of homogeneous syenitic 

fenite' and 'zone of veins ' , see text. 
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some fluid medium. There is a gradual increase in the effects of fenitization in the 

outermost part of the aureole followed by a relatively rapid change to the distinctive 

inner fenites (Fig. 55). 
The rapid outward decrease in temperature is readily explained if the agent of 

fenitization is considered to be some form of outward streaming gas (fluid) from the 
carbonatite. From work on fluid inclusions from apatites in sövites Le Bas cl al. (1972) 
report that »a fluid medium capable of transporting carbonatitic material can exist, 

not as a molten liquid but as a gaseous and mobile supercritical fluid from which 

carbonatites can crystallize directly». Work on fluid inclusions from apatites in fenites 

(A. Rankin, personal communication) shows the presence of only a gas phase. It is 
envisaged from these results that in the immediate environment of the carbonatite a 
mobile supercritical fluid existed of alkaline carbonatitic composition. Adiabatic 

expansion of this fluid, produced by outward movement, would cause very rapid 
cooling to produce the sharp temperature drop shown on Fig. 55. Within this inner 

zone there was probably little reaction between the carbonatitic fluid and the fenite, 
because the fenite would have al ready reached an equilibrium condition in which the 

maximum content of sodium was held (there may be more activity of potassium), but 

the high temperatures would induce relatively rapid recrystallization towards a 

coarser and more stable fabric. At the outer edge of the inner fenite zone chemical 
activity would be more vigorous with reactions such as the exchange of sodium in the 
fluid for calcium in the silicate phases and the crystallization of calcite ta king place. 

Within this area a change probably took place in the nature of the fenitizing fluid. The 

fall in temperature probably led to dissociation of the fluid into gas, liquid, and solid 

phases, and it is the gas phase which was mainly responsible for the fenitizing activity 

in the rest of the aureole. 
Although CO 2 was certainly one of the major components in the inner aureole the 

crystallization of calcite would reduce its partial pressure so that other gases became 

relatively more important. Evidence as to the nature of these gases is as folIows: 

hydration of feldspar 
carbonate minerals 

micas (particularly 

amphiboles 

along veins) - H 20 and F 

- H 20 and F 

pyrite - S, S02 

Of these gases fluorine is certainly particularly effective in elemental transportation 
and the analyses of the amphiboles indicate that fluorine is almost as abundant as 
water. The mechanism by which the fluorine acted as an agent for element migration is 

thought to be that referred to as 'chemical transport reactions' in the book of that 

name by Harald Schafer (1964). In the words of Schafer (1964, p. 1): »Chemical 

transport reactions are those in which asolid or liquid substance A reacts with agas 
to form exclusively vapor phase reaction products, which, in turn, undergo the 

reverse reaction at a different place in the system, resulting in the reformation of 
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A ... The process appears to be one of sublimation or distillation. Substance A 

h owever, does not possess an appreciable vapor pressure at the applied temperatures. 

The substance is transpo rted chemically. In addition to a reversible heterogeneous 

reaction, a concentration gradient must be established. The latter can be the result of 

temperature gradients, changes in the relative pressures, or the differences in the free 

energy of formation of two substances. » 

The reactions can often be achieved at only m oderate temperatures. ickel, for 

instance, is readily transported through an atmosphere of CO, moving from areas of 

low temperature e.g . 80°C to ones of higher temperature e.g. 200°C; the transport 

being achieved by diffusio n of i(CO). gas (Schafer, 1964, p. 36). Very many sub

stances are listed by Schafer which have been transported in this way in the laboratory 

including Si, which can be transported as SiF 4, and Si0 2 which can be transported by 

H 2 and H 2 0 . 

The movement of a complex may be simply by diffusion or by convection. If 
diffusion alone is adequate then the mechanism iE applied to transport in fenües, 

wo uld not require an abundance of the gas phase, but just enoug h to permeate the 

whole aureole, when the reaction would proceed o nce the necessary temperature, 

press ure, or chemical gradients had been es tablished . A di ffusion process up the 

temperature gradient could overcome the problem of transporting silicon inwards 

towards the carbonatite centre, as discussed earlier. Such transport would be difficult 

if there was a rapid outward flow of fenitizing gases. If, however, the suggestion that 

silicon moves inwards in the aureole is correct, then it implies either that there was 

no outward flow of the fenitizing fluids and all chemical transport was achieved by 

diffusion, or that the convection was slower than the inward diffusion of silicon. 

By advocating this m echanism it is n ot implied that this is the only way whereby 

elements were transported in the fenite aureole, for the alkalis cmanating from the 

carbonatite, for instance, in the inner part of the aureole at least, were certainly in a 

different condition, but 'chemical transport reactions' do provide a means for 

redistribution o f elements within the aureole, and for the inward movement of 

elements against the temperature gradient. 
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