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Abstract

Progressive stages of fenitization are recorded in nine xenoliths of metagranitic and meta-
gabbroic basement that were caught up in alkali carbonatitic magma in the Oldoinyo Lengai
volcano, Gregory Rift, Tanzania. The ultimate product of fenitization of the two rock types
contains sanidine, nepheline and aegirine-augite. Temperatures of approximately 800'C were
attained during metasomatism. Disequilibrium melting of the highest-grade assemblages oc-
curred along grain margins, followed by a rapid quench, which prevented homogenization of
melt compositions and devitrification. Such anatectic reactions involving a strongly meta-
somatized lower crust may be responsible for the juxtaposition of phonolitic and alkali
carbonatitic melts with mantle-derived nephelinitic magmas at Oldoinyo Lengai.

Introduction

Fenitization relers to the sum of metasomatic adjust-
ments that bring a country rock into compositional equi-
librium with an alkali silicate or carbonatite intrusive com-
plex. These adjustments result from the interaction of
country rocks with a peralkaline fluid that emanates from
the cooling igneous body. In almost all cases, the high-
temperature mineral assemblages that develop re-
equilibrate extensively at lower temperatures. Thus fenites
typically contain ordered, virtually end-member K- and
Na-feldspars instead of a single, disordered (Na,K) feldspar.
The effrciency ol the retrograde reactions can be attributed
to the reactivity of the fluid medium and of the minerals in
contact with it.

If the metasomatic transformations occur at a sufliciently
high temperature, the metasomatic assemblages will be in-
volved in melting reactions. Direct proof that melting had
occurred could only come from the preservation of glass in
fenites. Fenitized blocks that had begun to melt would
have to be quenched rapidly, as xenoliths in erupted
magma, so that the glass could survive metastably. We
describe here the fenitic assemblages developed in nine
xenoliths of basement granite and gabbro caught up in
alkali carbonatitic magma in the Oldoinyo Lengai volcano,
in the Gregory Rift, Tanzania. The high-grade fenitic as-
semblages show clear signs of incipient melting. Such reac-
tions may be regionally important in the lower crust and
uppermost mantle beneath continental rift zones.

The regional context

The currently active Oldoinyo Lengai nephelinitic-
carbonatitic volcano is the most recent manifestation of a
cycle of alkaline magmatism that has affected the southern
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extremity of the Gregory Rift since Plio-Pleistocene times
(Le Bas, 1980). A secular change has occurred in the erup-
tive style of Oldoinyo Lengai and in the magma types
extruded, from quiescent outpourings of alkali basalt and
olivine-rich nephelinite to highly explosive manifestations
of nephelinitic-phonolitic--carbonatitic volcanism. The
locus of modern basaltic volcanism has migrated eastward,
to the Kilimanjaro area. The Tanzanian sector of the Gre-
gory Rift (Fig. 1) is the only place in the East African
magmatic province where the alkali basalt-olivine neph-
elinite and nephelinite-carbonatite associations are juxta-

posed (Le Bas,1977).
The rocks exposed near Oldoinyo Lengai are the prod-

ucts of the basalt-nephclinite phase of volcanism. These
flows were extruded directly onto the Precambrian base-
ment, now concealed. Basement rocks, exposed to the west
and east of the rift zone (Fig. 1), consist of granitic and
migmatitic rocks of the Tanzanian Shield and metamor-
phic rocks of the Mozambique orogenic belt (Guest, 1954:
Pickering, 1961). The only basement rocks noted in the
early literature on Oldoinyo Lengai were found as ejected
blocks of granitic gneiss in the older, southern crater (Reck,

1914). This area was totally covered by a blanket of pyro-

clastic material in 1917.
Although mainly characterized by pyroclastic deposits,

Oldoinyo Lengai is best known for its outpouring of alkali
carbonatite lava and ash (Dawson et al., 1968). In addition
to fragments of nephelinite and phonolite, which predomi-
nate, the pyroclastic material contains nodules of ijolite,
nepheline syenite, biotite pyroxenite, fenite and scivite. This
array of lithologies suggests the existence at depth of an
alkaline suite and related metasomatic rocks. The ubiquity
of the fenite blocks throughout the stratigraphic sequence
of pyroclastic material (Dawson, 1962) suggests that the
alkali metasomatism is early and widespread.

Our,study is based on nine xenoliths developed at the
expense of two distinct original lithologies: granitic gneiss
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Fig. 1. Geological and tectonic setting of Oldoinyo Lengai vol-
cano (based on the I :2,000,000 geological map of Tanzania, pub-
lished in 1959). I alkali basalt volcanos (Pleistocene to Recent),2
nephelinite--carbonatite volcanos (Pleistocene to Recent), 3 alkali
basalt-olivine nephelinite volcanos (Pliocene), 4 T ertiary volcanic
rocks, 5 Mozambique belt, 6 granitic Tanzanian shield.

and metagabbro. It must be viewed as a first attempt to
document the assemblages developed. These have been
classified into low-, medium- and high-grade types on the
bases of mineral assemblages and textures.

Table 1. Modal composition of fenite xenoliths, Oldoinyo Lengai

BD58 BO44 BD32 BD48 BD43 BD42 BD35 BD55

6 3 3 8 4 7 4 6 7 5 8 5 1

l  1 1 5

Low-grade fenite

Granite gneiss

Macroscopically, specimen BD58 (Table 1) has a very
heterogeneous appearance owing to mm-wide sinuous
veinlets and clots of green clinopyroxene and grey wol-
lastonite developed in a leucocratic matrix of variable
grain-size. In thin section, the most conspicuous feature is
the heteroblastic texture, generated by deformation fol-
lowed by varying degrees of replacement. Anhedral, frag-
mented grains of K-feldspar and oligoclase up to 2 mm
across are surrounded by a heterogeneous, fine-grained
feldspathic matrix, suggesting a mortar texture. Contacts
between grains are sutured. The slightly turbid oligoclase
grains have displaced twin-lamellae and undulatory extinc-
tion. The quartz grains, which make up a minor proportion
of the rock, are highly fractured and granulated, and are
surrounded by small prisms of aegirine and by fasciculate
aggregates of wollastonite. Biotite flakes (=l vol.oh) are
partly replaced by a very flne-grained aggregate offeldspar,
iron oxides and small prisms of aegirine. Calcite occupies
the center of the veinlets or forms xenomorphic grains. The
paragenetic relationship between aegirine and wollastonite
is ambiguous.

Metagabbro

Specimen BD44 is a homogeneous, undeformed,
medium-grained, subophitic black-and-white mottled rock.
It contains amphibole and plagioclase, with minor
amounts of biotite and magnetite (Table 1). The amphibole,
pleochroic olive-green to brown, is magnesian hastingsitic
hornblende (Morogan, 1982); it presumably replaced pri-
mary pyroxene, and is pre-fenitization. The interstitial
plagioclase, An* to An.u (microprobe), exhibits a grano-
blastic-polygonal texture, with almost planar grain-
boundaries and triple-point junctions. Magnetite grains are
rimmed with titanite. Small, acicular prisms of pale green
sodic pyroxene occur with calcite in the andesine and as a
"whiskery" rim surrounding all hornblende crystals. Incon-
spicuous flakes of biotite that predate fenitization (and may
indicate early mild K-metasomatism) are also rimmed by
sodic pyroxene.

Medium-grade fenite

Granite gneiss

Specimens BD5, BD32 and BD48 are fenitized xenoliths
that show a less striking pattern offractures and veins than
in the low-grade equivalent, and a more homogeneous
granular texture. In thin section, the higher grade of meta-
somatism is indicated by more thorough recrystallization
and by a simpler assemblage of minerals, largely aegirine-
augite and anorthoclase (Table 1). Quartz, totally sur-
rounded by aegirine-augite, occurs in BD32. Relict grains
of the original oligoclase show indistinct twin-lamellae and
slight turbidity, and, are surrounded by a granoblastic ag-
gregate of newly formed alkali feldspar. Large poikilo-
blastic plates of the latter form by coalescence; included
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Fig. 2. Metacryst of aegirine-augite (a) in contact with sani-
dine (s); green glass (g) occurs at the junction of these two min-
erals in fenitized granite gneiss BD43. The pyroxene is cracked
and "intruded" by the melt, which is laden with rounded grains of
residual feldspar and pyroxene. Width of field of view 5 mm.

phases are mainly aegirine-augite, titanite and, more rarely,
apatite. Aegirine-augite also forms poikiloblastic clusters of
stout prisms that enclose aggregates of feldspar. Aegirine-
augite replaces wollastonite along grain margins, and in
general is associated with titanite.

The specimens of medium-grade fenite are characterized
by an almost complete disappearance of the original min-
erals. Their textures suggest incipient cataclasis, but re-
placement and recrystallization are dominant. The wide-
spread development of the granoblastic texture and the
predominance of the assemblage anorthoclase + aegirine-
augite indicate a tendency toward equilibrium under rela-
tively static conditions.

No specimen of fenitized metagabbro showing an analo-
gous stage of development was available for study.
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High-grade fenite

Granite gneiss

Specimen BD43 is a medium- to coarse-grained, slightly
foliated fenite containing the assemblage sanidine +
aegirine-augite + nepheline (Table 1). This assemblage
(volume proportions 46:28:.5) is considered to have
formed at the expense of granite gneiss. The sanidine is
Carlsbad-twinned and free of inclusions; it forms elongate
crystals or smaller laths that show an alignment. The me-
tacrysts of poikiloblastic pyroxene are strongly embayed,
and are surrounded by a film of pale green glass (Fig. 2).
The sieve-like aspect of the pyroxene grains may be due to
melting of the inclusions, as green glass still occupies some
of these holes. The aegirine-augite is partially transformed
to hematite. Nepheline grains are euhedral to subhedral.
Some grains oftitanite appear shattered and display irregu-
lar, embayed margins, suggesting that this phase was also
involved in the melting reaction. The pale green glass is
ubiquitous; it occurs along aegirine-augite-sanidine con-
tacts as well as along fractures and cleavages in feldspar,
where it may be associated with wollastonite.

Metagabbro

Specimen BD42 is the highest-grade fenite derived from
a metagabbroic ancestor. The medium-grained specimen
has an almost homogeneous appearance, and contains the
assemblage nepheline * aegirine-augite + sanidine in the
proportion 30:51:7 (Table 1). Plagioclase has been com-
pletely replaced by nepheline. The aegirine-augite, green to
brown, generally forms stout, idioblastic prisms. Its poiki-
litic texture is due to numerous inclusions of titanite, neph-

Table 2. Representative compositions of clinopyroxene, Oldoinyo Lengai fenites

BD44 BD58 BD32 BD48 BD47 BD42 BD35BD43

s i  0 2
A 1  2 0 3
T i  0 2
Cr20 3
Fe0
Mn0
Mso
Ca0
Naro
Kz0

total

w t .%  51  . 47
0 .  59
0 .  54
0 . 0 2

1 6 . 8 3
0 . 4 2
7  . 7 9

1 8 . 0 0
3 .  09

98. 75 98.  43 99.  50 98.  20 99 .  02

52 .08  52 .67  50 .41  51 .24  49 .77  49 .64  5 l  . 16  51 .52  51 .24
0  0  0 . ] 9  0 . 3 3  l  l 3  1 . 1 7  0 . 4 2  0 . 7 0  0 . 1 2
0 . 8 6  1 . 9 8  0 . 3 8  0 . 2 7  0 . 3 4  0 . 5 3  0 . 4 6  0 . 2 6  0 . 4 6
0 . 1 6  0 . 1 8  0 . 0 2  0 . 1 2  0 . 2 9  0 . 0 7  0 . ' ] 7  0 . 2 3  0 . 0 9

2 0 . 4 8  1 8 . 4 9  1 7 . 7 4  2 0 . 3 0  2 3 . 1 7  2 2 . 4 4  1 6 . 2 9  1 7 . 6 1  2 4 . 9 0
1 . 0 2  0 . 8 0  0 . 5 8  0 . 8 2  0 . ' l 8  0 . 5 6  0 . 7 6  0 . 4 6  0 . 5 2
5 . 5 2  6 . 4 5  6 . 7 1  5 . 7 2  3 . 9 5  3 . 5 3  8 . 0 4  7 . 6 3  2 . 9 8

1 2 . 8 5  | . 0 0  1 7 . 7 1  1 4 . 8 9  1 6 . 4 t  1 5 . 8 9  1 7 . 6 5  1 6 . 3 9  1 3 . 7 ' , 1
5 . 7 2  7 . 0 5  3 . 3 ?  4  . 7 9  4  . 2 7  3 . 7 4  3 . 2 5  4 .  1  8  5 . 8 5
0 . 1 0  0 . 1 0  0 . ' 1 0  0 . 0 5  0 . 0 9  0 . 2 2  0 . 1 1  0  0 . 0 6

98 .79  98 .74  98 .16  98 .35  99 .72  97 .78  98 .91  98 .97  99 .93

5 6 . 0  4 6 . 4  7 4 . 1  6 3 . 0  6 6 . 8  7 0 . 5  7 5 . 4  6 8 . 3  5 4 . 5
4 4 . 0  5 3 . 6  2 5 . 9  3 7 . 0  3 3 . 2  2 9 . 5  2 4 . 6  3 l . 7  4 5 . 5

3 8 . 3  4 5 . 5  2 1 . 2  3 3 . 7  2 9 . 9  2 7 . 7  1 9 . 5  2 6 . 4  3 6 . 5
3 2 . 1  2 0 . 1  4 0 . 6  3 6 . 4  5 3 . 0  4 5 . 7  3 6 . 3  3 3 . 3  4 7 . 6
2 9 . 6  3 4 . 4  3 8 . 2  2 9 . 9  t 7 . t  2 6 . 6  4 4 . 2  4 0 . 3  1 5 . 9

51 .77  52 .64  52 .25  52 .38
0 . 2 7  0  0  0
0 . 7 4  1 . 0 1  2 . 3 8  0 . 4 7
0  0 . 2 0  0  0

1  7  .  90  1  8  . 88  22  . 24  18 .45
0 .55  

' , l  
. 66  0 .92  0 .96

7 . 2 4  5 . 6 9  3 . 0 8  6 . 6 8
1 4 . 4 9  1 3 . 0 2  1 4 . 8 1  ! 5 . 9 5
5 . 3 6  6 . 1 9  1 0 . 4 1  3 . 9 8
0 . 1 1  0 . 2 2  0 . t 0  0 . ] 4

"Quad"  74 .9
"O the rs "  ?5 .1

Ac  mo le  %  20 .6
Hd 34.2
Di 45.2

5 9 . 0  5 2 . 8  1  7 . 8  6 9 . 6
4 t  . 0  47  . 2  82 .2  30 .4

37 .6  42 .7  75 .4  27 .9
2 4 . 1  2 6 . 4  1  2 . 0  3 4 . 9
3 8 .  3  3 0 .  9  1 2  . 6  3 7  . 2

Compos ' i t ions  de termined by  e ]ec t ron-mic roprobe ana lys is .  In  cases  where  two compos i t ions  are  prov ided,  the
le f t -hand co lumn shows the  compos i t ion  o f  the  core ,  and the  r igh t -hand co lumn,  tha t  o f  the  r im o f  the  same
crys ta l .  "Quad"  and "0 thers"  a re  de f ined in  the  tex t .  BD44 low-grade fen i te ,  metagabbro  ances tor ;  BD58
l o w - g r a d e  f e n i t e ,  g r a n i t i c  g n e i s s  a n c e s t o r ;  8 0 3 2 ,  B D 4 8  m e d i u m - g r a d e  f e n i t e s ,  g r a n i t i c  A n e i s s  a n c e s t o r ;
8047,  BD43 h igh-grade fen i tes ,  g ran i t i c  Ane iss  ances tor ;  BD42 h igh-grade fen i te ,  metagabbro  ances tor ;
BD35 leucocra t ic  con tac t  fen i te .
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Fig. 3. Compositional variation encountered in the sodic pyroxene, in terms of the principal components acmite (Ac), diopside (Di)

and hedenbergite (Hd). Circle: pyroxene in fenites of metagranitic ancestry; square: pyroxene in fenites of metagabbroic ancestry;
triangle: pyroxene in contact fenite. Open symbols: low-grade fenite. Half-filled symbols: medium-grade fenite. Filled symbols: high-
grade fenite. Zonation trends indicated by solid lines. The inset illustrates the compositional trends of Oldoinyo Lengai metasomatic
pyroxene (12, 13, 14, all arrows) in comparison with other trends in alkali pyroxene from undersaturated rocks (1 to 6, l0 and letters)
and oversaturated rocks (7 to 9, 1l). I Auvergne, France (Varet, 1969),2 Lovozero, U.S.S.R. (Bussen and Sakharov, 1972),3 ltapirapud,
Brazil (Gomes et al., 1970), 4 Uganda (Tyler and King, 1967), 5 Morotu, Sakhalin (Yaei, 1966),6 South Q6roq, Greenland (Stephenson,
1972), 

'7 
Japanese alkali basalts (Aoki, 1964), 8 pantellerite trend (Nicholls and Carmichael, 1969), 9 Nandewar volcano, Australia

(Abbott, 1969), 10 Ilimaussaq, Greenland (Larsen, 1976), ll Skaergaard (Brown and Vincent, 1963), A Fen, damkjernite-vibetoite trend,
B acmitic hedenbergite trend, C acmitic trend (Mitchell, 1980), D and E Fen, metasomatic pyroxenes (Kresten and Morogan, 1985).

Di

eline and sanidine, probably incorporated during the re-
crystallization of separate grains of pyroxene into larger
crystals. A trace of glass can be found near the pyroxene.
Nepheline forms idioblastic, slightly turbid crystals. Sani-
dine forms interstitial xenomorphic grains and some larger
subidioblastic plates; Carlsbad twinning is common. Tita-
nite (6 vol.%) is either idioblastic (characteristic wedge
shape) or subidioblastic and poikiloblastic, containing in-
clusions of sanidine and aegirine-augite.

Contact fenite

Two specimens, BD35 and 8D55, are considered exam-
ples of what Le Bas (1977) called "contact fenite", rocks
that are rather homogeneous and very leucocratic. Both
specimens contain more than 85% feldspar (sodic plagio-

clase * alkali feldspar) in a granular-polygonal array of
sutured grains. Both the sodic plagioclase and K-rich feld-
spar are turbid; the K-feldspar is conspicuously perthitic

Ac
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BD44 BD32 BD48 BO4?

S i 0 2  w t . %  6 2 . 1 5  6 7 . 0 4  6 6 . 6 2  6 4 . 7 8  6 3 . 3 E
A ] 2 0 3  2 3 . 3 3  1 8 . 0 8  1 8 . 1 0  1 7 . 4 5  1 7 . 2 2
T i 0 2  0 . 0 7  0 . 1 5  0 . 3 5
C r 2 0 3  0 .  I  0  0 . 2 0  0 . 0 4
F e 2 0 3  0 . ] 9  1 . 1 4  0 . 7 7  0 . 4 9  1 . 2 0
M n o  0 . 0 2  0 .  I  9
C a o  4 . 2 2  0 . 1 6  -  0 . 0 6  0 . 2 0
Na20
Kzo

68. 04
1 8 . 4 0
0 . 1 2

0 . 7 1

0 .  l 3
9 . 2 4
I  . 89

9 8 . 5 3

Table 3. Microprobe data on feldspars, Oldoinyo Lengai fenites nent is Na2TiR2+Si4O,r. The compositions are plotted in
terms of the main components Di, Hd and Ac in Figure 3.
With progressive fenitization, the clinopyroxene in meta-
granitic material evolves from aegirine (more than 7O% Ac)
to aegirine-augite (down to approximately 20% Ac). The
rim of a zoned grain is richer in Ac. Similarly, Rubie and
Gunter (1983) noted an increase in Ac content of the py-

roxene away from an intrusive complex causing metasoma-
tism. This most likely reflects, in their opinion, an increas-
ing Na content of the fluid with decreasing temperature. As
an alternative, it could also reflect increasing /(Or) of the
fluid. With increasing grade of fenitization, the clinopyrox-
ene becomes less sodic and increasingly depleted in the
component Di and enriched in Hd. The pyroxene that
coexists with melt plots closest to the Hd apex.

The clinopyroxene in metagabbroic xenoliths covers a
less extensive compositional range, between Di.rHdroAc.t
and DiooHd.uAcro, and displays a higher proportion of Di,
reflecting the more magnesian original bulk-composition.
It shows a progressive enrichment in Ac from high to low
grade and from core to rim. The Jd component attains a
maximum value of 4oh.

The concentration of titanium attains a maximum of
0.07 atoms per formula unit (a.f.u.) in low-grade fenites
(Table 2). The concentration drops to below 0.02 a.f.u. in
almost all analyzed grains in the high-grade fenites. Alu-
minum is present in clinopyroxene from the low-grade me-
tagabbroic sample (0.07 a.f.u.), but is absent from that in
the low-grade metagranitic material. The pyroxene that
coexists with melt has the highest concentration of Al re-
corded in high-grade rocks, 0.06 a.[.u.

The inset in Figure 3 allows a comparison of compo-
sitional trends at Oldoinyo Lengai (numbered 12, 13 and
14) with those for other suites. Trends I to 6 pertain to
clinopyroxene from SiOr-undersaturated rocks, and trends
7 to 1l pertain to clinopyroxene from SiOr-oversaturated
suites. Trends A, B and C depict magmatic pyroxene from
the Fen alkaline carbonatitic complex, whereas D and E
represent compositional trends of metasomatic pyroxene
in the related fenites. Although the Oldoinyo Lengai com-
positions plot in the field of clinopyroxene from
SiOr-undersaturated suites (whose trends are governed by
fractional crystallization), the trends defined by metasoma-
tic clinopyroxene are distinctive. Trends 12 and 13 parallel
E, relevant to fenitization of metagranitic material by ema-
nations from carbonatitic magma at Fen (Kresten and Mo-
rogan, 1985). Whereas with fractional crystallization, Mg
decreases continuously with increasing Fe2* and, ulti-
mately, Na+ (Fe3+), trends of progressive fenitization indi-
cate a steadily decreasing Na+ (Fe3+) and increasing Fe'*
as Mg decreases.

Feldspar

Selected microprobe data are reported in Table 3 and
plotted in the diagram An-Ab-Or (Fig. a). The only feld-
spar present in the low-grade metagabbroic fenite is plagio-
clase in the andesine-oligoclase range. Except for two com-
positions in the oligoclase range from the leucocratic con-

64 .35  64 .49
18 .22  17 .99
0 . 2 5  0 . 3 9

0  . 23  0 .  35
-  0 . 0 9
-  0 . 0 5

8 . 6 2  7 . 4 4  8 . 1 4  2 . 8 8  2 . 5 9  3 . 0 8  3 . 2 4
0 . 5 8  4 . 6 7  4 . 8 3  1 2 . 0 0  1 2 . 3 8  1 2 . 2 1  1 1 . 9 7

to ta f  99 .?8  98 .92  98 .51  97 .8 ]  97 .32  98 .34  98 .57

Compos i t ion  reca lcu la ted  in  te rms o f  the  end-members

Ab  w l  .%  76 .1  70 .2  72 .0  26 .6  23 .9  27 .7  29 . ' l  87 .6
0 r  2 . 7  2 4 . 4  2 5 . 3  7 l . l  7 0 . 5  7 1 . 4  6 9 . 4  8 . 9
A n  2 0 . 6  0 . 9  -  0 . 3  I . 0  -  0 . 2  0 . 7
K F e S i 3 o s  0 . 6  4 . 5  2 . 7  

' 1 . 9  
4 . 6  0 . 9  1 . 3  2 , 9

BD44 low-grade fen i te ,  metagabbro  ances tor ;  8032,  BD48 med ium-
grade fen i tes ,  g ran i t i c  gne iss  ances tor ;  BD42 h igh-grade fen i te ,
re tagabbro  ances tor ;  BD43 h igh-grade fen i te ,  g ran i t i c  gne iss
ances tor ;  BD35 leucocra t ic  con tac t  fen i te .

and replaced along its rim by chessboard albite. Thin films
of calcite occur locally along the dislocated contacts of
some grains. Small subidiomorphic prisms of aegirine-
augite and wollastonite (partly altered to pectolite) occur as
inclusions in K-feldspar or at grain boundaries. Small
grains of melanite are commonly embedded in the albitic
rims.

Compositions of minerals

The compositions of the major minerals in the fenitized
xenoliths have been determined using an ARL-EMx electron
microprobe and a Tracor-Northern NS-880 energy-
dispersion system (Queen's University, Kingston, Ontario).
The recrystallized alkali feldspars were also analyzed by
X-ray diffraction; the indexed patterns, corrected against a
spinel internal standard (a : 8.0833A at room temper-
ature), were used to obtain the cell parameters of the feld-
spars by least-squares refinement (Appleman and Evans,
r9731.

Clinopyroxene

Clinopyroxene is the only ferromagnesian phase formed
during fenitization. Microprobe traverses were done to
evaluate the compositional variations inferred from the
variations in optical properties. Representative compo-
sitions are provided in Table 2. The amount of Fe3+ in
sodic pyroxene was estimated using the charge-balance re-
lationship vlAl + Fe3* + Cr3* + 2Ti4\ : IvAl +
M2Na, where the left-hand and right-hand sides represent
charge excess and charge deficiency, respectively, nelative to
components of the pyroxene quadrilateral Di-Hd-Fs-En
(Cameron and Papike, 1980).

The clinopyroxene compositions may be considered in
terms of a solid solution between quadrilateral components
("Quad") and "Others". Data in Table 2 indicate between
25 and 82% "Others" in the clinopyroxene. The principal
non-Quad component clearly is NaFe3*Si2O6 (Ac); in
most instances, the next most prevalent non-Quad compo-
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Ab or
Fig. 4. Composition of relict and newly formed feldspars in the fenites, as determined by electron microprobe. Plot is in molar

proportions. Open square: feldspar in 1s\a'-grade fenite of metagranitic ancestry. Filled square: feldspar in low-grade fenite of metagab-

Lroic ancestry. Filled triangle: feldspar in medium-grade fenite, metagranitic anaestry. Filled circle: feldspar in high-grade fenite. open

circle: feldspar in contact fenite. Note that the alkali feldspar compositions closely approach the binary system Ab-Or.

tact fenite, all other feldspar compositions plot in the

system Ab--Or. The sodic alkali feldspar commonly shows

cross-hatched domains in thin section, indicating that it

formed as a monoclinic structure that inverted to triclinic

symmetry upon cooling. It is thus referred to as anortho-

clase. The composition of the anorthoclase from low- and

medium-grade fenites and from one specimen of contact
fenite lies between 016 and Or32, in fairly good agreement
with the compositions derived from X-ray-diffraction data
(see below). Sanidine (Or7r) characterizes the specimens of
high-grade fenite. At first glance, the compositions shown
in Figure 4 do not seem consistent with a high temperature

Table 4. Unit-cell parameters of feldspars, Oldoinyo kngai fenites

a  b ,  9  c  P  a  V  q i  B *  f  1 2 0  L

BDss  8 .2403  12 .9219  7 .1458  91 .189  116 .240  90 .087  681 .84  87 .516  63 .736  88 .823  0 .009  l 9
0 .0010  0 .0013  0 .0012  0 .013  0 .009  0 .009  0 '  l ' l  0 . 0 ' l l  0 . 009  0 .009
8 .6162  1? . sss }  7 .18s7  90  1 ' , 15 .977  90  723 .51  90  64 .977  90  0 .018  l 8
0 .0020  0 .0037  0 .0020  0 .025  0 ' 25  0 .025

BD5  e .2aJa  r z . gsos  7 .1437  92 .318  l r 6 .4z0  90 .191  681 .50  87 .317  63 .548  88 .634  0 .019  3 l
o .oo t s  o .ooss  o .oo t t  0 . 030  0 .014  0 .027  0 .28  0 .026  0 .014  0 .024

BD3Z  8 .2766 ' , I 2 . 9603  7 .1556  91 .500  1 r6 .332  90 .209  687 .59  88 .223  63 .652  89 .024  0 .014  56
0 .0008  0 .0016  0 .0007  0 .013  0 .009  0 .013  0 '  10  0 .014  0 ' 009  0 .015

BD48  8 .2738  12 .9601  7 . t 5 l l  s1 .6?2  116 .347  s0 .176  686 .77  88 .102  63 ,636  89 ,000  0 .010  38
0 .0006  0 .0015  0 .0005  0 .013  0 .007  0 .009  0 .09  0 .013  0 .007  0 .009

8 D 4 2 8 . 6 0 2 8 1 3 ' 0 ' 1 9 3 7 ' 1 7 2 7 9 0 1 1 6 . 0 1 9 9 0 7 2 | . 9 3 9 0 6 3 ' 9 8 , 1 9 0 0 ' 0 2 7 5 1
0 .0016  0 .0028  0 .0014  0 .016  0 .18  0 ' 016

8 D 4 3 8 . 6 0 2 7 , 1 3 . 0 2 4 0 7 . 1 7 8 5 9 0 ] ] 5 . 9 9 2 9 0 7 2 2 . 9 4 9 0 6 4 . 0 0 8 9 0 0 ' 0 2 2 5 3
0 .00 i l  0 . 0025  0 .0010  0 .012  0 .14  0 .012

BD55  8 .2116  l 2 . 9 l l 5  7 .1440  92 .626  115 .595  90 .157  676 .35  86 .983  63 .367  88 .508  0 .021  36
o . o o 2 ?  o . o o 2 2  0 . 0 0 1 4  0 . 0 1 8  0 . 0 1 5  0 . 0 1 9  0 ' 1 7  0 . 0 1 7  0 . 0 1 4  0 . 0 1 9

BD58 low-grade feni te,  grani t ic  aneiss ancestor l  BD5'  BD32'  8048 medium-grade.feni tes '
g iani t l .  lneiss ancesio i ;  BD42 high-grade feni te,  metagabbro- ancestor ; .8D43 h- igh-grade
ieni te,  g iani t ic  aneiss ancestor ;  8055' leucocrat ic  contact  fenl te '  uni ts:  a '  b,  c  and
A2o ( the f i |ean standard e"ror- i isociated wi th the raw data)  in A,  t t re uni t -cel . l  volune
i . -Al ,  i rJ-r ,  B;- t ; - r i ,  B*, . r*  in degrees.  # represents the number of  indexed ref lec-
t ions used in the ref inement,  cai r ie i  out  wi th ihe program of  Appleman & Evans (1973).
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ll]or( v)

BD58  0 .21  0
1 . 0 1 9

BD5  0 .205
BD32  0 .292
tsD48 0.280
BD42  0 .971
BD43 I  .001
BD55 0.  I  t2

t t ( b c )  a ( o * y * )

0 . 5 e 7 ( 8 )  0 . 0 3 0 ( 5 )
0 . 6 6 6 ( 1 6 )  0
0 . 5 4 7 ( I 6 )  - 0 . 0 l o ( t 2 )
0 .565 (6 )  - 0 .040 (8 )
0 . 5 3 7 ( 5 )  - 0 . 0 2 3 ( 5 )
0 . s27  (12 )  0
0 .553 (  9 )  0
0 . 6 1 0 ( 1 0 )  0 . 0 0 8 ( e )

Table 5. Indicators ofcomposition and structure offeldspars- nen and Sahama (1981) reported on similar unexsolved,
disordered (Na,K)-feldspars in partially fused granite xeno-
liths transported to the surface by melilite nephelinite lava
in the volcano Nyiragongo, in eastern Zaire.

The near-absence of calcium in the alkali feldspar means
that the results of a detailed X-ray-diffraction analysis can
be interpreted straightforwardly by r€lerence to the binary
system. Cell dimensions, refined by least squares using
carefully indexed diflraction-maxima, are reported in Table
4; values of the structural indicators and estimates oftetra-
hedral site-occupancies are presented in Table 5.

A plot of the reciprocal lattice angles a* versus 1r* (Fig.
5) shows that the feldspar samples, though variable in com-
position, are all highly disordered, as they are strung out
along the sideline linking analbite and monoclinic K-
feldspar (all compositions in which d* : l* : 90' reduce
to a point in this plot). The cell dimensions b and c (Fig. 6,
plot contoured for a) indicate that not all samples are
equally disordered. The sample of low-grade metagranitic
fenite (BD58) contains two feldspars, one monoclinic and
K-rich, the other anorthoclase. Both feldspars display a
balanced distribution of Al in the TrO and Trm sites
(Table 5), i.e., the Na-rich feldspar, rhough triclinic, is topo-
chemically monoclinic. The two feldspars are not related
by unmixing, as the anoithoclase forms fine recrystallized
grains with sutured, intricate boundaries between the larger
cores of sanidine or in bands diagonally crossing the sani-
dine cores. We contend that the deformation history of the
original feldspar grains controls the present distribution of
the two feldspars; the fractured crystals were permeated
rapidly by the alkali-rich fluid, leading to deposition of a
disordered (monoclinic) Na-rich feldspar. Feldspars in the
binary system NaAlSirOr-KAlSi3OE are known to equilib-
rate rapidly in terms of composition in the presence of an
alkaline fluid phase (Martin, 1973). However, these two
feldspars cannot be considered to be in compositional equi-
librium.

The two feldspars in BD58 happen to be the most or-
dored of the group. The values of trO, the proportion of Al
in the TrO position, are 0.31 and 0.33 for the sodic and
potassic phases, respectively (Table 5); trO is 0.25 in a
completely disordered feldspar and I in its fully ordered
equivalent, so that both feldspars are still relatively disor-
dered. Their progress toward a more ordered assemblage
could be explained in terms of a lower temperature of
metasomatism than was the case for higher-grade rocks.
The degree of order attained resembles that in K-bearing
sodium-rich feldspars synthesized in the range 650-700"C
in experiments held at 2.5 kbar for ten days (Martin, 1974).
As in the case studied by Lehtinen and Sahama (1981), two
factors point to a rapid quench of the xenoliths: (l) the
disordered nature of the feldspars, especially those that are
enriched in Na in view ol their greater reactivity (Martin,
1974), and (2) the absence of exsolution lamellae in the
newly formed feldspars. The temperature of the xenoliths
dropped from the range of 700 to 800.C, presumably by
entrainment in a rising plume of lava.

The presence of the cross-hatch pattern in the relatively

t t Q

0 . 3 1 3
0 .  333
0 . 2 7 4
0 .283
0 .269
0.264
0 .278
0 .  309

o r ( * )

0 .461
0 . 9 7 1
0.425
0 .  609
0 . 5 7 8
0 .  961
1 . 0 0 6
0.291

of equilibration, as the compositions are close to being
truly binary. However, a greater amount of the An compo-
nent in sanidine could only be expected where that sani-
dine coexists with plagioclase (cf. Parsons and Brown,
1984). The fact that these sanidine and anorthoclase com-
positions are low in calcium is consistent with the proposal
that they were deposited from a fluid phase rich in alkalis
but depleted in calcium, and thus are not in equilibrium
with a coexisting plagioclase. Such examples of Ca-poor,
high-temperature (Na,K)-feldspars are exceedingly scarce
in nature, although they can readily be synthesized. Lehti-

tr'1"

a6 87 a8 a9 9()

o(r, o

Fig 5. Plot of a+ versus 7* for the alkali feldspar compositions
that occur in the fenitized xenoliths. Open square: feldspar from
low-grade fenite. Filled triangle: feldspar. from medium-grade
fenite. Filled circle: feldspar from high-grade fenite. Open circle:
feldspar from contact fenite. Or content (in mol. %) is given for
anorthoclase data-points. Symbols are larger than the standard
error in a* and ^r*.
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7. t4
r2 .90 t 2 . 9 2  1 2 . 9 4  1 2 . 9 6  o  1 2 . 9 8  l 3 . O O  1 3 . 0 2  1 3 . 0 4

bA
Fig. 6. Cell dimensions of alkali feldspar samples investigated, shown on the a-contoured b - c quadrilateral of Wright and Stewart

(1974). Symbols are as in Figure 5. A comparison of the predicted a dimension (from the contours) with the value obtained by cell
refinement (Table 4) shows that all these samples contain an anomalous alkali feldspar, though apparently not because of exsolution-
induced strain. The average standard error associated with b and c is shown in the upper right corner. HS refers to high sanidine,
disordered KAlSi.O.; LM refers to the ordered equivalent. The contours labeled 0.5O 0.55, 0.60 refer to the sum of Al in the Tt sites
(0.50 in a completely disordered alkali feldspar).

sodic anorthoclase in fenite BD55 (Orrr, as inferred from
unit-cell volume: Table 5) implies that this feldspar crystal-
lized as a monoclinic phase. Relevant data on synthetic
feldspars on the join Ab-Or indicate that inversion of mon-
oclinic Or' to a triclinic phase occurs close to 760"C
(Kroll, 1971). This sets a minimum temperature of forma-
tion that agrees with the deduction based on degree of
order attained.

Table 6. Composition of nepheline in high-grade fenite

Fen i te  BD43 Fen i te  BD42

The two specimens of high-grade fenite examined con-
tain a very potassium-rich sanidine. A trend away from the
sodium end-member resembles the trend noted in the
coexisting pyroxene (buildup in the component Hd), and
may also be due to the partition of Na into coexisting
phases (nepheline, melt, fluid) at the highest grade. The
degree of Al-Si order attained in these specimens (t1O 0.26,
0.28) is consistent with a temperature of crystallization
close to 900"C (Stewart and Wright, 1974, Fig. 6). The
absence of microcline, which is the K-feldspar typical of
fenites, is consistent with the interaction of basement rocks
with an alkaline fluid above 500'C, considered the upper
limit of its field of stability (Bernotat and Morteani, 1982).

Nepheline

Nepheline is restricted to high-grade fenites, and is found
in greatest abundance (>30% by volume) in sanidine-
bearing nepheline aegirine-augite fenite 8D42. The compo-
sition of nepheline and of the coexisting sanidine is given in
Table 6. The departure of the composition from the binary
join Ne-Ks may be used as an approximate indication of
temperature of equilibration with alkali feldspar. The rele-
vant part of the system quartz-nepheline-kalsilite is shown
in Figure 7, with the limits of solid solution drawn for 500,
7C0.,775 and 1068"C, as determined experimentally at low
pressures by Hamilton (1961). The composition of the
nepheline is enriched in Si relative to that of nepheline
expected in plutonic rocks, and falls in the field of nephel-
ine typically found in effusive rocks, above the 775'C iso-

S i 0 2  w t . %
Al  203
T i  02
C1203
Fe0
Mn0
Ca0
Na20
Kz0

tota I

44 .55  44 .25  43 .70  43 .84  42 .40
30 .53  31 .79  3 r . 10  31 .42  32 .46

0 .08
0 .08  -  0 .05
1 . 7 0  0 . 8 4  1 . 7 0  1 . 0 4  1 . 8 1

-  0 . 0 2  0 . 0 3
0 .09  -  0 .09  0 .06  0 .  I  I

I  5 . 50  I  4 . 56  14 .3?  I  4 . 80  I  4 . 55
5 .  ] 4  6 .20  6 .34  6 .83  7 .  56

97 .59  97 .64  97 .25  98 .01  99 .05

1 6 . 2 1  1 9 . 9 9  2 0 . 6 7  2 1 . 5 0  2 4 . 3 5
9 .  38  8 .  50  8 .  2E  7  . 70  4  . 45

R e c a l c u l a t i o n  i n  t e r m s  o f  n e p h e l i n e  +  k a l s i l i t e  +  q u a r t z

N e  n o l . %  7 4 . 4 1  7 1 . 4 5  7 1 . 0 4  7 0 . 7 9  7 1 . 1 9

C o m p o s i t i o n  o f  t h e  c o e x i s t i n g  p o t a s s i u m - r i c h  a l k a l i  f e l d s p a r

K l s
Q tz

Ab mol .% 26.87 24.85
0 r  73 .03  75 .14
A n  0 . 1 0  0

20 .86  22 .31
7 8 . 1 ?  7 7 . 3 8
I  . 00  0 .30

Microprobe da ta .  BD43 gran i t i c  gne iss  ances tor ;  BD42 meta-
gabbro  ances tor .
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Fig. 7. The composition of coexisting nepheline and K-rich

feldspar in high-grade fenite plotted in the system quartz-
nepheline-kalsilite. Limits of solid solution in nepheline at 500. (2
kbar), 700" and 775"C (l kbar) from Hamilron (1961). Also shown
is the limit determined at 1 atmosphere (1068'C). Experimentally
determined tie-lines are shown as dashed lines. Filled circle:
nepheline * K-feldspar pair from nepheline-bearing sanidine
aegirine-augite fenite (8D43) formed from metagranitic ancestor.
Open circle: nepheline + K-feldspar pair from sanidine-bearing
nepheline aegirine-augite fenite (8D42) formed from metagabbroic
ancestor.

therm. The trend of the nepheline-sanidine tieline is con-
sistent with experimentally determined tielines for pairs
equilibrated above 700"C.

The temperature of last equilibration of the pair
nepheline-sanidine in the fenite xenoliths may be estimated
using the geothermometer of Perchuk and Ryabchikov
(1968) and Powell and Powell (1977\. The calculated tem-
perature, 850"C, is in fairly good agreement with the infer-
ence made from Figure 7. The low concentration of cal-
cium in the nepheline (-0.10 wt.% CaO) and coexisting
sanidine means that the geothermometer should give reli-
able results, though a correction would have to be made
for the small proportion of Fe3+ substituting for Al. The
relatively high departure from the binary join Ne-Ks was
presumably preserved as a result of a rapid quench of the
xenoliths, which prevented the type of subsolidus adjust-
ment in the Si/Al ratio expected in plutonic nepheline in
contact with a K-rich alkali feldspar.

Composition of the glass

Small amounts of glass have been recognized in xeno-
liths of high-grade fenite. Partial melting is most wide-
spread in BD43, a nepheline-bearing sanidine aegirine-
augite fenite. The rock contains films of greenish glass lo-
cated near embayed and sieveJike grains of clinopyroxene
(Fig. 2). The composition of the glass in the largest patches
was determined using the electron microprobe (energy dis-
persion) with a low beam-current (6 pA) to minimize the
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loss of light elements by volatilization (Table 7). In general,
the sum of the oxides falls short of 100% by 5 to 10%. This
shortfall probably represents volatile components of the
glass. The presence of Cl and S has been confirmed by
qualitati ve energy-dispersion analyses.

Two distinct varieties of glass occur in BD43: (1) a
SiOr-undersaturated peralkaline glass, and (2) a
SiOr-oversaturated peraluminous glass. These are con-
veniently shown in terms of the molar proportions of SiO2,
AlrO. and (NarO + KrO) (Fig. 8).

SiO r-under saturqted peralkaline glass

The presence of Ne, Ac and Ns in the norm and the high
value of the agpaitic index (Na + K)/All of 1.65 confirm
the SiOr-undersaturated peralkaline nature of this type of
glass, which occurs at the boundaries ofpyroxene and sani-
dine grains. The glass is characterized by a molar ratio
Na/(Na + K) of 0.56. Its bulk composition could be ex-
plained by the partial melting of the assemblage aegirine-
augite + nepheline * sanidine. In order to test this hy-
pothesis, we used the least-squares mineral-distribution
program of Wright and Doherty (1970). Of several combi-
nations of minerals used, we found that the above assem-
blage, in the approximate proportion 40:30:30, best ac-
counts for the composition of the Ne-normative peralka-
line melt, as measured by the smallest difference between
measured and calculated compositions of the glass (dis-
crepancy in total oxides 7 wt.%). The calculated content of
the alkalis, and especially of K, is lower than the measured
concentration (difference > 2%), which might reflect the in-

Table 7. Compositions of partial melts (glass) developed in BD43

! z ! t !
47.98  49 .03  59 .77  55 .62  55 .80
r . 4 8  0 . 8 1  1 . 0 3  1 . 3 6  0 . 1 1

| . 0 9  1 3 . 1 8  1 3 . 4 0  1 2 . 2 6  i l . 9 0
7 . 0 9  5 . 5 4  3 . 5 8  4 . 1 0  3 . 0 0
3 . 4 0  3 . 4 0  3 . 5 0  3 . 3 7  4 . 4 0
0 . 0 5  0 . 2 3  0 . 6 1  0 . 4 3  0 . 0 0
0  4 3  0 .  1  6  0 . 0 0  0 . 0 0  1  . 6 2
4 . 8 3  3 . 2 5  4 . 8 4  5 . 2 2  1 0 . 2 8
6 . 3 3  7 . 5 9  

' , 1 . 4 1  
l . l 4  2 . 4 3

1 . 3 1  9 . 1 6  6 . 9 7  4 . 5 2  9 . 0 0
n a  n a  n d  n a  ] . 4 5

8 9 . 9 9  9 2 . 3 5  9 5 . 1 1  8 8 . 0 2  9 9 . 9 9
Normt ive  cons t i tuents  (we igh t  bas is )  sumed to  100%

1 4  5 4  3 0 . 3 4  | . 7 5
3 . 6 0  7 . 3 6

2 9 . 4 7  1 9 . 9 1  3 r . 9 0  3 0 . 3 5  5 0 . 9 6
1 2 . 5 4  I  0 . 9 6
1 7 . 1 4  2 5 . 2 7' t 0 . 1 5  

1 7 . 0 3

Si02  wt . l "
T i 0 2
Al  203
Fe203 *
Fe0
rft0
l'190
Ca0
Na 20
Kzo
Pzos

total

.  1 . 6 5  l  6 9  0 . 7 3
( N a  +  K )  0 . 5 7  0 . 5 6  0 . 2 3

La

Or
AD

A n

N

I L

Ap

A , I
N a /

9 . 8 5  9 . 8 5
1 0 . 7 1  

' n . 7 9  
5 . 7 4

5 . 9 3  1  . 7 1  3 . 6 2
2 2 . 7 9  i  7 . 3 6

3 . 1 2  1 . 6 7  2 . 0 6
5 . 4 6

6 . 0 2
2.90  23 .31
3 . 8 2  5 . 8 4

8 .  3 3
2 . 9 3  0 . 2 1
6 . 7 5  0 . 1 7

?  1 7

0 . 5 5  l . t 5
0 . 2 7  0 . 2 9

Compos i t ions  o f  g lass  de temined by  e lec t ron  mic roprobe.  Co lunns  l ,
2 :  S i02-undersa tura ted  pera lka l ine  g lass ;  co lums 3 ,  4 :  S i02-over -
sa tura ted  pera luminous  g lass ;  co lum 5 :  bu lk  compos i t ion  o f  fen i te
8043,  de temined by  X- ray  f luorescence.  *  Rat io  o f  fe r rous  i ron  to
fe r r i c  i ron  assumed to  be  tha t  in  the  coex is t ing  c l inopyroxene.  na
n o t  a n a l y z e d ,  A . I .  a g p a i t i c  i n d e x  [ ( N a  +  K ) / A l ] .
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Fig. 8. The composition of glass found in partially melted
fenite BD43, in terms of the system SiO2-Al2O3{NarO + KrO).
Square: stoichiometric feldspar. Triangle: bulk composition of
fenite 8D43. Open circle: SiOr-oversaturated glass. Filled circle:
SiOr-undersaturated glass.

congruent melting of the acmite component of the clinopy-
roxene and the net addition of potassium to the system at
the time melting occurred.

SiO r- ouer satur ated per aluminous g lass

The slightly SiOr-oversaturated glass typically occurs
along fractures within feldspar and, locally, is intimately
associated with wollastonite. The glass is quartz-normative,
peraluminous (agpaitic index 0.63) and has a low
Na/(Na * K) ratio (0.25; Fig. 8). These general features
suggest that sanidine could be a possible candidate for a
partial-melting reaction. However, the high Ca and Fe con-

Table 8. Bulk composition of fenites, Oldoinyo Lengai
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tents imply the contribution of another phase. The best
candidate is the assemblage sanidine * hedenbergite (com-
ponent in the pyroxene) in the proportion 74:26 (discrep-
ancy in total oxides: 6.5 wt."/o). The higher calculated alkali
content of the melt, compared to that measured in the glass
(discrepancy especially in K) may indicate loss of alkali
into a vapor phase present during the melting event; the
strongly aluminous bulk-composition may also be due to
the preferential loss of alkalis.

The occurrence of two widely different compositions of
glass in one specimen may be due to disequilibrium melt-
ing. Blocks of metasomatized basement rocks were sudden-
ly picked up by lava and heated rapidly above the solidus
of the fenitic assemblage. Melting could be expected to

begin at several places depending on the specific combi-
nation of reactants, leading to different compositions of
melts. The suddenness of the eruption would have allowed
no time for the disparate compositions to homogenize.
This proposal is consistent with the lack of re-equilibration
of feldspar and nepheline and of devitrification, which

could have been expected if cooling had occurred more

slowly. If the blocks of fenite became rheomorphic due to

soaking in the natrocarbonatite magma that made Ol-

doinyo Lengai famous, however, it would seem likely that

the magma's temperature was somewhat higher than the

temperature of the anhydrous liquidus, 655"C at 1 kbar,

determined by Cooper et al. (1975).

Bulk composition of the rocks
The bulk compositions of six specimens, determined by

X-ray fluorescence, are listed in Table 8; results are recal-
culated to a standard cell of 100 oxygen atoms. The two
specimens attributed a metagabbroic origin clearly are dif-
ferent from the four considered to have formed by fenitiza-
tion of granite. All six, however, share a generally high
concentration of calcium. The variation in Si illustrates the
two different ancestors of the fenites and their different
behavior with progressive fenitization; the four formed
from a granitic ancestor are progressively depleted in Si,
whereas Fe, Ti and P were added. The fenites resulting
from an initially gabbroic composition display slightly in-
creased Si and a depletion in Al and Mg. The data are
consistent with a tendency to convergence in the fenitic
product, whatever its parentage, to a peralkaline mafic,
relatively sodic syenite composition. Much more infor-
mation would be required to document these trends prop-
erly.

Figure 9 illustrates the composition of the six samples in
terms of their proportions of normative nepheline, kalsilite
and quartz. The diagram, taken from Woolley (1969),
shows that there are two evolutionary trends followed in
the basement xenoliths at Oldoinyo Lengai. The meta-
granitic compositions are feldspathized, then K-
metasomatized, becoming ultrapotassic fenites at the high-
est grades. The fenites formed at the expense of gabbro
"arrive" in the system Ne-Ks-Qtz via a nephelinitization
reaction, possibly of the type (simplified) CaAlrSirOr +
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Si02 wt .%
T i  0 2
A l  2 0 3
Fe20 3
Fe0
M90
Ca0
Na20
Kzo
P z o s

to ta l

Compos i t ion  expressed in  ca t ions  per  100 oxygen an ions

BD44 BD58 BD32

46 .  16  63 .58  59 .  t 2
0 . 4 1  0 . l l  0 . 0 5

1 4 . 4 4  1 1 . 0 6  9 . 8 8
5 .51  3 .40  3 .64
3 . 0 0  l . l 4  ? . 7 0

1 0 . 3 3  2 . 4 8  4 . 1 3
I  3 .  02  10 .47  12 .7  3
3 . 8 7  3 . ? 0  5 . 0 4
I  . 3 9  4 . 2 3  2 . 2 9
0 . 4 4  0 . 3 2  0 . 4 4

98 .57  99 .99  I  00 .02
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grade fen i te ,  g ran i t i c  gne iss  ances tor .



1124

No.K AloSi .Q.

Fig. 9. Plot of compositions of fenite xenoliths in the system
nepheline-kalsilite-quartz. Open symbols: fenites formed by meta-
somatism of metagranitic ancestor. Closed syrnbols: fenites
formed by metasomatism of metagabbroic anc€stor. Square: low-
grade fenite. Triangle: medium-grade fenite. Circle: high-grade
fenite. The arrows indicate the principal compositional changes
that occur during alkali metasomatism (Woolley, 1969). In the
case of the Oldoinyo Lengai suite, we contend that the silica-
undersaturated fenites entered this system by the effrcient conver-
sion of plagioclase to nepheline rather than by desilication of
feldspathic fenite (syenitic fenite), as indicated by Woolley's
atrows.

(Na,K)rCO. : 2(Na,K)AlSiO4 + CaCO3 (Cermignani
and Anderson, 1983).

Discussion

Investigators of the phenomenon of fenitization have
been aware of the possibility that a melt phase could be
expected at an advanced stage of metasomatism in those
parts of the system closest to the heat source. This infer-
ence was based mainly on field and textural evidence and
on the bulk composition of the mobilized fraction, found in
dikes and other cross-cutting bodies. However, details of
the observed feldspar mineralogy and the absence of
phenocrystic leucite, a phase expected on the liquidus of
potassium-rich bulk compositions at low confining pres-
sures, led Sutherland (1965) to hesitate about endorsing the
actual melting of fenites and to conclud€ that "the nature
of the process of mobilization is not sufficiently under-
stood".

The importance of the Oldoinyo Lengai xenoliths lies in
the documentation of (1) the mineral assemblages present
at high temperatures, and (2) the inception of melting,
albeit of a disequilibrium type, in the highest-grade fenjtes.
The mineral assemblages present suggest a temperature of
melting close to 800"C. Temperatures of melting inferred
from the dry system NarO-AlrO.-FerO.-SiO2 (Bailey
and Schairer, 1966) are higher than this, but addition ofthe
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other components would lower the temperature of melting.
Nolan (1966) found solidus temperatures close to
700'C in the related system NaAlSirOr-NaAlSiOn-
NaFeSirOu-CaMgSirOu in the presence of water at a low
confining pressure (l kbar). Information on a directly rele-
vant synthetic system is unfortunately not yet available.

Fusion probably was provoked by the sudden heating or
decompression of the hot fenitized xenoliths; these had
equilibrated to a somewhat lower temperature before being
picked up by the invading carbonatitic magma. Most
likely, this event was of short duration, leading to the for-
mation of films of melt at grain boundaries, and to the
freezing of the rheomorphic assemblage before equili-
bration could occur on a hand-specimen scale, possibly as
a result of rapid ascent toward the surface.

The limited compositional data on the glass encountered
may be plotted on variation diagrams versus wt.% SiO,
together with the entire range of lava compositions from
Oldoinyo Lengai, as reported by Donaldson and Dawson
(1978). The melts formed in situ in fenitized granite BD43
parallel the trend phonolite-trachyte encountered, but the
lower Al and, in the more siliceous melt, higher Ca and
lower Na contonts, suggest a greater similarity with feld-
spar ijolite and alkali syenite compositions. The point
being made here is not that the observed compositions of
melt match those of known eruptive silicate rocks in the
region, but that the process of anatexis of fenitized lower
crust could be responsible for the unusual juxtaposition, in
the Oldoinyo Lengai area, of the alkali basalt-olivine neph-
elinite and nephelinite-carbonatite associations, should the
process be allowed to progress beyond a small scale.

There have been two principal proposals concerning the
genetic relation between the silicate and alkali carbonatite
magmas:(1) extreme fractional crystallization of an appro-
priate silicate (e.g., ijolitic) magma, yielding as residuum the
alkali carbonatite (Heinrich, 1966; Watkinson and Wyllie,
l97l), and (2) liquid immiscibility relationship between a
carbonated silicate and alkali carbonatite magmas (Cooper
et al., 1975; Le Bas, 1977; Hamilton et al., 1979; Donald-
son and Dawson, 1978). Donaldson and Dawson proposed,
for Oldoinyo Lengai, a carbonated phonolitic or neph-
elinitic liquid as suitable parental material. They con-
sidered the parent liquid significantly less mafic than the
carbonated melanephelinitic parent proposed by Le Bas
(1977). We propos€ yet a different scenario to explain this
enigmatic association.

In the Tanzanian sector of the Gregory Rift, site of Ol-
doinyo Lengai, the volcanos active before a Pleistocene
episode of rifting produced quiescent flows of alkali basalt
and olivine-rich nephelinite lavas. Regional swelling of the
crust had occurred, and presumably had led to partial
fusion in the uppermost mantle upon its decompression.
We contend that during the formation of the mantle-
derived alkali basaltic melt, a volatile phase rich in water
and carbon dioxide and bearing alkalis invaded the lower
crust along the axis of the zone of swelling and led to its
fenitization on a regional scale. Typical material of the
lower and middle crust, such as mafic granulite (Dawson,
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1977) and amphibolitized gabbro and granitic gneiss,
could be transformed into nepheline-alkali feldspar-
clinopyroxene-carbonate fenitic assemblages that could
form a suitable fertile parent for the generation, as a result
of anatexis, of conjugate phonolitic to trachytic and car-
bonatitic magmas erupted explosively after the episode of
Pleistocene rifting in the area. In addition to explaining the
secular change in lava composition, this hypothesis also
accounts for thejuvenile nature ofthe carbonatite lisotopic
data on carbon and oxygen of Vinogradov et al. (1971),
Denaeyer (1970) and O'Neil and Hay (1973)l and the ap-
parently comagmatic nature of the nephelinite, phonolite

and alkali carbonatite (strontium isotope data of Bell et al.,
r973\.

The episode of regional fenitization of lower crustal
rocks, leading to plagioclase-free rocks containing instead
nepheline + carbonate (cf. von Eckermann, 1948), would
thus be a critical first step in order to promote the forma-
tion of an alkali-rich carbonatitic liquid and phonolitic to
trachytic magma. Cermignani and Anderson (1983) found
that the nephelinization of plagioclase is favored where car-
bonate is the main anionic complex (as opposed to chlor-
ide) because the carbonates are more strongly dissociated
than the analogous chlorides. The lower crust located di-
rectly above degassing mantle should probably be con-
sidered the optimum setting for the eflicient conversion of
plagioclase to nepheline because of the high proportion of
CO2 in the fluid medium. Anatectic reactions involving
strongly fenitized lower crustal material, as documented in
this paper, could be responsible for the juxtaposition of
phonolitic to trachytic and alkali carbonatitic melts with
mantle-derived nephelinitic magmas at Oldoinyo Lengai.
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