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Reprinted from Records of the Geological Survey of Uganda, 1955-56.

THE ORIGIN OF CARBONATITES AND RELATED
ALKALINE ROCKS
By C. E. WiLLiaMs

ABSTRACT

A BRIEF REVIEW is given of the rock types and structures found in alkaline ring
complexes and volcanoes of the Elgon type. The formation of undersaturated
magma is attributed to the segregation of pryroxenes and plagioclase from a parent
basaltic magma. Nephelinite is the type most commonly produced and constitutes
the main lava flows of these volcanoes. The development of rocks containing
melilite, melanite and primary calcite from nephelinitic magma is shown to be
the result of the relative increase of lime, together with desilication in the residual
liquid during the crystallisation and segregation of nepheline.

Chemical and arithmetical evidence is given to show that the removal of
beforsitic carbonatite from nephelinite magma leaves a phonolitic residual liquid,
while the removal of iron-rich alvikitic carbonatite leaves a trachytic residuum.
The mechanism of carbonatite formation is thought to be the exsolution and
upward migration of bubbles of carbon dioxide during paroxysmal eruptions,
the ascending gas chilling the magma and reacting with the dissolved oxides of
calcium, magnesium, iron, manganese, barium and strontium to form carbonates,
The rising gas streams serve to concentrate the carbonates by flotation.

INTRODUCTION

THE ALRALINE CENTRES of eastern Africa constitute a distinct petrographic
province and are clearly of similar origin, though they differ widely in age.
The regional alignment of the various complexes, from the Sudan to the
Transvaal, closely approximates to the pattern of rifting, and it is probable
that volcanic activity has accompanied the rifting and dates from the earliest
movements.

The petrographic unity of the various centres is maintained in spite of
the diversity of the associated country rocks. The obvious consanguinity
of the complexes renders it desirable that the members of the province
should be considered as a whole rather than as separate entities, and any
hypothesis put forward must be competent to explain all the observed
phases.

Since the alkaline complexes differ considerably in age, they have been
denuded to varying depths. This factor is of value in enabling the detailed
examination, not only of the surface expression of the vulcanism, but also
of deeper levels, extending to the roots of the associated hypabyssal
complexes. Late stage subsidence and faulting provide much evidence
regarding the nature of the plutonic complexes below.
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In any consideration of the nature and origin of the carbonatites, it is
important to realise that the rocks exposed in a particular alkaline complex
represent only part of the problem to be elucidated. The problem is
essentially three-dimensional and the types present at various levels within
the same complex are different, although linked both structurally and
genetically.

EXAMPLES OF ALKALINE COMPLEXES ERODED TO
VARYING DEPTHS

The following alkaline occurrences exemplify the relation between
structure and the petrographic types present at different erosion levels: —

Mount Elgon, eastern Uganda (Davies, 1952)—Mount Elgon is a
volcanic cone, 50 miles in diameter at the base, and stands 10,000 feet
above the surrounding plain. It is composed predominantly -of
agglomerates and tuffs, while the most common lavas are nephelinites.
Also found on Elgon are melilite nephelinites, olivine nephelinites,
melanephelinites, ankaratrites, tannbuschites, melilite nepheline basalts
and melilite ankaratrites. Among the minor flows on Elgon there are
phonolites, trachytes and trachy-andesites. Some plugs, sills and dykes
of ijolite pegmatite, tinguaite and members of the alndite-bergalite series
are present. The Tertiary pre-volcanic sediments as well as the

nephelinite agglomerates contain numerous fragments of carbonatite
(Shackleton, 1944).

Napak, eastern Uganda (King, 1949).—Napak represents the eroded
remnants of a dominantly agglomeratic volcano similar to Mount Elgon.
Nephelinite is again the most common lava. Also occurring in the cone
are melanephelinites, olivine nephelinites, olivine melanephelinites,
melilite nephelinites and olivine melilite nephelinites. Dykes of alkaline
lamprophyre and ijolite are found. The original conduit of the volcano
is now occupied by carbonatite, surrounded by a narrow zone of ijolite.

Kerimasi, Tanganyika (James, 1956).—Kerimasi is a volcanic pile in
the Gregory Rift Valley consisting of stratified tuffs and agglomerates
in which the fragments are mainly nephelinitic. Carbonatite is exposed
on the crater rim. Thin beds of limestone are found on the slopes of
the cone and in the eastern sector of the mountain the limestone is fine-
grained and contains numerous angular fragments, up to 2 inches in
diameter, of crystalline carbonatite. Close to Kerimasi is the active
volcano Oldonyo Lengai which also produces nephelinitic material, mainly
as bombs and tuff fragments. During a recent eruption, material
consisting of calcite and sodium salts was ejected.

Alné Island, Sweden (von Eckermann, 1948).—The alkaline complex
of Alné Island is considered by von Eckermann to be part of a volcanic
diatreme and he classifies the rocks found there as follows: —

1. Calcite-carbonatitic—sovites (abyssal) and alvikites (hypabyssal).
2. Dolomite-carbonatitic—beforsites (hypabyssal).
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3. Alkali-syenitic—juvites, ijolites, malignites, melteigites (abyssal)
«iid foyaite porphyrites, tinguaites, nephelinites, melteigite porphyrites
\hypabyssal).

4. Ultrabasic—melanite-biotitic: melanite ouachitites (hypabyssal);
pyroxene-biotitic: ouachitites (hypabyssal); pyroxenitic: pyroxenites,
jacupirangites (abyssal); peridotitic: kimberlites (hypabyssal); and
melilitolitic: alndites (hypabyssal).

5. The quartz-syenitic and nepheline-syenitic fenite paragenesis.

The Chilwa Series, Nyasaland (Dixey et al., 1935).—The Chilwa Series
comprises a group of vents filled mainly by limestone associated with
syenites and nepheline syenites. In some cases, agglomerates, felspathic
intrusives and breccias are present in the vents. The presence of
nephelinite, olivine nephelinite, ijolite, phonolite, tinguaite, solvsbergite,
foyaite, trachyte, orthoclase rock and dolerite has been recorded.

Spitskop, Sekukuniland, South Africa (Strauss and Truter, 1951).—
The following rock types are recorded as surrounding the carbonatite at
Spitskop : red and white umptekites; fayalite diorite and theralite; ijolite,
urtite and melteigite; jacupirangite; nephelinised biotite pyroxenite; and
foyaite. The conesheets of foyaite arise from a point directly below the
central carbonatite, and erosion of the complex to a lower level would
probably reveal an alkaline complex centred by foyaite. Of late formation
are syenitic conesheets and two small plugs of aphanitic, amygdaloidal
soda basalt.

The Foyaite-gabbro association.—The occurrence of gabbro, nepheline
gabbro and diabase is frequently recorded in complexes centred by
nepheline-syenite and syenite, and rather less frequently in complexes
centred by carbonatite. In the former group may be mentioned the
Messum (Korn and Martin, 1954, and Mathias, 1956) and Okonjeje
(Simpson, 1954) complexes of South West Africa, the Mount Dromedary
complex of New South Wales (Larsen, 1942) and the Chibina tundra
area, Kola. In the second group are Iron Hill, Colorado, and Spitskop,
Sekukuniland, South Africa.

An important consideration in any attempt to discover the origin of these
rocks is the structural environment in which they occur. It is clear that
they are associated with volcanic activity and can usually be related to
specific centres. Regionally the centres have a linear distribution and oceur
along the more stable inter-rift blocks.

Mount Elgon, which is the youngest of the centres in Uganda, is a
volcano of the central type, possessing the remnants of a caldera and some
evidence of caldera collapse. Both Mount Elgon and Napak have pre-
volcanic sediments below the agglomerate cone and Napak is situated on
a conspicuous dome, 10 miles in diameter, which was formed prior to
eruption. The elevation of this dome caused the rapid erosion of the
central portion of the raised area, resulting in the peripheral accumulation
of coarse sediments. The doming suggests the emplacement of a tabular
body at no great depth, immediately prior to the drilling of the diatreme.

3



























E

TABLE 2.—CHEMICAL COMPOSITION OF TYPICAL UGANDA NEPHELINITES COMPARED
WITH THAT OF A HYPOTHETICAL MIXTURE OF PHONOLITE AND BEFORSITE.

1 2 3 4 5 6

SiO, .. | 48-04| 0-85 38-60 | 42:37 4297 43-59

ALG, .| 19:56 | — 15-65 | 17-18 21-10 15-07

Fe,0p .. | 411 6-45 .96

FeO = .. 3-64 } 8- } 7-89 }8'66 4-14 4-54

MgO .. | 1-44 | 1582 4-32| 4747, 2657 44 3510,

GO 1| 509 3130 1033 | 11-34 16-08 843 11-10 10-53 14-04
2,0 .. | 648 — 5 5-69% 44, 929 . : .

KO .| 652| — 5.22 | 5.73 1142 188 6-80 | 3.g7 p10-90

H,0+ ) ] , 5.27

Hor 3-75 } 2-05 }2 26 e 2-57

co, .| — | 35| 87| — 0-07 -

TiO, 141 — 1-13 | 124 0-55 2-71

2,0, . 017 | 043 0-65| 0-71 1-11 0-62

MnO 010 | 0-02| 0-08| 0-09 0-22 0-25

BaO - - — | = 0-05 —

SrO — — — | - 0-05 —

cl — — - | = 0-01 —
ToraL .. | 100-31 | 100-37 | 99-80 |100-01 100-54 100-25

Elgon phonolite. Analyst—N. Sahlbom. (Davies, 1952).
Napak beforsite. Analyst—B. C. King. (King, 1949).

1 added to 2 in the ratio of 4 : 1.

3 recalculated to 100%, after deduction of CO,.

Napak nephelinite. Analyst—B. C. King. (King, 1949).
6. Elgon nephelinite. Analyst—N. Sahlbom. (Davies, 1952).

W=

The differentiation of nephelinite magma to alvikite and trachyte cannot
be illustrated with local examples owing to the lack of analyses of sideritic
alvikites from Uganda. Adequate evidence is, however, available from the
Nyasaland occurrences where trachytes and felspathic breccias of trachytic
composition are accompanied by carbonates of iron, manganese, lime and
magnesia. Iron and manganese often occur in sufficient quantity to warrant
investigation as a source of these metals (Dixey et al., 1935).

Confirmatory evidence is also to be found in western Kenya in the
Kavirondo Rift Valley where a sequence of nephelinites, phonolites and
trachytes is found in association with tuffs and agglomerates. The
pyroclastic sediments include coarse pyroxenic tuffs and agglomerates
containing nephelinite and angular carbonatite fragments. Bedded lime-
stones consisting of finely comminuted carbonatite are ubiquitous. It is
of particular importance to note that the vents in this province produced
augite-rich nephelinites, nepheline basalt, olivine basalt, tephrite and
melilite-bearing types in addition to nephelinites, phonolites, trachytes and
carbonatites (Shackleton, 1951).

Figure 6 shows that there is a marked linear arrangement in the beforsite-
nephelinite-phonolite (foyaite) series, and this diagram is considered to
demonstrate the direct genetic relationship of the members of this series.
Figure 7 shows that the members of the alvikite-nephelinite-trachyte series
are related in a similarly direct and genetic fashion. The precise reason
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for the difference in the two series lies in the nature of the respective
carbonatite types. Of particular importance is the fact that for a given
silica value the alvikites contain less lime and magnesia and more iron than
the beforsites.

THE MECHANISM OF CARBONATITE FORMATION

The structure of alkaline volcanoes in Uganda clearly demonstrates the
intimate association of carbonatite with outbursts of Elgon type. Carbon-
atite fragments have been ejected from the throats of volcanoes such as
Kerimasi, Oldonyo Lengai (James, 1956) and Mount Elgon (Shackleton,
1944). If carbonatites are indeed magmatic derivatives, it is necessary to
discover how such differentiates may be formed in the same magma chamber
and from the same magma as that producing the rocks of the cone. Since
the predominant flow type occurring on Mount Elgon, Napak and Kerimasi
is nephelinitic, it is evident that some rapid and specialised form of
differentiation has operated in the development of carbonatite from
nephelinite. It is significant that the greater part of the cones of these
volcanoes consists of pyroglastics, showing the large amount of gas associated
with the eruptions.

Mount Elgon is a volcano of the central type and very large pyroclastic
fragments have fallen many miles from the vent. This gives some idea
of the tremendous gas pressure built up in the volcano during quiescent
periods where the conduit was choked with congealed lavas. The great
reduction of gas pressure| during paroxysmal eruptions must have produced
rapid chilling deep down| in the system.

During periods of closure of the vent, tremendous pressures were built
up within the volcano and much of the hyperfusible material was in solution
in the magmatic fluid. | At the moment of eruption which followed a
quiescent period, the rapid reduction of pressure caused the spontaneous
release of the dissolved volcanic gases in the magma chamber and magma
column. Adiabatic expansion and cooling were most marked. This escape
of gas caused agitation and frothing within the magma and water-vapour,
carbon dioxide and other volcanic gases migrated upwards, bubbling
through the magmatic liquid. The passage of carbon dioxide through a
liquid containing calcium and magnesium oxides in solution caused the
formation of carbonates.

The formation of calciqe from a magma rich in Ca0 and CO, is the natural
outcome of rapid cooling which reduces the temperature in the magma
chamber, however temporarily, below the crystallisation temperature of
calcite (1389°C. at 779,000 mm. pressure). Similarly, carbonates of
magnesium, iron, strontium and barium were formed. The carbonate
particles were all formed in close contact with the rapidly migrating gas
bubbles and it is likely that some type of flotation occurred, carrying the
carbonates up the magma column.
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The carbonates were thus concentrated at the top of the magma column,
where, owing to continued adiabatic cooling, they congealed. Also occluded
within the carbonate mass were particles of the discrete oxides of the
magma, which then crystallised in their simplest form. The minerals in
the following list which are formed in the carbonatite during explosive

episodes occur at Sukulu, Alng, Iron Hill and Napak: —

Calcite .. .. CaCO, .. .. Sukulu .. IronHill .. Alnd
Dolomite .. .. MgCO, . .. Sukulu .. IronHill .. Alnd
Siderite .. .. FeCO, .. .. Sukulu .. Napak .. Alnd
Ankerite .. .. (2CaCO,, gCOa;FeCOa) e .. IronHill ., —
Strontianite .. SrCO, .. . .. Alnd
Witherite .. .. BaCO, - R .. Alné
Carbon dioxide o (bubbles in calcnte) .. Sukulu ., .. Alno
Quartz .. .. 85i0, .. .. Sukulu .. IronHill .. Alné
Corundum .. AI,Oa .. .. .. .. Alnd
Anatase .. .. Ti0, .. Sukulu .., IronHill .. Alné
Pyrolusite .. - MnO.l (after brooklte) .. Sukulu .. .. Alnd
Baddeleyite .. ZrOy . .. Sukulu

Microlites . . .. Umdentlﬁed o .. Sukulu .. .. Alné
Fluorite .. .. CaF, .. .. .. Sukulu .. .. Alnd
Barytes .. .. BaSO, .. .. Sukulu .. .. Alno
Pyrite .y .. FeS ., . .« Sukulu .. .+ Alnd
Galena .. .. PbS .. . - .. .. Alné

The minerals listed represent the simplest possible molecules of the
particular substances. Probably the most significant mineral is quartz,
which is seen as tiny crystals set in the carbonate. Had sufficient time been
available for reaction, calc-silicates would undoubtedly have been formed.
During the examination of the Sukulu soil deposit, the ubiquity of these
quartz crystals provided a constant puzzle.

Minute bubbles of carbon dioxide have been detected within the calcite
at Alné and Sukulu. This demonstrates not only the abundance of this
gas available in the magma, but also the rapidity with which the calcite was
formed. The presence of excess carbon dioxide, which is most common
in the fine-grained central portions of the complex, is thought to be the
reason for the rapid weathering of the centres at Sukulu. In each of the
three centres there, the later sheets form a ring of hills almost enclosing
a soil-filled valley.

The presence of tiny microlites also testifies to the rapid formation of
the carbonate. It is evident that the crystallisation of complex silicates
was unable to keep pace with the growth of the carbonates. Von Eckermann
(1948, page 73) describing the sivite from the “central cone” at Alné
writes: ‘It is very fine-grained, reminding almost of a chilled margin rock.
The only other minerals present are apatite and tiny microlites which could
not be determined. Judging from the analysis, the calcite contains some
carbonate of magnesia, iron, barium and strontium.”

Structural evidence indicates that the carbonatites were emplaced in the
condition of a plastic mush and the collection and transport of the minerals
of the carbonatite are thought to have been effected by some mechanism
such as fluidisation. The formation of the carbonates in frothing gas

14



streams would ensure their flotation and transportation to the top of the
magma chamber and at least part of the way up the conduit. As seen
earlier, the removal of these carbonates from an ijolitic magma would leave
a phonolitic or trachytic residual magma to follow them up the conduit.
During the growth of the volcanic cone it is clear that sufficient pressure
remained in the system to eject the carbonate as bombs or fragments, leaving
a phonolitic or trachytic lava to well up into the caldera.

The final stage of the extrusive phase in volcanoes of Elgon type was
the emplacement, within the vent, of the carbonatite body. When the
system lacked sufficient explosive force to remove the obstruction, the
extrusive phase was effectively terminated. At this stage there was trapped
within the system a phonolitic (or trachytic) magma which was capable
of plutonic crystallisation, and fairly coarse-grained nepheline syenites and
syenites were formed beneath the carbonate capping. At the same time,
continued pressure was exerted upon the base of the obstruction, but it
was not sufficient to remove the carbonate body. This pressure, together
with heat recuperation within the system after the closure of the vent,
caused the partial melting of the lower portion of the carbonate body, and
its injection in the form of conesheets, collar sheets and dykes around the
central plug and into the wall rocks.

The congealing of the carbonatite led to the trapping of the residual
liquid in a sealed system, so that plutonic conditions of cooling came into
operation. An important consideration is the amount of water trapped
in the system. In the system CO,—H,0—K,0—SiO;, investigated by
Morey and Fleischer (1940) the percentage of CO, in the vapour decreases
as the partial pressure of H,O increases, and the amount of water in the
liquid phase increases linearly. In the closed system one would, therefore,
expect to find an increasing development of the amphiboles and mica.

As the crystallisation of coarse-grained types continued, there was a
progressive relative concentration of other hyperfusibles and the formation
of considerable bodies of apatite and phlogopite in and around the base
of the carbonates. Niobium, zirconium, yttrium and cerium entered the
carbonatites, together with phosphorus and iron. The growth of pyrochlore
was accompanied by that of asbestiform amphiboles. The hydrous condi-
tions also encouraged the precipitation of large quantities of magnetite.

In the field nearly all carbonatites are seen to contain dykes and bodies
of sovite breccias and these indicate that periodically the pressure beneath
the plug was sufficient to break through locally. These fissures were,
however, rapidly healed by the crystallisation of further carbonate. It is
interesting to note that the rocks containing the greatest amounts of
pyrochlore are the s6vite breccias and late tangential dykes. In some cases,
as at Chilwa, the temporary breaks in the carbonate cap caused the
emplacement of felspathic breccias (chemically trachytes). At Sukulu,
tinguaites are the only silicate rocks cutting the carbonatites.
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Another effect of the trapping of the residual magma was the formation
of wollastonite in the carbonate. V. M. Goldschmidt (1954) has worked out
the stability curve of calcium carbonate and silica and has established that
the reversible reaction :

CaCO, + Si0, {—) CaSiO, (wollastonite) + CO,

moves to the right above 500°C. under moderate pressure. The presence
of wollastonite in some of the carbonate rocks suggests that the sGvites at
the base of the plug were sufficiently reheated for the quartz and calcium
carbonate to react.

It was at this stage that a marked metasomatic aureole was established
around the pipe. Two major types of fenite can be distinguished, firstly
those surrounding the nepheline syenite or syenite, and secondly, those
close to the carbonate. ‘The main effect near syenites was the introduction
into the wall rock of amphiboles as well as some soda metasomatism. It
should be noted here that many of the rocks called “fenite” by von
Eckermann are, in fact, genetically related members of the magmatic series,
and the term should, consequently, be restricted to include only those
contact rocks which show marked aberration when plotted on the variation
diagram. The fenites surrounding the carbonate body are considered to
be the result of physical admixture of fragments of wall rock under such
conditions of temperature and pressure that new minerals were able to form
in equilibrium with the relatively reduced silica percentage, and members
of the sovite-silicate series appear to have been derived in this manner.
In the Tororo complex (eastern Uganda), this type of fenitisation is clearly
seen and brecciation of the granitic wall rock and digestion of the fragments
by the engulfing s6vites took place around the carbonate body. Outside
this zone, the granitic wall rocks have yielded some of their silica to the
carbonatite and grade from quartz syenites to syenites,

Reaction between the sovite and the wall rocks was very much more
marked in the lower parts of the carbonate plug, owing to the greater
temperature, pressure and concentration of hyperfusibles at the top of the
crystallising magmatic body. In this region very large amounts of diopsidic
pyroxene, often coarsely crystalline, were formed in conjunction with
apatite, magnetite and biotite. In the formation of the diopside, the lime
and magnesia were supplied by the stvites and the silica obtained by
reaction with the wall rock.

The closing phase in volcanoes of Elgon type appears to have been the
telescopic subsidence of the central portion of the complex. This involved
the collapse of the caldera, conspicuous ring faulting in the hypabyssal
portion and the sagging of the laccolithic rocks, together with their con-
sequent acquisition of centripetal dip. The latest rocks emplaced were
essentially basic in character and crystallised as gabbros.

In those episodes where no carbonatite was formed, the nephelinitic
magma congealed in the upper part of the conduit and the remainder
crystallised as ijolite.
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THE SOURCE OF CARBON DIOXIDE

In considering the source of carbon dioxide in these complexes it is
important to realise that the total amount of this gas required for the
formation of carbonatite is not very large. In the differentiation described
here, segregation of pyroxene and plagioclase leaves a desilicated residual
magma relatively enriched in hyperfusibles. Table 2 shows that this
nephelinitic magma may divide into four parts of phonolite and one part
of carbonatite. Of this fifth portion of the residual magma considerably
less than half is carbon dioxide. During their formation, the carbonatites
drew not only upon the carbon dioxide in the magma in their immediate
vicinity, but also upon carbon dioxide bubbles arising from great depth
in the magma column.

It is clear that volcanoes of Elgon type depend for their activity upon
the concentration of hyperfusibles in the upper parts of the system and
as soon as the supply is exhausted the system seals itself and any further
rocks entering the hypabyssal area crystallise as normal dolerites, gabbros
or their derivatives.

A simple analogy is seen in the opening of a soda water bottle. Should
the crown cork be removed rapidly, the gas is spontaneously released from
solution and the bubbles carry with them a considerable portion of the
contents of the bottle. When the cork is removed slowly and the pressure
released gradually, most of the gas remains dissolved in the liquid. This
appears to be the main difference between oceanic volcanoes and those on
continental masses. The development of alkaline types is not controlled
by the constitution of the surrounding crust, but by the structural environ-
ment in which they are evolved.

The total amount of carbon dioxide in volcanoes of Elgon type is thus
probably no greater than that normally found in basaltic magmas, though
the type of differentiation and the crustal structures causing it tend to
concentrate the hyperfusibles.

CONCLUSIONS
In eastern Uganda there is little evidence that alkaline types have been
formed by the mechanism suggested by Daly and Shand. The high-
tensioned, low-temperature, potassic-carbonate liquid suggested by von
Eckermann (1948) as the original magmatic melt producing the rocks of
Alné District, could not also produce the vast volume of soda-rich rocks
of the volcanic cone. '

The following sequence of events is suggested to explain both the
structural and petrological relations observed in the field :—

1. The first stage was the injection on a regional scale of normal alkali
basalt magma into sialic material. In cases where the magma was
emplaced in relatively unstable, tensional areas, sills and dykes were the
dominant forms. In their progress into the upper sialic layers, loss, by
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gravitational means, of olivine, led to the development of more acidic
differentiates. Where this basaltic magma was emplaced in relatively
stable inter-rift blocks, no such ready means of escape was available,
and great pressures were built up, enabling the penetration into higher
sialic zones.

2. As this high-tensioned magma approached the surface and the
pressure within the magma more nearly equalled that of the super-
encumbent rocks, a tabular body was formed and an equivalent doming
produced at the surface. This relatively rapid elevation of the land
surface caused the radial erosion of the uplifted area, with resultant
accumulation of coarse sediments at the periphery of the dome.

3. The up-doming of the country rock and the continued magmatic
pressures resulted in the drilling of a central diatreme through which
the magmatic products could pass. At this stage, the gravitational
segregation of pyroxene and to some extent plagioclase commenced in
the magma chamber.

4. Adiabatic chilling of the lava passing through the conduit and
chilling near the mouth of the vent caused by the escape and rapid
expansion of magmatic gases, resulted in solidification of the top of the
lava column, temporarily inhibiting surface activity.

5. Regeneration of pressure brecciated the solidified plug with the
formation of tuffs and agglomerates. Small lava flows followed the
brecciation in some cases, but generally the material in the mouth of the
vent was rapidly cooled and solidified. The repetition of this cycle,
often with relatively long pauses, resulted in the building of a large
agglomerate cone with subsidiary intercalated lava flows. In the magma
chamber, an increasing thickness of gravitationally segregated minerals
was accumulated.

6. In some cases, the rapid and prolonged escape of magmatic gases
from the magma chamber during paroxysmal eruptions rapidly reduced
the temperature of the system. This release of pressure caused not only
the drastic reduction of temperature due to gas expansion, but also the
escape from solution of dissolved carbon dioxide. This resulted in the
formation of carbonates and minerals of simple molecular structure as
well as their transportation in frothing gas streams to the top of the
magma chamber and up the conduit. This material, which was of
carbonatitic composition, was subjected during its ascent to continued
adiabatic chilling and reached a final position near the mouth of the
vent as a relatively solid body.

7. In cases where loss of temperature and pressure were of a
temporary nature, the lower portion of the obstructing carbonate body
was remelted and the upper portion brecciated and ejected as kalkbomben.
In the agglomerates of Mount Elgon, some very large fragments of
carbonatite have been found.
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8. During waning activity, pressures within the system became too
low to remove the carbonate body and it remained as an obstruction
within the vent, effectively terminating the major extrusive phase. The
residual liquid, of phonelitic or trachytic composition, was then trapped
within a sealed system and “plutonic” conditions of crystallisation came
into operation. At Sukulu, the only silicate rocks penetrating the
carbonatite are tinguaites.

9. Continued pressure within the system, while unable to remove
the carbonate body, nevertheless exerted considerable pressure upon its
base. This pressure, together with the heat provided by the trapped
magma, caused partial remelting of the lower carbonates and their
emplacement around the side of the body and as cone and collar sheets
penetrating the wall rocks. The effect of these movements on the
crystallising magma beneath the plug was the introduction of character-
istic fluidal textures in the foyaites and trachytes.

10. At this stage in the development of the hypabyssal complex, very
considerable changes appeared in the wall rocks and in the lower portions
of the carbonatite plug. The rapid sealing of the system by the with-
drawal of carbonatites caused the trapping in the system of a considerable
amount of the hyperfusible constituents. The course of crystallisation
of the magma trapped below the plug assisted the late stage concentration
of hyperfusible constituents and of those elements usually appearing in
traces in the magma. <Calcium-loving elements such as niobium,
zirconium, phosphorus, fluorine, titanium and rare earths of the yttrium
and cerium groups entered the carbonatites. Under these hydrous
conditions, too, the increased oxidation ratio caused the precipitation
of late iron ores, particularly magnetite. The development of hydrous
minerals, mainly biotite, phlogopite and amphibole, in and around the
carbonate body was particularly marked at this stage, and gave rise to
deposits of vermiculite. Reaction between the carbonatite and the wall
rocks resulted in the production of large bedies of diopside rock and
these, together with the vermiculites, apatites and iron ores, make up
the characteristic mineral assembly almost invariably found surrounding
sovite plugs. It is stressed that metasomatic exchange and replacement
at this time was very extensive and introduced amphiboles are frequently
found several miles from the occurrence.

11. In most complexes so far investigated, late stage ring-subsidence
has caused the collapse of the caldera and the partial destruction of the
volcanic cone.

12. Any further basaltic material passing into the complex after the
collapse of the system, was emplaced into such parts of the complex
as offered least resistance, and crystallised as dolerites or gabbros in the
closed system.

Strauss and Truter (1951) have pointed out the similarity between the
anorthosite and magnetite-rich bands in the pyroxenite at Spitskop and
those in the Bushveld Igneous Complex. The similarity between the
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chrome-rich zones in the Bushveld Complex and the generally chrome-
rich paragenesis of Alné Island is significant. The rocks of the Bushveld
Igneous Complex are also notably rich in calcite. It is suggested, therefore,
that complexes similar in type to the Bushveld Igneous Complex might
be genetically related at the surface to multiple outbursts of Elgon type.

The sodic and potassic rocks of western Uganda followed a similar
pattern of differentiation. The structural environment was, however,
somewhat different and the outbursts manifested themselves not so much
as vast volcanoes of the central type, but as smaller and more numerous
centres scattered over a wide area. Of particular interest is the develop-
ment, at the fumerolic stage, of swarms of explosion craters. It is thought
probable that crystallisation of sodium chloride, sodium sulphate, sodium
bicarbonate, potassium sulphate, calcium sulphate and some calcium
carbonate has resulted from the explosive release and frothing of late-stage
fumerolic gases through the residual magma. In western Uganda,
numerous small craters occupied by saline lakes, constitute an important
source of these salts.

It has been seen that complexes of apparently widely differing rock
assemblages would be revealed by erosion to varying levels within the same
complex and it is considered that the processes mentioned earlier are capable
of producing the rock types found in most alkaline complexes in the East,
Central and South African zone.

ACKNOWLEDGMENTS

Sincere thanks are extended to Dr. K. A. Davies, CM.G., O.B.E,, for
his continued interest in the progress of this work and to Professor C. E.
Tilley, F.R.S., for reading the draft script and making many helpful
comments.

Thanks are also due to Dr. M. Mathias of the University of Cape Town
for her useful advice and encouragement.

REFERENCES

Bowen, N. L., 1928. “The evolution of the igneous rocks.” Princeton Univ, Press.
Davies, K. A, 1952. “The building of Mount Elgon (East Africa).” Geol. Surv.
Uganda, Mem,. VII.

Dixey, F., CampBeLL Smite, W. and Bissett, C. B., 1935, *“The Chilwa Series of
southern Nyasaland.,” Geol. Surv. Nyasaland, Bull. 5 (Revised, 1955).

voN EckerMmanN, H. 1948. “The alkaline district of Alné Island.” Swveriges geol.
unders., Ser. Ca, No. 36.

Gorpscamipt, V., M., 1954, “ Geochemistry.” Oxford, Clarendon Press.

HoLumss, A, 1930. “ Petrographic methods and calculations.” London, T, Murby & Co.

James, T. C., 1956. “ Carbonatites and rift valleys in East Africa.”  Cyclostyled
report, Geol, Surv. Tanganyika.

Jonannsen, A., 1938, “A descriptive petrography of the igneous rocks” Vol, IV
University of Chicago Press.

King, B. C.,, 1949. “The Napak area of southern Karamoja, Uganda.” Geol. Surr.
Uganda, Mem. V., 1948,

Korn, H. and MartiN, H,, 1954. “The Messum igneous complex in South-West
Africa.” Trans. Geol. Soc. S. Africa, LVII, 83-124,

20



Larsen, E. 5., 1942, “ Alkalic rocks of Iron Hill, Gunnison County, Colorado.”
U.S. Geol. Surv., Prof. Paper 197a.

Marthias, M., 1956, “The petrology of the Messum igneous complex, South-West
Africa.” Trans., Geol. Sec. S. Africa, L1X, 1-35.

Morey, G. W. and FLEISCHER, M., 1940. Bull. Geol, Soc. America, 51, 1035-1038.

NockoLps, S. R., 1954, ‘‘ Average chemical compositions of some igneous rocks.”
Bull. Geol. Sec. America, 65, 10071032,

SHackLETON, R. M., 1944. “ Repoart on the geology of the area around Malakisi,
North Kavirondo.” Cyclostyled report, Geol, Surv. Kenya,

—, 1951, ““ A contribution to the geology of the Kavirondo Rift Valley, Quart. Jaurn,
Geol. Soc. Laondon, CV1, 345-392,

Smmeson, E. §. W., 1954, “The Okonjeje igneous complex, South-West Africa.”
Trans. Geol. Soc. S. Africa, LVI1, 125-172,

Strauss, C. A, and Trutem, F. C., 1951, “ The alkali complex at Spitskop, Sekukuni-
land, eastern Transvaal. Trans. Geol. Soc. S. Africa, 1111, §1-130.

APPENDIX

DESCRIPTION OF ROCKS INDICATED BY NUMBERS ON

FIGURES 5, 6 AND 7
Figure 5 :
1. Beforsitic alnoite, No. 63, Alno, Sweden.
2. Alvikitic alnodite, No. 64, Alné, Sweden, .
3. Kimberlitic melanite ouachitite, No. 80, Alnd, Sweden.
4, Alvikitic alnéite, No. 65, Aln6, Sweden.
5. Alndéite, No. 68, Alno, Sweden.
6. Porphyritic alnoite, No. 70, Alnd, Sweden.
7. Alndite, No, 71, Alni, Sweden.
8. Alvikitic alnéite, Alnd, Sweden.
9. Alvikitic alnoite, No, 72, Alno, Sweden.
10. Alndite porphyrite, No, 74, Alné, Sweden.
11. Vescite, Vesec, Bohemia.
12, JacuPirangite, No. 38, Alno, Sweden.
13. ‘Turjaite, Turja, Kola peninsula, U.S5.S.R.
14, Melilite-biotite rock, Isle Cadieux, Quebec, Canada.
15. Katungite, Chamakumba crater, Ankole, Uganda.
16. Bergalite, Elgon, Uganda.
17. Melanite jacupirangite, No. 37, Alné, Sweden.
18. Melilite basalt, Hohenstoffeln, Baden, Germany.
19. Melilite mafurite, Kabirenge, Ankole, Uganda.
20. Modlibovite, Modlibov, Bohemia.
21. Melilite basalt, Spiegel River, Cape Colony.
22, OQuachitite, Hot Springs, Arkansas, U.S.A.
23. Medium-grained turjaite, Turja, Kala peninsula, U.S.S.R.
24, Melanite melteigite, No. 30, Alnd, Sweden.
25. Melilite nephelinite, Napak, Uganda.
26. Pyroxenite, No. 35, Alno, Sweden.
27. Uncompahgrite, Gunnison County, Colorado, U.S.A.
28, Melilite-leucite nephelinite, Ngoma crater, Tanganyika.
29, Jacupirangitic melanite melteigite, No. 34, AIn5, Sweden.
30. Melilite basalt, Howenegg, Baden, Germany.
31. Melilite nephelinite, near Alekilek, Napak, Uganda,
32. Pyroxenite, Elgon, Uganda,
33. Melilite basalt, Boring, Bermuda.
34. Nepheline-hauynite alngite, Fergus County, Montana, U.S.A.
35. Pyroxenite, No. 33, Alnd, Sweden.
36. Nephelinite, Naluziguti ridge, Toro, Uganda.
37. Biotite leucitite, Visoke, Belgian Congo.
38. Nephelinite, Etinde volcano, British Cameroons,
39, Melilite ankaratrite, Elgon, Uganda.
40. Leucitite, Katerusi, Belgian Congo.
41. Melanite micromelteigite, Melteig, Norway.
42, Nephelinitic augitite, Elgon, Uganda.
43. Melilite ankaratrite, D.1681, Elgon, Uganda.
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Melanephelinite, Napak, Uganda.

Melilite ankaratrite, Endebess, Elgon, Kenya.
Missourite porphyry, British Coluinbia.
Arfvedsonite micromelteigite, Kola peninsula, U.5.5.R.
Olivine melanephelinite, Napak, Uganda.
Melilite nephelinite, Elgon, Uganda.

Phonolitic etindite, Elgon, Uganda.

Coppaelite, Rieti, Italy.

Melteigite porphyry, Alng, Sweden.

Nephetinite, Elgon, Uganda.

Melanephelinite, DGS.924, Elgon, Uganda.
Wesselite, Wessln, Bohemia.

Tannbuschite, Tsao-shih-er, Manchuria.
Yarrisite, Kjose, Oslo, Norway.

Nephelinite, Katzenbuckel, Odenwald, Germany.

Figure 6:

1. Carbonatite, Napak, Uganda.
2. Limestone, Sukulu, Uganda.
3. Beforsite, No. 99, Alnd, Sweden.
4, Alkorthosite beforsite, No. 98, Alnd, Sweden.
5. Strontianite-bearing biotite beforsite, No. 97, Alng, Sweden.
6. Quartz beforsite, No, 96, Alns, Sweden.
7. Riebeckite beforsite, No. 95, Alnd, Sweden.
8, Biotite beforsite, No. 95, Alno, Sweden.
9. Quartz-alkorthosite beforsite, No, 91, Alng, Sweden.
10. Picritic biotite beforsite, No. 88, Alno, Sweden.
11. Orthosite beforsite, Snoskir, No. 87, Alnd, Sweden.
12, Biotite-melilite beforsite, nr. Pottang, No. 85, Alnd, Sweden.
13. Orthosite beforsite, Rasta, No. 84, Alnd, Sweden.
14, Melanite nephelinite, No. 61, Alnd, Sweden.
15. Nephelinite, Etinde volcano, British Cameroons.
16. Melanite micromelteigite, Kerimasi, Tanganyika,
17. Calcitic analcite tinguaite, No. 59, Alné, Sweden.
18. Nephelinite, Omimi, Otago, New Zealand.
19. Biotite-aegirine foyaite, Nkalonge, Nyasaland.
20. Melanite juvite, No. 24, Alns, Sweden.
21. Foyaite porphyry, No. 58, Alné, Sweden,
22, Foyaite porphyry, No. 57, Alnd, Sweden.
23. Phanolite, Gortex, Elgon, Uganda.
24. Borolanite, Ross-shire, Scotland.
25. Tinguaite, No. 56, Alnd, Sweden.
26. Alkorthosite beforsite, nr. Bergeforsen, No. 81, Alnd, Sweden.
27. Foyaite porphyry, No. 55, Alno, Sweden.
28, Foyaite porphyry, No. 54, Alng, Sweden.
29. Juvite, Fen district, Norway.
30. Average phonolite, Toro, Uganda (average 10 samples),
31. Itsindrite, Madagascar.
32. Biotite-bearing aegirine-cancrinite microfoyaite, Mauze Hill, Nyasaland.
33. Phonolite, Siroko, Elgon, Uganda.
34. Nepheline syenite, Serra de Monchique, Portugal.
35. Biotite-bearing aegirine-augite foyaite, Mauze Hill, Chilwa Series, Nyasaland.
36. Biotite-aegirine microfoyaite, Mauze Hill, Nyasaland.
J7. Aecgerite-mica foyaite, Brathagen, Lougendal, Norway.
38. Phonolite, Mauze Hill, Nyasaland.
Figure 7 :
1. Limestone plug, Sukulu, Uganda.
2. Alvikite, No. 114, AInd, Sweden.
3. Crushed biotite alvikite, No. 112, Alng, Sweden.
4, Corundum-bearing alkorthosite-biotite alvikite, No. 106, Alnd, Sweden.
5. Corundum-bearing alkorthosite-picrite alvikite, No. 105, Alnd, Sweden.
6. Biotite alvikite, No. 103, Aln, Sweden.
7. Alvikitic biotite orthosite, No, 101, Alnd, Sweden.
8. Nephelinite, caldera rim, Elgon, Uganda,
9. Covite, Magnet Cove, Arkansas, U.S.A,
10. Malignite, Kruger alkaline body, British Columbia.
11. Cancrinite syenite, Budeda complex, Elgon, Uganda.
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12,
13.
4.
15.
16.

17.

18.
19.
20.
21,

23.
24,
25.
26.

Gauteite (type) Muhlorzener forsthaus, Bohemia.
Felspathic intrusive, Dos village, Nyasaland.
Arsoite {(cinimite) Ischia, taly.

Orthoclase rock, Tundulu Hill, Nyasaland.
Arsoite (trachyte), Ischis, Italy.

Pulaskite, Fourche Mountains, Pulaski Co., Arkansas, U.S.A,
Syenite, Leeufontein, South Africa.

Fenite, Melteig, Norway.

Solvsbergite, Salambidwe, Nyasaland.
Sélvsbergite, Salambidwe, Nyasaland.

Fenite, Fen, Norway.

Hornblende stlvsbergite, Oslo, Norway,
Soélvsbergite, Axum, Abyssinia.

Trachyte, Bupoto, Elgon, Uganda.

Soda syenite, Iron Hill, Colorado, U.S.A.
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SUMMARY .

The thesis presented is a compilation of both
published and unpublished work carried out during the past
ten years. The arguments and conclusions are based largely
on field observations together with a study of the chemical
composition of the rocks involved.

Part I of the paper deals with the structure,
petrography and economic geology of the Sukulu Complex.
Structural Geology. The mapping of the Sukulu-Tororo complex
provided the first detailed examination of the structure of an
Africen carbonatite.

The moet important result of this survey was the
demonstration that the carbonatites were emplaced in a plastic
condition, in the form of "collars", dykes and ring-dykes, into
and around an earlier calcitic plug which occupied the comnduit.
This concept is diametrically oppoeed to that previously accepted.
(Streuss & Truter, Spitskop. von Eckermann, Aln® Island).
Later work in other areas (Chilwa Island, Ondurakarume, Homs
Mountain) has confirmed the author's interpretation.

The regional and surface structure connected with
alkaline complexes is discussed and the definite genetic
relationship of carbonatites with Elgon type volcanoes is stressed.
Petrography. Owing to the deep weathering of the complex at
Sukulu the associsated alksline rocks are poorly exposed but the



examination of borehole cores shows that the rock types found

in many other African carbonatites are also present here.
Economic Geology. The economic so0il deposit discovered by
the author in 1949 1s described. This deposit consists of
an. easlly worked, deep eluvial soill containing the four economic
minerals apatite, magnetite, pyrochlore and baddeleyite. The
s0lil covers the perimeter of the carbonatite and f£ills the wide
valley embayments running into the centre of the complex.

The description given constitutes the first detalled
diacussion of the economic geology of a new type of deposit.

A brief classification of economic minerel deposits
associated with the carbonatite complexes is included.

PART II, The Origin of the African Carbonatites.

A review is given of the rock types and structures
found in alkaline ring complexes and volcanoes of Elgon type.
The formation of undersaturated magma ie attributed to the
segregation of pyroxenes and to some extent plagioclase from
a parent basaltic magma. Nephelinite is the type most commonly
produced and constitutes the main lava flows of these volcanoes,
The development of rocks containing melilite, melanite and

primary calcite from nephelinitic magma is shown to be the result

of the relative increase in lime, together with desilication of the

residual liquid during the crystallisation and segregation of

nepheline. Chemical variation dlagrams are presented in support



of these contentions.

Chemical and arithmetical evidence is given to
show that the removal of beforsitic carbonatite from nephel-
initic magma leaves a phonolitic residusal liquid, while the
removal of iron-rich, alvikitic carbonatite leaves a trachytic
residuum.

The mechanism of carbonatite formation is thought to
be the exsolution and upward migration of bubbles of carbon-
dioxide during paroxysmal eruptions, the ascending gas chilling
the magma and reacting with the dissolved oxides of calcium,
magnesium, iron, mangsnese, barium and strontium to form
carbonates. The rising gas streams serve to concentrate
the carbonates by agitation and flotation with the establish-
ment of a specific gravity gradient, Revival of pressure
from below caused the typical intrusion pattern observed.

The hypothesis presented reconcliles all the recorded
field and chemical data on African carbonatites.

Should the hypothesis gain general acceptance, it
would be posesible to reduce greatly the unwieldy nomenclature
in this branch of petrography.

It is of interest to note that confirmatory laboratory
evidence has recently appeared (0. Tuttle, "Nature", March,1959)
which demonstrates the feasibility of the existence of magmstic

carbonates as a separate phase .
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