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ABSTRACT

The Lebombo Monocline is a large flexure of Karroo age extending from
Southern Rhodesia to Natal. It consists mainly of a thick sequence of Karr
basalts and rhyolites overlying the Archaean crust. The Karroo strata dip
eastwards beneath Cretaceous cover at angles of up to 500. Four 1:50,000
detailed maps have been produced of the volcanics in Swaziland.

The basalts form a monotonous and poorly exposed succession. They are about
5 km thick but a large dyke swarm and strike-faulting serve to increase the
apparent thickness. A few acidic interbeds occur near the base. The rhyol-
jtes overlie the basalts with 1ittle interbedding. They are also about 5 km
thick and can be divided into 30 flows which are interpreted as rheoignim-
britic in origin because of the presence of characteristic ignimbrite
features and flow-folded tops to the flows.

A dense dyke swarm intrudes the basalts and is younger than most of the basal-
jc succession; five granophyre bodies intrude the basalts close to the base
of the rhyolites.

The monocline is block-faulted in the south but becomes progressively more
flexural in the north. The jointing in the rhyolites can be divided into
groups related to basement structures, monoclinal flexuring and post-Karroo
tectonic activity respectively.

Major and trace element analyses for seventy rocks show that the chemical
variation in the rhyolites can be explained by Rayleigh fractionation of a
dacitic magma produced by fractional crystallisation of a basaltic precursor,
The more basic and most acid rhyolites have compositions more compatible
with partial melting of a solid basaltic source. The rhyolite magma was
nearly dry but the vapour phase was rich in CO0,.

The acidic interbeds within the basalts have depleted trace element abund-
ances and relatively radiogenic isotopic chemistry and were produced by
crustal anatexis.

The tectonics and magmatish of the Lebombo are discussed in relation to the
break-up of Gondwanaland.



LONG ABSTRACT

The Lebombo Monocline is a large flexure of Karroo age which runs along the
eastern border of South Africa from Natal in the south to Rhodesia in the
north. 1t consists of a thick sequence of Karroo basalts and rhyolites over-
lying a thin succession of Karroo continental sediments, which in turn rests
on Precambrian crust of the Kaapvaal craton. The Karroo strata dip east-

wards beneath a Cretaceous cover at angles of up to 50°.

The Karroo volcanics have been mapped in detail, with emphasis on the acid
volcanics, as part of a project concerned with the structural and petrologi-
cal evolution of the Lebombo and its position in a wider tectonic context.

Four detailed 1:50,000 maps have been produced.

The basalts, belonging to the Drakensberg Stage of the Stormberg Series,
were the lowest strata studied. They form a thick and monotonous successiorn
and are deeply eroded, forming the flat-lying lowveld. They generally only
crop out where baked by dolerite or granophyre intrusions. Individual
flows are on average 15 m thick and are usually quartz-tholeiites, fine-
grained and poorly porphyritic. Saqutone and tuffaceous intercalations
occur throughout the succession and a few rhyolitic interbeds are found
towards the base. The thickness of the basalt succession is difficult to
estimate because of the presence of a large dolerite dyke swarm and repeti-

tion of strata due to strike faulting, but is probably about 5 km.

The basalts are overlain by the rhyolites of the Lebombo Stage with the
basal flows of the rhyolites interbedded with the basalts. The rhyolites
can be divided into 30 flows, averaging 200 m in thickness and each extend-
ing some 50 km along strike. The total thickness of the rhyolite succession

calculated from measurements of the width of outcrop and estimates of dip, is



also about 5 km.

Each rhyolite flow can be divided into a number of textural zones which are
not all present in all the flows, individual flows generally showing two or
more zones. Most rhyolites are underlain by Ehe basal tuffaceous zone

which consists of fine, banded tuffs, often with a considerable proportion
of aeolian sand. The eutaxitic zone marks the base of most flows showing a
gradation from coarse fiamme to fine, streaky banding. With the increase of
welding, compaction and devitrification the eutaxitic zone grades into the
massive zone which is structureless and accounts for 95 per cent of most
flows. At the top of the massive zone contorted flow folding appears, be-
coming autobrecciated towards the top. The breccia zone occurs at the top of
most flows, consisting of extrusive polymict breccias as well as the flow

autobreccias. Intrusive tuffisitic breccias also occur.

The general features of the rhyolites: large lateral extent and thickness,
and the presence of fiamme are suggestive of an ignimbritic origin. Physical
modes for density currents and fluidization are discussed and applied to the
eruption of ash-flows. The presence of contorted folding is evidence for
movement by flow and an origin similar to that of a rheoignimbrite is
proposed for these rhyolites. Thermodynamic aspects of the eruption and
emplacement of ash-flows are discussed and the implications for viscosity

and thermal convection considered.

The rhyolites have been divided into basic acid, and intermediate,groups on
the basis of the abundance of quartz phenocrysts. This mineralogical sub-
division and the features diagnostic of the tops and bottoms of the flows
have enabled the flows to be mapped out in detail. The rhyolites have in
general a uniform north-south strike, parallel to the monoclinal axis but

they are warped in two large east-west synforms separated by an antiform.



There are many overlaps and underlaps within the rhyolite succession so that
the warps are gradually smoothed out and the uppermost flows have a north-
south strike. The flows in the southern synform are in general younger thar
those in the northern one. There is a slight unconformity at the base of
the rhyolites and the interbedded flows are overlapped by the base of the
main rhyolite succession at the centre of each of the synforms. This over-
Tap is due to erosion of the basalts and to overstep of the rhyolites west-

wards across them.

A number of strike faults cut the basalts and underlying sediments and
appear to be related to the dyke swarm. They do not cut the main rhyolite
succession but do affect the interbedded rhyolites in the north of Swaziland.

Small faults oblique to strike cut the interbedded rhyolites.

The rhyolites are all very jointed; some joints have been produced by the
formation of the monocline, a number can be related to basement structures,
and a prominent north-northeast trend can be attributed to post-Karroo

tectonic activity.

The dyke swarm occupies a narrow zone trending obliquely across the basalt
outcrop. The dykes hade steeply to the west and account for over fifty
per cent of the outcrop in places. They are considered to be younger than

most of the basalt succession but do not intrude the rhyolites.

The axis of the monocline runs close to the rhyolite-basalt contact, with
the steepest dips being developed in the north of the country. Faults and
joints with a north-south trend are less pronounced in the north of the
country and it seems that the monocline, from being faulted in the south,

becomes more flexural in the north.



The structural features of the Lebombo can be interpreted as having formed
in an east-west tensional regime related to the rupture of Gondwanaland.
The Lebombo may therefore represent the newly-formed continental ecge. It
is transverse to the major Kaapvaal Precambrian lineaments but parailels t
Mozambique belt and seems to have been constrained in jts northerly trend

by the tectonic grain of the Mozambique belt.

The petrography of the rhyolites is described in detail. Flagioclase (soms
with sanidine overgrowths), quartz, clinopyroxene, magnetite, pseudomorphs
after fayalite, apatite and zircon are present as phenocrysts. The crystals
often form lomeroporphyritic aggregates, interpreted as having formed by
synneusis, and are often broken and resorbed. The groundmass is usually

devitrified showing felsitic, microgranophyric and snoflake textures.

New Rb-Sr and K-Ar data are presented which show that the ages of the rhyo-
1ites and dolerites are indistinguishable at 188 + 5 my. This is in agree-
ment with publiished K-Ar data and unpublished zircon fission-track work.

The dolerites and rhyolites borth have an initial 87Sr/86Sr ratio of 0.704.

Fifty-three samples have been analysed for major and trace elements and a
further fifteen for trace elements only. The 'rhyolites' range from
dacitic to rhyolitic in composition with one being trachyandesitic. The
major elements show regular variations generally attributable to fractional
crystallisation of a clinopyroxene plus plagioclase assemblage from a
parental dacitic melt. The granophyres fall on the same trends and are
considered to be comagmatic. A least-squares petrographic mixing model has
been used to quantify the variation, and an extract of 60% plagioclase and
40% clinopyroxene can account for most of the observed variation. Several
of the more basic interbedded rhyolites are too potassic and aluminous to

belong to the same trend.



The rhyolites are enriched in the elements Nb, Zr and Y relative to most
rhyolites described in the literature. The trace element variation is con-
sidered in terms of logarithmic plots and shown to be compatible with
Rayleigh fractionation. The variation of Rb, Ba and Sr is consistent with
the fractionation of a clinopyroxene/plagioclase mixture using published
distribution coefficients. When coefficients are calculated relative to

Sr for the elements La, Ce, Nd, Y and Nb however, they are greatly in

excess of those predicted. La also shows coherent but anomaious behaviour
relative to Ce and Nd and is enriched during fractionation while the others
are depleted. This abnormal behaviour of trace elements is explained in
terms of anomalously high concentrations of them in zircon and apatite. Y
and Nb show a similar variation to Zr and their variation is also considered
to be mainly controlled by the fractionation of zircon. The granophyres fall
on the same trend as the main group of rhyolites but the most acid rhyolites,
at the same silica Tevel, are enriched in Y, La, Ce, and Nd and do not seem
to be related to the rest of the rhyolites by simple crystal fractionation.

They are interpreted as having formed from an enriched source region.

The rhyolitic interbeds which crop out near the base of the basalt success-¢
have depleted trace element abundances and very radiogenic isotopic chemist.
They are interpreted as having formed by anatexis of acid crustal materials.
The rest of the rhyolites are interpreted as being derived from a basaltic
source by a process of partial melting or fractional crystallisation. The
two processes are indistinguishable with the uncertainties in distribution
coefficient data; the acid and relatively potassic interbedded rhyolites
have compositions more compatible with an origin by partial melting. Trace
element considerations indicate that the source cannot have contained resi-
dual amphibole or garnet and hence must have been fairly dry. That the
rhiyolite magma was also dry is supported by the trend towards the dry

granite minimum and by the absence of hydrous phenoccrysts. The rhyolite



magma required a volatile phase for its eruption as ignimbrites; a CO,-rich

fluid phase is compatible with the observed chemical and petrographical

features.

The geochemistry of the Lebombo is reviewed in the overall context of Karroo
magmatism and in relation to the potassic northern and sodic southern geo-
chemical provinces. There are several features of the chemistry of the
rhyolites from the northern and southern province that are not simply ex-

plicable in terms of a regular variation in source chemistry.

A cyclical model relating the volcanism to the break-up of Gondwanaland is

proposed te account for the variation within and between the basalts and

rhyolites.
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I INTRODUCTION

The Lebombo Monocline is a large flexure of Karroo age stretching 600 km
from Natal in the south to southern Rhodesia in the north. It runs along
the western border of Mozambique and the eastern side of Swaziland (Figure
1.1) forming the eastern margin of the Karroo (U. Carboniferous - L.
Jurassic) province. The Lebombo consists of a thick sequence of basalts

and rhyolites overlying a thin succession of Karroo sediments resting uncon-
formably on the Archaean granitic basement which constitutes most of
Swaziland. The rocks of the monocline have a prounounced easterly dip and
are overstepped on the east of the Lebombo by Lower Cretaceous marine sedi-

ments (Plates 1.1-3).

The volcanics can be divided into two main groups, each consisting of a
basic and an acid member. The lower group is late-Karroo in age and contair
a 5 km thickness of basalt, which forms the flat plain of the lowveld, over-
Tain by a 5 km succession of rhyolitic ignimbrite flows which give rise to
the Lebombo Mountains. About 30 rhyolite flows can be recognised, averaging
200 m in thickness; they form a penepiained plateau separated from the
underlying basalts by a steep escarpment. The upper group is probably dis-
conformable on the Tower group and is Lower Cretaceous in age. It crops

out mainly in Mozambique with the upper rhyolitic group forming the low

hill of the Little Lebombo (Plate 1.4). Rocks similar in age to the Little
Lebombo are found in the Bumbeni Complex, Zululand, and in the Lupata

Series of the Zambesi Valley.

A large dyke swarm follows the axis of the monocline and forms a low range
of hills, the Rooirand, in the south of Swaziland (Frontispiece). A number

of granophyre bodies crop out along the basalt-rhyolite contact.
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Fig. I.1. QOutline geological map of Southern Africa showing the main
features of the Karroo province (from Cox, 1972)
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In the south the Lebombo terminates in a series of fault-blocks and arcuats
faults and is overlapped by the Cretaceous sediments. North of the Limporc
the Lebombo swings round into the northeasterly trending Sabi monocline
which can be followed into the Lupata area of the East African Rift Syster
(Figure 1.1). The Nuanetsi and Tuli synclines are formed at the 'elbow’

along the line of the Limpopo belt.

To the west of the Lebombo, the Karroo rocks are relatively flat-lying and
are present in great thicknesses in the Karroo basin of northeast Cape
Province and, under a thick basalt capping, in Lesotho. Apart from a few
outliers the Karroo lavas are generally absent from the central areas of
southern Africa due to erosion; only where they are preserved in the
Lebombo downwarping is there a continuity of outcrop from one end of the
province to the other. An extensive system of dolerite sills cuts the

Karroo sediments and, in places, the basement beneath the lavas.

The great majority of the Karroo basalts are olivine-poor tholeiites.
Nephelinites, olivine-rich basalts and glassy olivine-bearing lavas (so-
called 1imburgites) are found at the base of the succession in Nuanetsi and
olivine-phyric basalts are common in Lesotho and at the southern end of

the Lebombo. The upper basalts also largely consist of olivine-poor
tholeiites though more alkaline varieties are also present (Assuncao et al.,
1962). The Lebombo acid rocks range from andesitic to rhyolitic in compo-
sition but the vast majority are rhyodacites with a very uniform composi-
tion. More alkaline varieties are reported from Mozambique, the Little

Lebombo, the Lupata Series and from the Bumbeni Complex, Zululand.

Cox et al. (1967) have shown that the Karroo basalts of southern Africa car
be divided into two geochemical provinces. A northern province includes

the Rhodesian localities and is characterised by abnormally high values for
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tholeiites of the incompatible elements K, Ti, P, Ba, etc. The southern
province covers the outcrops in Swaziland, Lesotho and Natal. These trends
may also be reflected in the rhyolites with those in the north being more
potassic than those in the south. To define the boundary or transition
between these provinces more data are required from the north and central

Lebombo as these are the only areas with continuity of outcrop.

Manton (1968) has analysed rhyolites and basalts from Nuanetsi and Swazilar:
for strontium isotopes. Rhyolites from both areas define isochrons giving
ages of about 200 my with initial 87Sr/8®Sr ratios of 0.708 and 0.704 res-
pectively. These initial ratios are similar to those obtained from basaltic
rocks in the two areas and Manton's conclusion was that tre rhyolites were
evolved from the mantle. An origin from crustal materials depleted in
radiogenic strontium cannot, however, be ruled out on the basis of these

data.

At the outset of the project the main problem was one of geochemistry: how
the Swaziland rocks fit into the geochemical province hypothesis and how
such apparently large volumes of acid magma can be generated. It was
generally accepted that the basalts were derived from the mantle but no
consensus had been reached as to the origin of the rhyolites. The large
volumes of rhyolite suggested some form of crustal melting process with
heat supplied by the basic magma but this would be incompatible with the
isotopic evidence unless a depleted lower crust was involved. It was
necessary to examine these hypotheses in more detail by studying the geo-
chemistry of the rhyolites to see if it followed any coherent pattern which
could be attributed to either crustal fusion or to some process involving
the mantle. If the origin of the rhyolites could be determined and some
information on source composition obtained, it should be possible to look

at the province problem with the geochemical differences pushed a stage



further back into the crust or mantle. The intrinsic differences between
the provinces would then be a function of crust or mantle inhcmogeneity cr

a difference in process perhaps linked with tectonic situation.

Before much weight can be placed on geochemical data, the distribution,
volume and field relationships of the various rock-types need to be known.
The presence of large-scale interbedding between rhyolites and basalts, for
example, would make a significant difference to gross petrogenetic models.
The individual flows should be mapped to work out their extent and volume
so that samples can be correlated over large distances. Any faulting present
must also be assessed as in this type of linear tectonics there is often
considerable faulting parallel to strike which can repeat the succession.
Strike-faulting is apparent in the sediments beneath the basalts and its
importance in affecting the apparent thickness of the volcanics needs to be
known. Dilation due to intensive dyke intrusion may also increase the

apparent thickness of the basalts.

The Tinear nature of the monocline poses structural problems as the rocks
are only exposed in linear strips and no three-dimensional picture of the
flows can be built up. The Tateral extent of the flows is largely a
function of the mode and type of eruption. Most workers have concluded
that the acid rocks are ignimbritic in nature on the basis of their large
lateral extent but Wachendorf, working in Mozambique, decided that the
rocks originated as lava flows on the basis of fluidal textures and that
the outcrop pattern is caused by stacking of elongate 'ribbons' of lava
formed by viscous extrusion out of parallel fissures. If the rhyolites are
truly ignimbrites, however, then the east-west extent can be assumed to be
of the same order of magnitude as the north-south outcrop. The rhyolites
are unusual in having such large apparent thicknesses and, taking into

account the large lateral extent, volumes. A mechanism reeds to be



proposed to account for this and the fluidal structures noted by Wachendorf.
The outcrops themselves should be able to furnish information on the

physical conditions of the magma at the time of eruption.

A11 these problems are connected in some way with the regional tectonic
situation. Further constraints are placed by the geology of the neigh-
bouring areas that formed Gondwanaland and any conclusions concerning
structural implications reached in the Lebombo need to be reviewed in the

overall context of Gondwanaland and its break-up.

Note on stratigraphic nomenclature

The stratigraphical nomenclature of South Africa is at present in consider-
able confusion awaiting the report of the South African Commission on
Stratigraphy. Several preliminary reports have been published (e.g., Int.
Subcomm. on Strat. classification report 7b,1972). The use of the hier-
archical lithostratigraphical terms Group, Formation, Member, Bed is
recommended and these terms have been used by Bristow (1976). Difficuities
arise from the presence of geochemically distinct units within the rhyolite
sequence and the geochemical variation along the length of the Lebombo in
petrographically very similar rocks. The continuation of the rhyolite
outcrop for 600 km renders a classification based on the type sections in

the southern part of Timited use.

To avoid confusion the old terminology has been followed throughout this
thesis. Table I compares this older nomenclature with that used by

Bristow (1976).

The term rhyolite has often been used to denote an acid lava. In this
thesis it is used in its strict sense to mean acid extrusive and carries no

connotations as to the mode of eruption. The terms lava, ignimbrite are



used where the mode of emplacement is discussed.

1¢

Similarly rhyolite, as

used here, has no geochemical connotations and embraces the rock-types

dacite, rhyodacite and rhyolite.

TABLE 1.1

OLD NOMENCLATURE
(used in this thesis)

BRISTOW (1976)

HOVMOEZ OO 4Wn

MVMe-Omwm

LITTLE LEBOMBO RHYOLITES

UPPER BASALTS

LEBOMBO STAGE
(Rhyolites)

DRAKENSBERG STAGE
(Basalts)

MFOLOZI RIVER FORMATION
(Basalts)

BUMBENI
MSUNDUZI RIVER FORMATION + COOYANA

COMPLEXES

L

E MPILO

B BASALTS

0 MEMBER

M

B

0

' JOZINI FORMATION

g (Rhyolites)

0 |

U

P

CAVE SANDSTONE STAGE

CAVE SANDSTONE FORMATION
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II GEOGRAPHICAL SUMMARY

II1.1 Introduction

The area mapped lies along the eastern border of Swaziland and extends from
the Ngwavuma River in the south to the Mbuluzi River in the north. Geologi-
cal mapping has been extended to the northern border of Swaziland by photo-
interpretation. At the time of the fieldwork the political situation in
Mozambique made it impossible to obtain entry permits. The international
borders are well defined by double foot-and-mouth control fences and are

patrolled continuously.

I1.2 Access

Access to the area is good with the main gravel road from Mbabane climbing
the Lebombo escarpment to Stegi. Dirt roads lead from Stegi north to
Mhlumeni and the Du Preez farms near Buchanan and south to the Usutu Poort.
Further rough tracks lead to the border in the Maphungwane area and many of
the farms have bulldozed tracks which can be used to reach otherwise inacces-
sible areas. The recently built Lourengo Marques railway runs along the
banks of the Mbuluzi and the parallel service road proved to be just
passable and furnished access to the railway cuttings. A crude double-
fenced track, the 'Red Line', was built along the foot of the escarpment the
length of the country to act as an insulation zone against foot-and-mouth
disease. In places this track is in excellent condition and proved invalue-
able in the area north of Stegi. Sledge tracks within the native areas

could be adapted to allow a car to pass but would prove impassable when wet.

II1.3 Administration

The area falls entirely within the Lebombo administrative district and
comes under the jurisdiction of the Stegi District Commissioner. The

area contains tracts of European farmland and large areas of Swazi Nation
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Land. The European farmers proved hospitable and willing to grant permission
to walk over their land. The Swazi Nation Land in this area is composed of
eight separate tribal areas each ruled by a Swazi chief. Permission to

enter their land needed to be obtained well in advance so their local head-
men (indunas) could be informed and alert the local people. The Swazi is
naturally inquisitive and friendly, but suspects stfangers of trying to

steal his cattle and an interpreter was found to save a great deal of embar-

rassment.

I1.4 Population and industry

The population is sparsely distributed in the lowveld but the Lebombo
plateau is relatively densely populated, especially adjacent to major roads.
The Swazis live in typical Bantu mud-and-wattle huts,thatched with elephant
grass, grouped to form villages or kraals each representing a family unit.
Local employment is offered on the cattle farms, sugar-cane plantations and
cotton fields but the majority of Swazis are unemployed and self-sufficient.
Mealies form the staple diet and are grown extensively, along with pumpkins,
on every cultivatable patch of land. Goats and cattie are kept as a capital

investment and status symbol.

The European farms are almost wholly for beef, though cotton, mealies and
several species of nut are grown. There are extensive sugar-cane and citrus

plantations in the lowveld around Big Bend and Mhlume.

The game in the area has largely been eaten but some of the farms still have
small herds of impala, kudu, zebra and smaller antelopes. The only predators
are leopards, hyenas and jackals. Baboons are common and a menace to mealie
fields. Snakes, puff-adders and black mambas being the commonest, croco-

diles and hippos are found in the lowveld.
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I1.5 Relief and climate

Swaziland can be divided into four physiographic zones which run from north
to south in more or less parallel belts. There are, from the west, the
highveld, middleveld, lTowveld and the Lebombo. The highveld and middleveld
are formed entirely of Precambrian rocks and are incidental to the area

under discussion.

The Towveld is a low-lying undulating plain between the middleveld and Le-
bombo. It averages 15 km wide and lies 150 to 500 m above sea-level, and is
continuous from the Lebombo flats of Zululand through Swaziland and northern
Transvaal to Rhodesia. It is near tropical in climate with a low annual
rainfall of 50 to 90 cm. Malaria is still endemic in a few places and bil-
harzia is ubiquitous. It is covered in Karroo acacia with larger acacias
and fever trees along the river courses. Aloes are common, especially

around Big Bend.

The lowveld is largely underlain by eroded basalt flows with only the inter-
bedded rhyolites, granophyre bodies and, in the south, the Rooirand dyke
swarm forming areas of any relief. The presence of strike faulting in the
Karroo sediments in the south of Swaziland and in the area north of Stegi

also produces diversification of the landscape.

The lowveld is representative of an grosiona1 peneplain, probably Quaternary-
Recent in age (King, 1951) and can be considered the hinterland equivalent

of the coastal plain lying to the east of the Lebombo.

The Lebombo forms an elevated plateau on the east of the lowveld and separa-
ted from it by a steep escarpment. This escarpment is up to 300 m high in
the south of Swaziland, but becomes less prominent in the north due to com-

plex interbedding and faulting of rhyolite within the basalt. West of Stegi



the escarpment is developed on the west of the granophyre piuton in the
basalts and in the extreme north it is developed on the west of the Mananga

granophyre.

The almost geometrical straightness of the escarpment in the south (frontis-
piece) led Hunter and Urie {1959) and de B1ij (1960) to propose a rift-valley
origin for the lowveld. There is little evidence for this and, although

the escarpment is straight in the south, in the area to the north and imme-
diately to the south of Stegi the arcuate nature of the escarpment and the
obvious control on the topography by the interbedded flows and the grano-
phyre bodies militates against an origin for the lowveld by rifting or large
scale faulting. Long strips of rhyolite crop out between Stegi and the
Pongola River forming low ridges (frontispiece and Plate I.1). These seem
to be interbedded flows and do not appear to be controlled or caused by
faulting on a Targe-scale. King (in discussion, de B1ij (1960)) supports a

purely erosional origin for the lowveld on geomorphological grounds.

The Lebombo Mountain Range is bevelled by an erosional peneplain with a
gentle eastward slope (see geological cross-sections (Diag. 1) and Plate
IT.1). This 650 m surface also forms the middleveld and has been called the
Late Cenozoic bevel (King, 1962, p. 298) or the African surface (King, 1951,
p. 297) and is Late Tertiary in age. Patches of gravel, ferricrete and oc-
casional limestone (King, 1951, p. 297) are found on the surface. The
height of the Lebombo is fairly constant in Swaziland with hills reaching
650 m along the length of the range but falls rapidly to the north till the
Lebombo is present as a low ridge to the north of the Komati River. South
of Swaziland the elevation decreases to 300 m in the Msunduzi River area,
beyond which the range dwindles to a series of small hills with an eleva-

tion of 200 m (Bristow, 1976).
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The Lebombo is sub-tropical with an annual rainfall of 75 to 115 cm, falling
largely in the summer. It has very little soil on top of the rhyolites and
except for the escarpment and deep river valleys, is sparsely vegetated.
Small clumps of acacia bush grow on the ridge crests and larger acacias, fer:
ferns and various creepers grow in the valleys. There is a large ironwood
forest in the Mbuluzi Valley. Many of the kranzes in the east are covered in

cycads and aloes. Lines of blue gums and wattles mark the major farms.

I1.6 Drainage

The drainage pattern of the Lebombo is very unusual in that a total of thir-
teen major rivers cut through the Lebombo Range at right angles to the strike.
The southern part contains six: (from the north) Mbuluzi, Usutu, Ngwavuma,
Pongola, Mkuze and Msunduzi, the first three being in Swaziland (frontis-
piece). Most of these rivers display incised meanders and are obviously

superposed on the present topography.

The Towveld is drained by north-south tributaries of these east-west
rivers; the escarpment being formed by scarp retreat (King, 1951). The
Lebombo range itself is drained by a number of consequent streams flowing
down the easterly dipping peneplain. They show strong structural control
(P1.IL2) and a pronounced trellis pattern due to the interplay of regional
joints and the bedding in the rhyolites. On the eastern side these minor
streams also become incised (P1. II.1) and some, tributing to the major

rivers, may also be superposed.

The Lebombo therefore has a history of almost continuous uplift since Ter-
tiary times. The Tertiary rivers eroded the basalt fiows and incised
through the Lebombo rhyolites. Consequent streams developec on the rhyo-
lites and these have also become incised in the east, indiczting continuing

rejuvenation associated with further uplift.
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III PRE-VOLCANIC ROCKS

The fieldwork was entirely concerned with the Stormberg Volcanics which crop
out in the east of Swaziland. No rock unit, however, is wholly independent
of those beneath it and the older units are discussed to present an overall
view of Swaziland geology and place the Karroo volcanics in their regional
context. A generalised stratigraphy of Swaziland is given in Table III.1,

and a geological sketch map in Fig. III.1.

III.1 Archaean Basement

Archaean rocks form the highveld of Swaziland and extend through the middle-
veld till they are overlain by the basal Karroo sediments. They can be

divided into three main divisions:

(1) The granite-greenstone belt of the Swaziland
Supergroup* and Ancient Gneiss complex.
(2) The Pongola Supergroup*.

(3) Intrusive granites, gabbros, etc.

Hunter (1961, 1974a, b) presents a concise account of the Archaean and

Proterozoic rocks and only a brief summary is given here.

(i) Swaziland Supergroup and Ancient Gneiss Complex

The Swaziland Supergroup comprises three major subdivisions: the Onverwacht,

Fig Tree and Moodies Groups. These form the greenstone belt of the Barber-

* The terms Supergroup and Group are used in order to conform with the
usage by Hunter (1974a) in spite of his reservations and those expressed
in Section I.1.



Generalised Stratigraphy of Swaziland

TABLE III.]

(after Hunter, 1961)

A4E
Tertiary to Recent

Karroo System

188m.y

+ 400 my.

Pongola System
{306 bgﬁ

Swaziland System
4 -39

hg.

Intrusive Rocks

Post-Karroo

Post-Archaean

Archaean

Stormberg Series

Beaufort Series

Ecca Series

Dwyka Series

unconformity

Mozaan Series

Insuzi Series

unconformity

Moodies Series
Fig Tree Series

Onverwacht Series

Post-Mozaan

Post-Jdamestown

272

Alluvium, ferricrete

Rhyolitic tuffs, basalts,
sandstone

Grey shales + sandstone

Sandstones, coals,
carbonaceous shales

Tillite + shale

Quartzite, ironstone
conglomerate

Andesitic and felsitic
lavas, phyllites

Quartzite, conglomerate
Shales, cherts, jaspers

Acid and basic volcanics

Dolerites, microgranite
and granophyre

Diabase dykes

Granites
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ton Highlands in northwest Swaziland. The ultramafic and mafic lavas of th:
Onverwacht Group are characterised by high Mg0 and Ca0/A1,0; ratios and

low alkali contents and are classed as komatiites (Viljoen and Viljoen,
1969). The majority of the lavas are subaqueous in origin. Layered mafic-
ultramafic intrusions forming sill-like bodies have also been recognised in

the Onverwacht Group.

The sediments of the Fig Tree and Moodies Groups are mainly immature gray-
wackes showing progressive compositional changes which may indicate the prog-

ressive unroofing of a metamorphic terrain (Condie et al., 1970).

The structure of the Swaziland Supergroup is that of a broad synform with a
northeasterly trend. Larger faults divide the area into a number of fault

blocks. The Supergroup displays greenschist facies metamorphism with super-
imposed contact metamorphism of amphibolite and pyroxene hornfels grade due

to later intrusion of granite.

The Ancient Gneiss Complex underlies central Swaziland to the southeast of
the greenstone belt and consists of a bimodal association of interlayered
leuco-tonalitic gneisses and amphibolites and a complex suite of metamorphi-
tes including quartzites, ironstones, gneisses and granulites. The contact
between the Ancient Gneiss Complex and the Swaziland Supergroup is either
faulted or obscured by later granite intrusion. The Ancient Gneiss Complex
may be either the deep crustal equivalent of the Swaziland Supergroup, im-
plying a large difference in tectonic height across the contact, or may
represent an earlier crustal event. The two groups may be distinguished on

the basis of their metamorphic and structural styles.

Rb/Sr ages from the Ancient Gneiss Complex have a spread from 3.4 + 0.09 to

3.14 + 0.006 x 10%. The low initial 87Sr/86Sr ratio (0.7006 + 0.012) is



indicative of no significant crustal contamination (e.g. discussion by
Moorbath and Pankhurst, 1976). Ages from the Swaziland Supergroup range
from 3.36 + 0.07 to 2.54 + 0.05 x 10%. The younger ages obtained from the
Onverwacht lavas may have been reset by later intrusive events and probably
do not reflect the age of extrusion. The geochronology does not add to the
field data and there is as yet no evidence bearing on the relative ages of

the Swaziland Supergroup and the Ancient Gneiss Complex.

(ii) Pongola Supergroup

The lavas and sediments of the Insuzi and Mozaan Groups were formed in a
sedimentary basin on the Kaapvaal Craton. The voicanics of the Insuzi

Group form two small areas in southern Swaziland and are overlain in places
by the Karroo. They are mainly andesitic in nature with occasional acid
lavas and sedimentary intercalations. The Insuzi Group thins out northwards
and is overstepped by the Mozaan Group. The thickness of the Insuzi Group
can not be estimated because of the presence of extensive faulting, complex

structure and the lack of marker horizons but is unlikely to exceed 3,000 m.

The Insuzi Volcanics are succeeded by a series of alternating shales and
quartzites forming the Mozaan Group. These form rugged stepped country in
the south of Swaziland due to the harder quartzite bands. A thin layer of
amygdaloidal lavas lies at the top of the succession. The whole is struc-
turally complex, being repeatedly intruded by granite, but displays a
general lack of metamorphism though garnets are developed in some of the
aureoles. The total thickness is about 3000 m though in places the whole

of the Pongola Supergroup may reach 10 km in thickness.

The Pongola Supergroup has not been dated though itrestswith a sedimentary

contact on granite dated at 3.06 x 10°% (Allsop et al., 1962).



(iii) Intrusive Granites

A series of medium- to coarse-grained tonalitic diapiric domes crop out rounc
the southwestern edge of the Barberton greenstone belt. They are intrusive
into the Onverwacht Group and cause amphibolite facies metamorphism. Banded
gneiss similar to that of the Ancient Gneiss Complex occurs between these
diapirs and the lowest members of the Onverwacht Group. The banding of the
gneisses becomes progressively more contorted as the contact with the tona-
1lite domes approaches. Partial melting of the tonalite accompanies the de-
formation and veins and lenses of coarse-grained tonalite are produced. This
deformation and partial melting may mark the beginning of the production of
the potassic granites forming the Lochiel Plateau to the south. There are

no chronological data for these tonalites.

Coarse-grained plutonic rocks ranging in composition from ultramafic to acid
are intrusive into the Ancient Gneiss Complex. This Granodiorite Suite shows
intrusive contacts with the gneiss and a wider range of composition than the
diapirs. It forms elongate northeasterly trending bodies which closely

parallel the main synform of the Swaziland Supergroup. It is cut by granites

of the 3.07 x 10% event.

The Lochiel Granite (formerly called the Homogeneous Hood Granite by Hunter
(1968)) forms a large plateau to the southeast of the outcrop of the Swazi-
land Supergroup. It is a potassic granite and sheet-1like, forming a hood

over the Ancient Gneiss Complex. The contact between the two is a complex
of granite and pegmatite dykes and sheets forming an apparently migmatitic

terrain.

Similar granites are found in eastern Transvaal (Dalmein-type). The Lochiel
granite can be traced into the Transvaal where it is overlain with a sedi-

mentary contact by the Pongola Supergroup. It has been dated at 3.07 x 10%

™~
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and provides a maximum age for the Pongola.

Potassic granites intrude the Pongola Supergroup in Swaziland and eastern
Transvaal and have been dated at 2.7 x 10°%. They form sheet-1ike bodies
(Pongola Granite) or discordant plutons (Mpageni and Mooihoek Granites).

The Pongola Granite is indistinguishable from the Lochiel Granite as regarcs
lithology and mode of occurrence. A number of granites (including the

Mpageni) are intrusive into the Pongola Granite.

Granites of this age (around 2.6 x 10%y) are very widespread within the Kaap-
vaal Craton and it is apparent that this age represents a large thermal
event within the crust, perhaps indicating a peak in the rate of granitic

additions to the crust.

IIT.2 Karroo System

(i) General

In spite of its relatively large thickness the Karroo System is confined to
a strip along the eastern lowveld and Lebombo Mountains because of the mono-
clinal flexuring. The generalised stratigraphic column is given in Table
II1.2. The succession is known in greater detail in the south of Swaziland
due to the superior outcrop. Recent detailed drilling in the Ecca coalfield
has greatly added to the structural and stratigraphic information available.
The thickness of the Karroo sediments is of the order of 1000 m, that of the
volcanics in the region of 6 km. The thickness of the basalts is difficult
to estimate due to the poor exposure and lack of both marker horizons and

structural information.

(ii) Dwyka Series

Tillites and shales of the Dwyka Series are found as isolated patches at



SERIES

Stormberg

Beaufort

Ecca

Dwyka

TABLE III.2

Stratigraphy of the Karroo System, Swaziland

BEDS

Lebombo

Drakensberg

Cave Sandstone

Red Beds

Molteno Beds

Upper Ecca
Middle Ecca

Lower Ecca

(after Hunter, 1961)

LITHOLOGY

Rhyolitic tuffs, breccias and
welded tuffs

Basalt

Massive sandstone, fine-medium
grained

Mudstones, grey sandstones

Quartzites

Grey arenaceous shales

Carbonaceous shales, coals,
sandstones

Sandstones, shales, carbona-
ceous shales, coals

Grey-black shales

Tillites, shales,varved shales

TOTAL (without volcanics)

THICKNESS

IN TETREL

~2000
60-100

30-40
50-65

30-40

100-150

500-650

50-100

0.50

820-1195

3



Sicunusa, in the Ngwavuma Valley and in the Mhlosheni area. They are best
developed east and southeast of Hluti and irregular outcrops are found over-
lying the granites at the base of the Karroo outcrop. The erratic distri-
bution of this Series indicates that the pre-Dwyka topography was fairly
rugged although it is not known whether the absence of tillite in certain

areas is due to faulting or non-deposition.

The tillite, when fresh, has a hard greenish flinty matrix containing angular
pebbles and boulders of granite, pegmatite, gneiss, quartzite, quartz and
carbonaceous material. Bands of sandstone and varved clays are found inter-
bedded in the tillite. Small areas of glaciated pavement occur in the
Manziwayo Valley but no striation directions can be determined. There is no
doubt that the Dwyka is glacial in origin and is part of the extensive Upper

Carboniferous to Lower Triassic Gondwana glaciation.

(ii1) Ecca Series

The Lower Ecca shales are best developed east and southeast of Hluti where
they are preserved in dolerite-capped kopjes. They have not been recognisec
in the north of Swaziland. They rest on the Dwyka or directly on Insuzi
lavas or Archaean granites and gneisses. They are fine-grained, thinly

bedded and have been interpreted by Davies (1961) as lacustrine.

The Middle Ecca, consisting of sandstones, shaly sandstones and shales with
interbedded coal seams, makes up the major part of the Karroo sediments.

The base is marked by a succession of feldspathic, often cross-bedded sand-
stones with grit bands but no carbonaceous matter. This is succeeded by a
sequence of alternating shales and sandstones and then by the main coal zone.
This latter consists of a succession of coal seams and arkosic sandstones.
Three of the seams are of economic significance and are known as the main,

No. 1 upper and No. 2 upper. The main seam averages 3 m in thickness but
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can reach as much as 9 m. The Nos. 1 and 2 upper average 110 cm and 80 m
respectively. The coal zone is succeeded by a sequence of sandstones and

shales.

The Upper Ecca shales have been identified in southern Swaziland but no out-
crops have been found north of the Usutu. Recent drilling in the coal
measures confirmed the existence of a 100 - 150 m sequence of carbonaceous
shales and coals correlated with the Upper Ecca. The sequence consists of
shales, carbonaceous shales, sandstones and coals. The Upper Ecca coals are

rarely of economic importance being thin, shaly and pyritic.

Ryan (in Haughton, 1969) has divided the Ecca into four main facies of which
the Northern (or coal-measure) facies crops out in Swaziland. He stated
that "the Northern facies consists of sediments mainly deposited under flu-
vial-deltaic conditions on a stable shelf. Their major source lay to the
east and north-east of the existing east coast and the rocks from which they

were derived were predominantly granitic in composition”.

(iv) Beaufort Series

Overlying the Upper Ecca is a micaceous shale unit 40 m thick which is over-
lain by the Molteno sandstones. The contact with the Upper Ecca is sharp
and a mud-flake conglomerate is developed. The shale does not crop out and
is found only in borehole cores. It has been correlated with the Beaufort
Series of South Africa on the basis of stratigraphic position and lithologi-
cal similarity. They are considered to be lacustrine in origin (Davies,

1961).

(v) Stormberg Series

This Series consists of three sedimentary units overlain by volcanics.



(a)

(c)
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Molteno Beds

The Molteno Beds at the base of the Stormberg Series are well
exposed and consist of white, coarse-grained, slightly ferru-
ginous sandstones with interlayered beds of shaly sandstone.
They have commonly suffered secondary silicification. The
maximum recorded thickness is 65 m but the outcrop width on
the map is considerably broadened due to migration of boulders

to the west.

Red Beds

The Red Beds crop out only in the extreme south of the country
but their presence has been confirmed in boreholes as far north
as Stegi. They are reddish or maroon siltstones and mudstones
and are massive except for a central grey bedded sandstone.
They contain small calcareous nodules and thin pebble-conglo-
merate bands. Davies (1961) interpreted them as formed in a

lacustrine environment.

Cave Sandstone

The Cave Sandstone forms a nearly continuous line of outcrops
at the base of the basalt. It is a distinctive white fine-
grained massive sandstone some 60 to 100 m thick. Large scale
cross-bedding is indicative of an aeolian origin for this bed
though minor fluviatile bands occur at the top and bottom

(Beukes, 1970). Basalt flows are interbedded at the top of

the unit and sandstone intercalations are found throughout

the basalt succession. The Cave Sandstone is present almost
everywhere beneath the Karroo lavas in Southern Africa, reach-
ing thicknesses of 300 m in the central Karroo basin, and

represent a widespread transition to desert conditions.
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(vi) Effects of Karroo dolerites

The sediments are extensively pervaded by dolerite sills and, near the mono-
clinal axis, dykes. Low grade contact metamorphism is widespread with the
production of flinty zones and, in areas of dense dyke intrusion, granular
hornfelses. Anthracites produced by the metamorphism of coal seams are
mined commercially. Hydrocarbons were released during metamorphism and con-

densed in overlying beds.

(vii) Structure

The structure of the Karroo sediments is governed largely by the influence
of the later developed monoclinal flexure. A1l the beds have shallow dips

to the east, being lower in the west but increasing to 159 in the Stormberg.
Major strike faults occur in the Karroo sediments causing repetition of
strata and outcrops of Stormberg rocks within the Ecca. The Ecca coal
measures are affected by block and trough faulting (unpublished company
reports held by the Swaziland Geological Survey and Mines Department) relatec
to the general tension and rifting associated with the formation of the mono-

cline.
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IV STORMBERG VOLCANICS

IV.T Introduction

The Stormberg Volcanics form the thickest unit within the Karroo System.

They reach their maximum.development in the Lebombo Region where a thickness
of 10 km is probable. In Swaziland they have an easterly dip due to the mono-
cline and form a broad north-south strip on the eastern side of the country.
The basal unit of basalt rests conformably on the Cave Sandstone and, with
minor acid flows, forms the lowveld. A thick sequence of rhyolitic ignim-
brites forms the Lebombo region with a steep escarpment on the west. The
top of the rhyolites, the Upper Basalts and the rhyolites of the Little
Lebombo crop out within Mozambique and access was not possible during the

present study.

The fieldwork embodied in this thesis was undertaken in two field seasons:
August-October 1974 and May-October 1975. Most of the time was spent in
Swaziland and four 1:50,000 maps covering the entire Lebombo region in Swazi-
land have been produced (Map Sheets 1 - 4). Mapping was done on 1:30,000
aerial photographs (mainly 1961 photography, with some 1972 photography in
the areas of the railway) and the information transferred to the 1:50,000
topo-cadastral sheets which served as base maps. One unpublished and four
published maps relating to the basalt outcrop and underlying sediments were
made aveilable by the Director of the Swaziland Geological Survey and
information from them has been used to supplement the field-mapping and

photointerpretation.

Emphasis has been placed on the acid volcanics, and individual rhyolite
flows were traced out to define the stratigraphy and structure within the

sequence. The Swaziland localities were sampled in detail though areas



outside Swaziland have been left to workers from the Universities of Natal,
Durban and Cape Town. Trips to examine rocks of the Lebombo in South Africe
were made with members of the Department of Geology, Durban, to the south of
the Kruger Park and to the Mkuze area of Zululand, Natal. In addition, a
week was spent measuring detailed sections along some recently excavated

canals at the J.G. Strydom Dam at Jozini.

IV.2 Previous work on Lebombo and Karroo volcanics

The early accounts of Lebombo geology (Cohen (1874), Wilson-Moore (1897),
Molengraaff (1898), Garrard (1914), Kynaston (1906), Henderson (1909),

Young (1920)) were largely descriptions of journeys to and from Lourengo
Marques with the geology as a diversion. Prior (1910) reported some petro-
graphic data on dolerite and rhyolite collected in the Lebombo. Henderson
(op. cit.) mentioned that the rhyolites are 'in places decomposing, weather-
ing and exhibiting a marked tendency to form pisolitic limonite {ferricretel}'.
He also reported that 'the dip of the flowage 1lines appears to become

steeper as one proceeds westward towards the basin rocks which underlie the
rhyclites'. Young (op. cit.), a{so describing a wagon journey, commented on
the great thickness of the volcanics and failed to find any evidence for
repetition by faulting. He described rocks from the Little Lebombo and

some of the interbedded breccias and sandstones. Anderson (1901, 1904, 1907)
published a series of reports on the geology of Zululand. He also produced
some good sketch-maps showing the relationship between the acid and basic
rocks. He included chemical analyses of some rhyolite samples and commented

on their high percentage of silica.

The first detailed account was by du Toit (1930) where he described the
Lebombo as a region of tension with the monocline formed along a line of
weakness. He added to the details reported by previous workers, referring tc

the petrography of the volcanics, and agreed with them in stating that the
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acid lavas were differentiation products of the magma from which the basalts
were derived. Du Toit paid particular attention to the intrusive rocks to
work out the volcanic cycle and concluded that the larger intrusive granophyre
bodies represented consolidated feeders for the acid lavas, and the dyke
swarm feeders for the basalts. He interpreted the dyke swarm as representir
the axis of the monocline and, assuming that dykes deviate little from the

vertical upon injection,stated (p. 209):

"The fact that throughout the Lebombo region the dykes are but
rarely vertical, and dip westwards at angles of from 85-70
degrees, proves of utmcst moment 1in signifying that the Le-
bombo Monocline came into being during the eruption of the
lavas. Whereas the dip of the sediments or volcanics is Tow,
e.g. in the extreme east and west, there is a tendency for the
dykes to cut the latter almost at right angles, but where the
ti1ting of the strata is considerable, that is to say towards
the axis of the monocline, the intrusions are no longer roughly
perpendicular to the flows, but intersect the latter at angles
so small at times as only 60 degrees, e.g. to the east of
Ressano Garcia ........

....... In interpreting these phenomena it is clear that

(a) all the warping could not have preceded the dyking, seeing
that the effusions themselves must have ascended by means
of the dyke planes

(b) all the warping could not have followed the dyking other-
wise in the axial part of the monocline the intrusions
would have shared equally in that tilting, which is not
the case

(c) the warping could hence have occurred only during the
eruptive period. ..........

The crustal bending began during about the middle of the Lower
and ended before the middle of the Upper Basalt phase; its

optimum could therefore have fallen within the Middle or
Rhyolitic period of vulcanicity.”

These statements relating to the relation between monocline formation and

magma extrusion have been quoted extensively by other authors.

Lombaard (1952), Walker and Poldervaart (1949), and Stockley (1947) have

all described Karroo dolerites and lavas but more detailed studies of the
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Lebombo were not made until Cox et al. (1965) and Urie and Hunter (1963)

published reports on Nuanetsi and Swaziland respectively.

Cox et al. (op. cit.) described in detail the structure and petrography of
the Nuanetsi Province emphasizing the importance of basement control on the
Karroo Structures. The basic, acid and intrusive rocks were discussed in
detail and an ignimbritic origin was proposed (after Monkman, 1961) for the
rhyolites on the basis of textural studies and their large lateral extent.
A smalier group of rhyolite lavas were characterised by contorted flow
banding. A regional tectonic synthesis was presented drawing analogies with
the E. Greenland monocline (Wager, 1947). The rhyolites were considered to
represent primary acid magmas and not differentiation products of Karroo
basaltic magma. The concept of a Karroo Volcanic Cycle similar to that

of du Toit (op. cit.) was proposed to explain the temporal variation of

magmatic activity.

Urie and Hunter (1963) working in Swaziland produced a reconnaissance map
of the Stormberg Volcanics. They divided the basalts into four groups on
petrographic criteria and the rhyolites into four partly by mineralogy and
partly by texture and colour. They distinguished a flow rich in quartz
phenocrysts and stated that only one intermediate or basic flow had been
found interbedded within the main body of rhyolite. They described certair
sections in detail, commenting on beds of pyroclastic origin. They
followed du Toit in assuming the basaits were derived from fissures now
filled by dykes and, on the basis of distribution and general uniformity,
interpreted the rhyolites as having an ignimbritic origin. Du Toit's view
that the Lebombo voicanics occupy a region of tension was substantiated

and a similar origin proposed.

Stratten (1965, 1970) working on the rhyolites in Zululand proposed a stra-



tigranhy of the volcanics dividing the Lebombo rhyolites into an upper

and lower Lava Phase with an intermediate Pyroclastic Phase (Table IV.1).

TABLE IV.1
Stratigraphy of the Lebombo Stage (Stratten, 1970)

Post-Upper Lebombo Suite dolerite (basalt?)

Upper Lebombo Suite Upper Bumbeni Phése igneous quartz viens
soft pyroclastic rocks
rhyolite

granite and microgranite
syenite and microsyenite

Middle Bumbeni Phase laminated tuff
massive ignimbrite
laminated ignimbrite

Lower Bumbeni Phase  Bumbeni conglomerate and
arkose, pheno-trachytic

lava
Middle Lebombo Suite andesite, basait
Lower Lebombo Suite Upper Lava Phase rhyodacite, dacite,
andesite
Pyroclastic Phase red sedimentary beds

pyroclastic flow breccia
massive, vesicular,
jointed lava tuff

Lower Lava Phase rhyodacite, dacite
andesite, red tuff

The lava phases consisted of massive lavas varying in composition from
andesite to rhyodacite; the pyroclastic phase was characterised by thick
flow breccias which alternated with massive lava. Stratten (1965) also
recognised a number of pyroclastic breccia dykes which he supposed have
acted as feeders for the acid magmas and maintained they were the major
scarp-forming rock-type. His map was used in the field, without success,

to locate breccias and tuff.

Saggerson and Logan (1970) provided a summary of Lebombo geology and a
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description of layered basic intrusions near Komatipoort and in the southern

Kruger Park. Cox (1970) discussed the tectonic setting of Karroo vulcanism.

In Mozambique Assuncao et al. (1962) published a map of the upper half of
the Lebombo Volcanics with some petrographic descriptions of the basalts

and rhyolites. Wachendorf (1971, 1973) added detail to Assuncao's map to
the northeast of Swaziland and described the type-section through a rhyolite
flow. On the evidence of contorted flow-banding he concluded that the
Lebombo rhyolites were emitted as lava flows and not as ash-flows or ignim-
brites. Only the rhyolitic tuff of the basal part was considered to be
always a product of an initial more explosive phase of the same acid eruptic
He thought the rhyolites flowed out of elongate fissures and formed ribbon-
like outcrops. He concluded that the acid magmas were differentiates from ¢
basic magma, a conclusion reached by Manton (1968) who reported strontium

isotopic data showing the acid rocks to have low initial Sr-isotope ratios.

Bristow (1976) has recently completed a thesis on the geology and geo-
chemistry of the southern Lebombo (south of Swaziland). He divided the
volcanics into the Mfolozi River Formation of basalts (equivalent to the
Drakensberg Stage of the Stormberg Series), the Jozini Formation of rhyo-
lites (equivalent to the Lebombo Stage of the Stormberg) and a later

Msunduzi River Formation consisting of the Bumbeni and Cooyana complexes and
a thin basalt sequence. Intrusive rocks included an extensive dolerite dyke
swarm (the Rooirand), later dolerites, acid quartz-porphyrics, breccia dykes
and syenites and granites associated with the Bumbeni Complex. The petro-
graphy and field relations of the rocks are described in detail with empha-
sis on the basaltic Mfolozi River Formation. The rhyolites are compared with
those of Mozambique (Wachendorf, 1971, 1973) and Nuanetsi (Monkman, 1961) as
well as those elsewhere in the world. An origin as a partially deflated

ash-flow tuff was proposed consistent with the observed features apparently
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transitional between ash-flows and Tavas. The geochemistry was discussed in

an outline fashion and further data will soon be forthcoming.

Geophysicists have applied themselves to the problem of determining the
thickness and structure of the Lebombo. Darracott (1974), Darracott and
Kleywegt (1974), Smit (1962) and Burley et al. (1970) have all published
detailed gravity data. The consensus is poor and a variety of models seem
compatible with the available geophysical data. These geophysical data and
the geochemical data pertaining to geochemical provinces are discussed in

later chapters.

IV.3 Drakensberg Stage Basalts

The basalts of the Drakensberg Stage are generally poorly exposed throughout
the Towveld. North of the Usutu River they seldom crop out and are seen

only in stream beds at the foot of the escarpment, and where baked by intru-
sions. South of the Usutu the outcrop is better because of the dense dyke
swarm although very little basalt is exposed. Extensive road cuttings
through the Rooirand in northern Natal show the abundance of dolerite dykes
with weathered basalt forming screens. The basalts are moderately well
exposed adjacent to the large granophyre bodies west of Stegi, and especially
on the west of the Lusoti granophyre where recent blasting for the railway
has left large blocks of basalt. The various acid flows interbedded with

the basalts are discussed along with the overlying rhyolites in Chapter V.

A number of basalt samples were collected during the present study but no
effort was made to subdivide the basalts into mineralogical groups. Hunter
(Urie and Hunter, 1963) working in the better exposed areas in the south has

divided them into four groups based on textural and lithological differences:
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1. Nsoko type

The Nsoko-type is confined to the area between the Rooirand and
Lebombo, south of the Usutu River. It is normally dark in colour but
at the top of the succession, just beneath the rhyolites, it weathers
to a reddish bole. At the top it is also highly vesicular with amygda’

Tined with or infilled by quartz, zeolites or epidote.

2. Lubuli type

The Lubuli-type occurs throughout Swaziland and is the commonest
basalt-type. It is dark, fine-grained, relatively aphyric and commonly
contains white amygdales of quartz, carbonate or zeolites, or pea-sized

black amygdales of chlorite and magnetite.

3. Mgwanwini type

Interbedded with the Lubuli-type is the Porphyritic Mgwanwini-type.
This is distinguished by the presence of large feldspar phenocrysts up

to 3 c¢cm in length.

4. Sinyamantulu type

The Sinyamantulu-type is restricted in outcrop to the hill of the
same name 8 km west of Lubuli. It is charaterised by abundant small

white amygdales and feldspar phenocrysts.

Urie and Hunter (1963) report one olivine-basalt from a point near Lubuli
but attempts to relocate it failed. The olivine-rich basalts and 'limbur-
gites' reported from Nuanetsi (Cox et al., 1965) do not appear in Swazilanc
though olivine-bearing basalts occur at the base of the succession in
southern Zululand (Nondwane-type of Bristow 1976 ) and in the Maluti Moun-

tains of Lesotho (Cox and Hornung, 1966).
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Bristow (1976) describes Lubuli-type basalts from Zululand (called
Nggwatayi-type) and also the feldsparphyric Mgwanwini-type (called Msunduzi
River-type). The similar stratigraphic positions of the Msunduzi River and

Mgwanwini basalt types may support a correlation of the twc types.

One flow of the Mgwanwini-type, coarsely porphyritic, forms a low ridge west
of Lubuli and can be traced for 30 km with an apparent thickness of 500 m..
A flow exposed in the cuttings below the Nyetane (or Magwanyana) Dam has a
base very enriched in feldspar phenocrysts which grades up into an aphyric
upper portion. The Lubuli and Mgwanwini basalt-types may, therefore,

represent differing degrees of crystaliisation from a common magma type.

Eleven boreholes were drilled for a Ubombo Ranches' dam-site near Big Band.
Four penetrate mainly basalt, the rest are entirely in dolerite. Boreholes
3 and 8 are 24 m (80 feet) deep, the rest only 10 m (30 feet). Borehole 3
contains only basalt. The top 12 m (40 feet) are very amygdaloidal with
chlorite, zeolite, and epidote amygdales with chlorite pseudomorphs after
plagioclase phenocrysts in a pale zeolitised matrix. Below this the rock
is black though chloritised and still amygdaloidal. Two flow contacts were
observed at 9 m (30 feet) and 10.5 m (35 feet). The former shows a contact
between a pale amygdaloidal basalt overlain by a darker less amygdaloidal
basalt. The dip of the contact is 50° but this may bear little relation to
the true dip. The contact is sharp with a 1-2 mm chloritised layer between
the flows. The second contact shows slight veining and gas brecciation of

the overlying flow. A 2 mm tuffisite vein cuts the core 5 m from the top.

No flow contacts were seen on outcrop in Swaziland because of the poor ex-
posure. Exposures in the Kruger Park, along the Sabi. River, show highly
vesicular flow tops overlain by massive basalt often with pipe amygdales at

the base. Rare pipe amygdales were seen in Swaziland but the outcrop was
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never sufficient to be able to determine their relationship to flow contacts.
Bristow (1976) recognised a zonal scheme similar to that of Walker (1959)
involving a central massive entablature with amygdaloidal zones at top and
bottom. He also stated that flow tops were rarely weathered and infrequentl;
autobrecciated. Stockley (1947) reported an almost complete lack of
weathering of flow tops in Lesotho and that the base of nearly every flow

had pipe amygdales.

From exposures in Zululand, the Kruger Park and in the Drakensberg the thick-
ness of individual flows is seen to vary from a few metres to fifty metres.
Bristow (op. cit.) quoted an average for fifteen flows of 5.5 m. Stockley
(op. cit.) estimated an average thickness of 24 m (80 feet) to 27.4 m (90
feet).for the Drakensberg and Cox et al. (1965) noted that the Nuanetsi

(Chikombedzi) basalts were generally less than 15 m.

Tuffaceous horizons are rare within the basalt succession. Bristow (op. cit.)
reported a complete absence in the Southern Lebombo though Stockley (1947)

and Lock et al. (1974) described ash deposits in the Lesotho and Barclay East
areas respectively. Urie and Hunter (1963) noted several narrow tuffaceous
horizons within the basalts south of the Usutu River. More extensive

deposits were observed atvthe base of the basalts, on the south bank of the
Usutu at Big Bend and in the Sabana Pass, 11 km south of the Ngwavuma Poort.
Sandstone interbeds are common at the base of the succession where the lavas
interdigitate with the Cave Sandstone but also occur higher up indicating

the continuance of Cave Sandstone conditions.

These Drakensberg Stage lavas of the Lebombo are generally accepted as beir.
sub-aerial in origin. The presence of aeolian sandstone interbeds and the
absence of pillow lavas and marine sedimentary horizons support a theory of

extrusion on to an arid land-surface. McCarthy (1970) and Lock et al. (1974)
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reported pillow lavas from the Drakensberg Mountains but these appear to be
localised occurrences representing extrusion into inland lakes. A number of

sedimentary horizons contain plant remains (Urie and Hunter, 1963).

The absence of volcanic necks and the abundance of dolerite dykes suggest
that the basalt flows originated as fissure eruptions. The dolerites are
similar chemically to the basalts and have been shown to be contemporaneous
by palaeomagnetic data (Graham et al., 1962). Apart from one locality men-
tioned by Bristow (op. cit.), however, there is no field evidence supporting
the direct connection of the lavas and feeder-dykes. In Zululand the main
dyke-swarm is west of the basalt outcrop but, in Swaziland, the axis of the
dyke-swarm trends obliquely across the basalt outcrop and cuts progressively
higher horizons of basalt till the main swarm peters out around Stegi (Map

1 - 4). Bristow (op. cit.) suggested that the dyke swarm represented a
localised source of eruption for the basalts to the east and that the locus
of intrusion and extrusion migrated eastward with time. This idea, though
tenable in Zululand, fails to explain the cross-cutting dyke swarm and the
difference in dyke density between the north and south of Swaziland. The
problems of the dyke swarm and its relationship to basalt extrusion and

monoclinal formation are discussed further in sectiens IV.5 and V.6.

Nowhere in the Lebombo are the basalts sufficiently well-exposed to enable
dips to be measured though a dip of 45° has been recorded at Big Bend (Cox,
pers. comm.). The dip must flatten out considerably at the western edge of
the outcrop as the underlying sediments have dips generally less than 159
and outliers of basalt are found in small synclines and downfaulted blocks
within the Karroo sediments. The dip of the rhyolite-basalt contact is usu-
ally in the range 30 - 359, becoming steeper in the north. The thickness
of the basalt is difficult to measure and field estimates are based on

measurements of the width of outcrop and an assumption of dip. The presence
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of strike-faulting and the dyke swarm serve to increase the apparent thicknes:
but although sedimentary marker-horizons show the base of the basalts to be
extensively faulted, the amount of faulting within the basalts is impossibie
to measure. The outcrop width varies considerably along the length of the
Lebombo and is only 6 km in the north of Swaziland compared with 17 km in thc
south. Increased dips and density of dolerite dykes, frequency of strike
faults or simply decrease in thickness may be responsible for this change of
outcrop width. Taking an average width of 10 km for the basalt outcrop and
assuming an average dip of 259 the thickness can be calculated to be 4.2 km.
Estimates based on geometrical construction give a slightly larger value.
Strike-faulting and the presence of dykes may reduce this value by as much as
50 per cent. The detailed structure of the monocline is discussed at greater

length in section V.7. Previous thickness estimates are given in Table IV.Z2,

TABLE IV.2

Thickness estimates of the Drakensberg Stage Basalts, Lebombo

Source Thickness Evidence
du Toit (1930) 1600 m Field data
Hales and Gough (1962) 8000 m Gravity
Urie and Hunter (19€3) 2000 m (6000 - 7000 feet) Field
Burley et al. (1962) 4000 m in South Swaziland Gravity

8000 m in North Swaziland Gravity
Darracott and Kleywegt 1000 - 2000 m Gravity
(1974)
Van Wyk (in Darracott 6000 m Field

and Kleywegt, 1974)
Bristow (1976) 4100 m Field
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IV.4 Lebombo Stage Rhyolites

(i) Introduction

The Lebombo Stage Rhyolites rest with a slight unconformity (see Chapter V)
on the Drakensberg Stage basalts. A number of thin rhyolite flows are inter-
bedded at the top of the basalts and form long parallel ridges which pass
through Big Bend and are observed north of Stegi and the Mbuluzi. Minor
rhyolitic interbeds are also present within the basalt outcrop. There are nc
basalts interbedded in the main body of the rhyolites. The average dip is
about 20° though this increases to near vertical where the monoclinal axis
is nearer the rhyolite outcrop. No strike faulting could be detected within

the rhyolites and the total thickness must be at least 5 km.

The exposure is very good relative to the basalts and is of the order of one
per cent. The rocks are well exposed along the crest of the range and on the
escarpment iése]f. There is very little soil present on the rhyolites and
sporadic outcrops are present on most of the ridges running between the rivers.
Many of the river beds contain solid exposures but,as the peneplain becomes
progressively more dissected in the east, the rivers run in small gorges and

access is difficult though the exposures are good in the cliff faces.

Individual flows were mapped out; some thirty flows, averaging 200 m in
thickness and traceable over distances along strike of up to 50 km, were
recognised. Ninety-five per cent of each flow is completely massive and
although at first sight the rhyolites are very similar, there are subtle
differences in colour, degree of weathering and type of phenocrysts which
serve to distinguish them. The top of each flow is commonly contorted and
often breccias are developed. This breccia horizon and the basal tuff

unit form a softer bed between flows in contrast to the massive central por-

tion. The resulting slope-break features are often the most useful criteria



for mapping out flow contacts. These observations were greatly helped by
study of the well exposed cuttings along the Mbuluzi railway and the irriga-

tion canals beneath the J.G. Strydom Dam at Jozini.

Because of the topographic features produced by weathering of the rhyolites,
photo-geological interpretation proved invaluable in interpolating field data
and interpreting the areas to the north of the Mbuluzi and the Usutu. Aerial
photographs were used extensively in the field for location and also to find

the outcrops and features of interest.

Four 1:50,000 maps of the geology of the Lebombo Region (Maps 1 - 4) and a
more detailed map of the Mbuluzi Valley (Diagram 1) have been drawn. A
detailed sketch of the Mbuluzi railway cuttings in presented in Diagram 2.
The individual flows have been traced out as far as possible and are labelled
I - XXIX in the main maps and A - T in the Mbuluzi area for purposes of

identification and discussion.

(ii) General description of the acid rocks

To illustrate the problems concerning the mode of eruption and emplacement
mechanism of the rhyolites a generalised eclectic cross-section is described
in detail (Figure IV.1). This is not a typical section as very rarely are
all the units present in one flow and, indeed, one flow may contain a variety
of textural types dependent on its distance from the origin, the nature of
the topography and the overburden at the time of cooling. When observed,
however, the textural zones tend to be jn the same order, even if certain
zones are absent. The excellent exposures in the Mbuluzi illustrate most of

the observed textural variations (Diagram 2).

The section is described as objectively as possible; the interpretation and

other subjective observations are left to Section IV.iii where the various
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theories for the origin and mode of eruption are discussed. The detailed

stratigraphy and discussion of individual flows is left to Section V.3.

(a) TUFFACEOUS ZONE

The base of many flows is marked by a poorly-exposed but often persistent
tuffaceous zone which typically has a thickness of a few centimetres to a

few metres Tocally. One tuff unit below flow XVII east-southeast of Stegi is
80 m thick.

The rocks are often sandy in colour and texture, consisting largely of angu-
lar quartz grains with some glassy material and fine-grained interstitial
dust. The percentage of quartz is never as high as in the equivalent zones
within the basalt where quartzitic sandstones are found. The abundance of
very angular quartz and minor feldspar grains with some small mica flakes
suggests that this material is derived from outside the volcanic zone and is

not entirely related to the formation of the rhyolites (Plate IV.I).

There is a complete gradation from the quartzitic tuffs described above to
true tuffs. These latter are white or buff, soft and floury in nature.

They are sometimes slightly banded with the banding emphasised by iron-stain-
ing and occasionally show secondary Liesegang lamination. Large vesices’

are common, and some specimens have 0.5 cm to 2 cm lumps of weathered pumice.
Corroded quartz and weathered feldspar phenocrysts are also found. These
tuffs contain a much higher proportion of glassy material, usually very
weathered, and interstitial dust than the sandy tuffs, and in extreme cases
no derived quartz is present at all (Plate IV.2). Individual shards can
rarely be recognised though one unit near Jozini, at the top of the basal
flow, has the primary structures preserved adjacent to a dolerite dyke, and
one sample from the Mbuluzi Gorge (MZ 50) has well preserved shard structures

in a tuffaceous layer welded by the overlying rhyolite flow (Plate IV.3).
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Occasionally there is evidence for reworking of the underlying flow tops.

Flow T has a slightly laminated tuff at its base which rests unconformably on
a contorted, tuffaceous flow top. The flow top has been eroded and the
reworked tuff redeposited as a layer above the unconformity. A tuff at the
base of flow XXII east of Stegi has very fine, light and dark laminae re-
presented by concentrations of quartz grains and glassy material respectively.

An aqueous origin seems most likely to explain the fine banding (Plate IV.4).

(b) EUTAXITIC ZONE

The base of the flow proper is usually characterised by a sharp contact
against the underlying tuffaceous rocks or breccia (see section { f }). The
rock at the base of the flow is often glassy with streaky lenses of rhyolite
interfingering with a darker glassy matrix to form a fine eutaxitic texture.
The lenses and matrix are often complementary and the discontinuous nature
of the rhyolitic lenses serves to distinguish them from the matrix. This
zone has been called the 'streaky basal zone' by Bristow (1976) and the

‘eutaxitic horizon' by Monkman (1961).

Samples from the base of flow XVIII, 20 km southeast of Stegi, show a well-
developed fiamme (or 1entiéu1itic) texture (Plates IV.5, 6). The indivi-

dual fiamme are commonly 1 cm thick, but one 7 cm thick and at least 15 cm
Tong was seen. The length:thickness ratio is about 10:1 in the specimens
collected and seems fairly constant at this horizon. The fiamme are equi-
dimensional in plan view and show no signs of elongation as a result of
flowage. More rigid clasts are also found, including some small basic clasts,
which show no signs of compaction and were thought to be more solid than the

material forming the fiamme at the time of eruption.

These fiamme are found at two localities at the base of the flow, 1 km

apart. In the southern of these two localities (RC 138, MW 14) the fiamme
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seem to grade from an underlying breccia. The exposure was not perfect but
the breccia blocks appear to become more elongated and to develop frayed
ends. It is not possible to estimate the thickness of this breccia band nor
its relationship to the flow beneath. Above the lenticulitic horizon, the
fiamme grade into a finer laminated horizon and shortly into massive

rhyolite.

A band of well-laminated rhyolite occurs at a locality near the base of flow
IT north of Stegi (SK 131A). The laminations are formed by extremely elong-
ate, pale fiamme in a dark matrix. These bands reach a maximum 1 cm in
thickness and are continuous on an outcrop scale (i.e. probably longer than
5 m). The rare ends to these laminae have flame-like ends. The banding is
coarser and more pronounced towards the base of the outcrop and becoming
finer and more obliterated by devitrification towards the top. One isoclinal

fold closure was seen near the base.

The length-thickness ratios of this unit are hard to measure but must be at
least 100:1 and perhaps as much as 1000:1. Ross and Smith (1961) observed
that length:thickness ratios of pumice fragments in the range 20-60 have
usually suffered stretching in excess of that produced by simple collapse

of pore space. The rocks of this unit have probably suffered flowage or
secondary remobilisation in excess of that produced by flattening; the
presence of a fold closure is evidence for shear caused by flow having taken
place. Some of the thicker fiamme are sandwiched between layers of

quartz; differential slippage may have caused the release of volatiles along

these contact zones to produce cavities later infilled by quartz.

In both these types of lenticulite, the fiamme account for approximately 50%
of the rock. The fiamme themselves are massive and display a blocky

fracture typical of weathered pitchstone and feathery ends indicative of
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flattened pumice fragments (Ross and Smith, 1961). They do not appear to
differ in composition from the matrix, in that the phenocryst types and
amounts are similar. Devitrification has caused a colour contrast between
the fiamme and the matrix and has also obliterated any primary structures
within the fiamme, though the matrix shows finely-laminated eutaxitic

texture (Plate IV.7).

The commonest rock-type of this eutaxitic zone, as described at the beginnir
of this section, is very finely laminated and often pitchy in texture. The
laminae are similar to flow laminae but their discontinuous nature and, on
occasion, their downwards gradation into the lenticulite described above,
suggests that they are also formed by a similar process of compaction and
subsequent remobilisation. The streaks in these streaky-banded rocks have

a finite, albeit large, length:breadth ratio and it seems improbable that
they have been formed by extreme extension of the lenticulite horizons. It
seems more 1likely that the quantity and size of pyroclastic fragments and
pumice decreases sharply away from the base so that the finer lenses represent
smaller elongated clasts. As the quantity of large pumice clasts decreases,
and the streaks become finer, it becomes progressively easier for welding

and devitrification to obscure the primary textures (Plates IV.8, 9), and the

eutaxitic zone grades into the massive zone.

Parataxitic textures (as defined by Beavon et al., 1961) are also seen. They
develop as a result of extreme welding and compacticn.  Thin parataxitic
bands are found within the rhyolites, usually near the base of flows (Plate
IV.10). These bands, usually less than 2 cm thick, have a texture very
different from the surrounding matrix, being relatively aphyric and fairly
rich in angular quartz grains. They probably represent horizons of tuff
welded and compacted by the surrounding rhyolite. The tuff may have origin-

ated as a clast, but as the parataxitic bands are generally parallel to the
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observed foliation, it seems more likely that they were deposited in situ
during an interval in the eruption, and hence could act as marker horizons
for flow units within a cooling unit. Unfortunately, these horizons are too

rare to have anything other than curiosity value.

The banding observed in this zone often appears to be steeper than the dip
of the flow as defined by topographic features (e.g. scarps, slope features,
dip of columns, etc.). The dip of the flow contact is generally in the
range 20 - 259 whereas the banding may be as much as 60°. It is often diff:
cult to decide which is primary banding as often weathering differences
along joints can cause secondary laminations. The volcanological and struc-

tural implications of this are discussed in Section IV.iii(d).

(c) MASSIVE ZONE

The central massive zone accounts for 95% of the thickness of each flow
(Figure IV.1). It is frequently devoid of any obvious textural features and
some flows (e.g. flows XI and T)ishow large thicknesses of very massive
rhyolite with no internal structure and virtually no joints (Plate IV.11).
Because of its resistance to weathering, the massive zone forms the vast
majority of outcrops and, in the larger flows, forms large pavements of bare
rock (e.g. flow XI east of‘Moyeni and at the Isateki Beacon). Similar rocks
have been called 'The Massive Central Zone' by Bristow (1976) in Zululand

and 'felsites' by Monkman (1961) and Tyndale-Biscoe (1949) in Nuanetsi.

The rocks of the massive zone are grey, fine-grained,evenly porphyritic and

finely devitrified or micro-spherulitic. Thicker flows may develop a grano-
phyric texture in the centre. Occasionally devitrification is not complete

and rounded, darker glassy patches are found. The lower flows often develop
a spotted texture with white 2 mm spherulites set in a greyish or rusty-

weathered matrix. Larger spherulites and lithophysae are also found
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(Section VI.4). Primary banding is usually absent though layers of spheru-
lites may develop along former eutaxitic bands to give a banded appearance.
Secondary banding, formed by devitrification, veining and weathering along
microjoint planes, is more common and the effect is similar to eutaxitic

banding at first sight. These joint planes are often discordant to primary

banding observed elsewhere in the flow.

Columnar jointing is common and is well-displayed in the Lebombo escarpment
and in krantzes elsewhere. The columns are roughly perpendicular to the flow
contact but irregular in cross-section with a number of randomly-orientated,

vertical, curvilinear joint-places (Plate IV.12).

Due to the availability of exposures, the identification of flows was
usually based on comparison of samples from the massive portions of flows.
Apart from mineralogical criteria, slight differences in the amounts of
jointing, veining, weathering and haematite staining were all used to
differentiate between flows. Later discoveries of intervening breccia and

tuff horizons usually supported the evidence from hand-specimens.

(d) CONTORTED ZONE

The central massive zone grades into the contorted zone with the reappearance
of laminations. These laminations are characteristically contorted in a
variety of fold styles emphasised on. the weathered surface. This zone is
present in the majority of the flows in Swaziland; it can vary in thickness
from a metre-thick horizon at the top of a flow to a unit tens of metres

thick forming most of a flow.

Many of the best flow-features were found in the acid flows IX and J. Flow
folding is present throughout these flows (Diagram 2) and also in cliff

exposures around the J.G. Strydom Dam where large-scale folding was observed
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over thicknesses of 30 m. In the majority of flows, however, the contorted
zone is confined to a few metres at the top of the flow. It seems probable
that flow folding is generally present throughout most flows but that the
folded laminae are obscured by the increased welding and devitrification
present in the massive zone. The laminations are caused by devitrification
differences between layers and not, as in the eutaxitic zone, by primary
textural features. These differences in recrystallisation may have a primar
origin but only in one instance was complex folding seen in rocks with a

eutaxitic texture.

The amplitudes of the folds vary from a few millimetres to several metres
with styles ranging from brqad open structures to tight isoclines and kinks
(Plate IV.13-21). Although some of the folds exhibit fairly regular struc-
tures similar to those caused by plane shear in solid rocks, in most cases
the rhyolites have undergone plastic flow and hence the shear planes and
axial planes of the folds do not bear a regular relationship to the stress

direction.

In some outcrops (e.g. Plates IV.15, 16) the fold axes are vertical and often
parallel over long distances. This verticality and lack of contortion sug-
gests that the fluid rhyolite flow was moving in‘a laminar fashion producing,
in places, the effect of being stirred by a spoon held vertically. Most of
the outcrops, however, display fluidal textures with highly irregular fold
axes showing large variations over short distances (e.g. Plates IV.16, 20),
and it was never possible to calculate the direction of flow except over

very small distances.

The degree of contortion frequently increases towards the top of the flow sc
that it can be used as a qualitative estimate of the distance below the top

of the flow. In Swaziland it is apparent that the more silica-rich flows





















show a greater abundance of complex folding: this may reflect the composi-
tional dependence of viscosity or the lack of complete devitrification
obscuring the structures. Bristow (1976) commented on the fact that the
degree of complexity seems to increase towards the north within Zululand;
this may also be composition-related due to the presence of more basic
rhyolites in the extreme south (Bristow, pers. comm.). Contorted banding is
rare in the Nuanetsi rhyolites and Monkman (1961) distinguished the 'Maose
rhyolite lava' on the basis of the presence of 'highly contorted, ropy flow-
banding' in contrast to the other massive flows. This Maose flow has a sSpor-
adic outcrop along the contact between two massive flows. When its basal
contact is seen, however, it appears to grade into the underlying flow with
no discontinuity (Norry, pers. comm.). It seems likely that the Maose
rhyolite flow represents the contorted upper part of the underlying Bakuji

flow.

Evidence of viscosity contrasts can also be seen within a flow. They are
often manifest in 'orange-pip' structures (Plate IV.17) or in cases where a
rigid band has been broken by the surrounding flow (Plate IV.20). Small
elongate boudins (Plate IV.15) are common in the more planar-laminated areas.
Towards the top of the flow, as the rhyolite solidified, the folding becomes

autobrecciated and the contorted zone grades into the breccia zone.

(e) BRECCIA ZONE

Definition of terms. The following terms are defined in the sense in which

they are used in the ensuing discussion on breccias.

Autobreccia. A breccia produced by autoclasis. A flow autobreccia is

produced by fragmentation of a moving magma flow.
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Autoclasis (adj. Autoclastic). A process of fragmentation of semisolid

and/or solid lava during confinement beneath the surface or by relatively
slow movement of unconfined lava flows, rather than by explosive dis-
ruption (Fisher, 1960). It is taken to include processes resulting in

intrusive breccias as well as flow breccias.

Cataclasis. A process of mechanical fracture of rocks.

Epiclastic. Epiclastic volcanic breccias contain fragments produced by

any type of rock fragmentation which are transported by surface gec-

morphological agents or gravity transfer (Fisher, 1960).

Gas breccia. A gas breccia is one formed by streaming gases and

perhaps emplaced by a process of fluidization (Reynolds, 1954).

Intrusion breccia (volcanic). Volcanic intrusion breccias form by

any brecciation process within a volcanic rock and show crosscutting

relationships.

Monomict. Monomict is a term describing breccias where all the clasts

are of one type (opp. polymict).

Pervasive breccia. Pervasive breccia is used here to describe a special

case of intrusion breccia where a solid rock is veined and apparently
brecciated over large areas by large scale hydrothermal or gaseous
processes. It is not a breccia in the true sense.

Polymict. Polymict breccias contain a variety of clasts (opp. monomict).

Pyroclasis (adj. pyroclastic). A process of formation of a rock by
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explosions and ejections of 1liquid and/or solid fragments from volcanic

sources.

Tuffisite. An intrusive tuff. A term used to distinguish between in-

trusive tuff (tuffisite) and the similar extrusive varieties and for

distinguishing crosscutting pyroclasts from cataclastic rocks.

The tops of the majority of flows are characterised by zones of breccia.
These breccias are either monomict (where the clasts and host rock are the
same) and autoclastic in origin or polymict and prcbably pyroclastic in
origin. In addition to these breccias at the tops of flows, intrusion
breccias are found in the form of narrow veins of autobreccia with a tuffi-
sitic matrix and pervasive breccias, formed by intense veining giving the
appearance of brecciation, affect large areas of rock. The term allobreccia
was used in the field to mean the opposite of autobrececia or polymict (e.q.

Diagram 2).

Autobreccias

The commonest breccia-types are the autobreccias found at the tops of flows.
These are formed largely by flow autobrecciation and are gradational down-
wards into the contorted zone. The clasts are generally small, seldom ex-
ceeding 15 cm in diameter. They are angular, unsorted and identical to the
host rock which commonly shows contorted banding. The matrix is fine-
grained and often weathered, containing smaller fragments of rhyolite with
fine glassy material and later chalcedony. The process envisaged for the
formation of these breccias is one of break-up of the more solidified upper
portion of the flow due to differential movement of the part-solidified
magma beneath. As the folding became more intricate towards the top of the

flow and the viscosity increased, the folds tended to fracture and then



T

become more broken up and disorientated with further movement. This produce
angular fragments which often have an obvious 'fit', and this, together witt
the similarity to the host rock, suggests that the brecciation took place in
situ and that Tlittle subsequent movement occurred. These flow breccias are
different from those observed on basalt lavas because the rock was in a
partially solidified state when the brecciation happened and primary flow
textures are cbserved in both the clasts and the host rock. Basaltic auto-
breccias are formed when the crust breaks up on top of a moving magma and the
blocks formed, together with pyroclastic debris, roll down the front of the
advancing flow to form a zone both at the top and bottom. The’f1ow auto-
breccias observed in the rhyolites are characteristic of contorted flow-tops
and were only very rarely observed in the middle of flows, even when highly
contorted, and never at the flow base. They vary in thickness from a few

centimetres to 20 m but are generally several metres thick.

Polymict breccias

Several thick polymict breccia horizons are present at the tops of flows. One

extensive horizon is present in the J.G. Strydom Dam section and crops out

over 230 m horizontally, representing a vertical thickness of about 70 m.

It contains a variety of clast types (80 cm to 0.5 cm in diameter) set in a
weathered, fine-grained, rhyolitic matrix. The clasts include massive, lami-
nated and spherulitic rhyolites, vesicular ‘honey-comb' rhyolite, ignimbritic
and eutaxitic fragments, pitchstones and breccias. All the clasts are very
angular; none show signs of rounding or fragmentation. Clasts of different
types are frequently found in zones so that, progressing along the outcrop,

horizons with concentrations of certain clasts are found (Plate IV.22).

Vesicular, ignimbritic clasts account for half the observed clasts towards
the base of this breccia unit and are abundant in polymict breccia horizons

elsewhere. They were not observed on outcrop elsewhere in the Lebombo but






Wachendorf (1973), though these extrusive breccias do not seem to be present
in Mozambique, stated that 'the uppermost part of the rhyolitic lava flow
has a scoriaceous surface and is highly vesicular ...'. These clasts,
therefore, may represent the partly welded and vesicular uppermost portion
of a rhyolite flow, usually removed or destroyed by erosion, or similar
material forming in the vent and later erupted as pyroclastic material. The
concentration of these vesicular clasts at the base of the breccia unit

implies that a later, more cosmopolitan breccia flow covered, and mixed with,

the brecciated flow top.

The contact with the underlying rhyolite is steep but indistinct; the upper
contact is obscured by vegetation but the breccia appears to be overlain
normally by the flow above. Bristow (1976) suggested that this breccia is
probably a dyke or vent form on the basis of the steep lower contact. The
shallow, concordant upper contact, however, suggests that the breccia is at
least part extrusive. Similar polymict breccias are found throughout the
rhyolite succession (the larger ones are marked on the maps). In all cases
there is a coincidence of these breccias with flow contacts recognised by
other means (e.g. change of phenocryst type, intervening tuff horizon,
characteristic basal features of a flow, etc.). If these polymict breccias
represent fissure vents, a more random distribution of them throughout the
flows would be expected. The polymict breccias are gradational into the
underlying flow autobreccias and seem to be a final extrusive event of the
eruption of a rhyolite flow. The heterogeneous collection of clasts may
arise from sampling processes at the vent, but these vents are not observed.
In one flow the breccia was observed to grade into the eutaxitic zone

(Section (b)), but in most cases a tuff unit intervenes.

Intrusion breccias

Intrusion breccias form cross-cutting veins which occur throughout the
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rhyolite flow-units. They vary in width from 0.5 cm to several metres.

They consist of extremely angular fragments of rhyolite, identical to the
host rock, set in a fine-grained, buff, sandy-textured matrix (Plate 1V.23).
The size of the clasts ranges from 15 cm to microscopic and, in general, the
maximum size is proportional to the width of the vein. Veins of the matrix
material are sometimes seen, with no visible clasts, cutting through the
rock adjacent to the main breccia vein. In thin-section the matrix is seen
to consist of fine, angular, quartz, feldspar and opaque grains set in a
fine, irresolvable, haematite-stained groundmass (Plate IV.24). The
matrix,containing finely ground rock fragments, is typical of cataclastic
rocks and very similar to the pseudotachylytes from tuffisite pipes described
by Reynolds (1954). The process envisaged is one of gas-brecciation, whereby
large volumes of gas, passing though structural breaks in the rock, have
sufficient enerqy to fracture the rock. As the energy increases, the frag-
ments are supported or carried upwards by the rising fluid phase. The
resulting rock contains anqular or slightly rounded fragments with a matrix
of finely comminuted rock fragments. Some examples qucted by Reynolds (op.
cit.) have interstitial glass (and hence the name pseudotachylyte), but
although Monkman (1961) described breccias with the margins modified by
remeiting, no glass was observed in the Swaziland localities. Vugs and
cavities, usually where gas-bubbles have been trapped between two clasts,

are completely or partially infilled with chalcedony or goethite.

Similar dyke-1ike intrusion breccias were reported from the Little Lebombo
by Wachendorf (1973) but he only found them penetrating the flow-folded

horizon.

Large breccia dykes crop out in Zululand and intersect the basalt outcrop.
They consist of large, angular fragments (sedimentary and volcanic) set in a

very fine-grained siliceous or rhyolitic matrix and are frequently charac-
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terised by a network of calcite veins and lenses. They only occur in a
restricted area to the west of the Bumbeni Complex. Bristow (1976) inter-
preted these breccia dykes as fissures through which volcanic debris was
ejected; the rounded nature of the fragments and the absence of lava indicate-
ing that the mechanism creating the fissure was a highly fluidized, explosive
system. He added that they may also have acted as fissures for the main
rhyolite flows or, due to their restricted distribution they may be remnants

of the volcanic event that produced the Bumbeni and Cooyana Complexes.

Pervasive breccias

The pervasive breccias form a number of small areas in Swaziland (and five
larger areas denoted on the maps by roundish areas of breccia (coloured
green)). They have the outward appearance of a breccia but on the fresh
surface no distinction between clasts and matrix can be made, except
perhaps one of weathering. Structures within the clasts are generally

undisturbed relative to the surrounding rock and large 'islands' of un-
brecciated rock are frequently found in areas of intense brecciation (Plate
IV.25). The contacts are always extremely vague and ill-defined and a
gradation from extreme veining to brecciation can be observed in places. It
is apparent that this pervasive breccia is really a 'pseudobreccia’ caused
by a network of veins; differences in weathering between 'clasts' and
'‘matrix' produce a brecciated appearance (PlatesIV.26, 27). In extreme

cases, areas up to 1 km across have their structures completely obliterated

by pervasive breccia (Plate IV.28).

The evidence, therefore, is for a process producing a network of veins with
little or no structural alteration of the rock. There are none of the auto-
clastic features noted in the intrusion breccias and the whole process is
redolent of hydrothermal activity. There is no observed mineraiisation

associated with the alteration but surface sublimates and near-surface












alteration would probably be rapidly reworked by water entering the flows
(Smith, 1960). The five, roughly circular, larger areas of this pervasive
breccia may represent areas of fumarolic activity causing gentle veining
and alteration of the rhyolites in contrast to the violent gas-escape

brecciation.

(f) DETAILS OF CONTACT ZONE

In the half-dozen contacts exposed in the Lebombo, the junction between the
welded glassy rhyolite and underlying, usually tuffaceous, rocks is always
sharp. The rhyolite is generally massive to the base, though the basal few
millimetres sometimes show evidence for welding and a vitroclastic origin.
Plates IV.29, 30, show the sharp contact associated with this change in
physical properties between the rhyolite and tuffaceous rocks. The eutaxitic
zone rocks (described in Section (b)) are rare and their relationships to

the underlying flow are never seen though they are observed to grade into

the homogeneous rhyolite of the massive zone.

The rhyolite at the contact freqently shows primary banding. The contact
at the base of flow S in the Mbuluzi Gorge has a complex layering of rock

types:

Above: Massive rhyolite, contorted in places.

20 cm. Black pitchstone, becoming devitrified
upwards. Eutaxitic textures.

6 cm. Weathered pumice, no structures visible.

4 cm. Black pitchstone.

4 cm. Weathered glass and pitchstone.

1 cm. Finely Taminated and amygdaloidal.

Breccia at base.






This assortment of layers may reflect the complexity of an eruption cycle.
The thinner glassy bands may represent small flow units in themselves, the
intervening weathered zone being the equivalent of the tuffaceous zone. The
whole outcrop is weathered, however, and it is not completely clear which
textural types are solely due to weathering and the effects of jointing, and

which are primary igneous features.

The contact surface is planar on a large scale but often small-scale irrequ-
larities are present (Plates IV.29, 30). One flow contact, observed in a
road-cutting east of Komatipoort, near the Mozambique border-post, shows
small warps superposed on a planar contact (Plate IV.31). The banding
remains independent of irregularities in the base of the flow and is parallel
to the overall dip of the contact and to the joint planes. Most eruptive
processes, resuiting in lavas or pyroclastic deposits, result in the

laminae draping the topography, or at least responding to it. The basal few
millimetres of this flow show eutaxitic textures, but the main banding,
being independent of the flow contact, is probably secondary in nature.
Weathering along, and parallel to, joint planes will cause devitrification

and other alteration resulting in a colour banding.

The flow contact exposed in the J.G. Strydom Dam cuttings, above the thick
breccia unit described above, has developed unusual botryoidal structures at
the base (Plate IV.32). These structures were found at several horizons

near the base of the flow and passedlaterally and vertically into massive
rhyolite. They were at first thought to be loadcasts formed by compaction of
of the fluid rhyolite into a plastic bed beneath. Lock (1971) described
similar structures from the base of an ignimbrite unit in Newfoundland and
proposed that they were spherulites formed at the base of the flow. A

similar origin for the Lebombo occurrences seems the most feasible.
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(ii1) Volcanological Aspects

(a) EXPLANATION OF THE PROBLEM

It can be seen from the preceding description of the Lebombo rhyolites that
they have many features attributable to either lavas or ignimbrites. Con-
torted flow banding is characteristic of acid lavas and unusual in ignim-
brites; eutaxitic textures and fiamme are indicative of ignimbrites and,

except for unusual occurrences (Gibson and Tazieff, 1967), unknown in lavas.

It is suggested that, on the evidence from the eutaxitic zone, the Swazilanc
rhyolites were emplaced as large, hot, ash-flows. The flows are welded to
the base with glassy rocks within millimetres of the contact and it seems
that the heat of eruption and later devitrification were sufficient to

obscure the primary features of welding.

The following sections attempt to reconcile the classic ignimbrite story

with the features observed in the Swaziland rocks.

(b) DEFINITIONS

The term Zgnimbrite was first used by Marshall (1935) who defined ignimbrites
as rocks which are 'thought to have been deposited from immense clouds or
showers of intensely heated but generally minute fragments of volcanic magma.
The temperature of these fragments is thought to have been so high that they
were viscous and adhered together after they reached the ground'. This

definition of ignimbrite did not make clear whether it was based on the mode

of eruption or on the physical properties of the rocks.

Later workers (e.g. Fenner, 1948), because ignimbrites are characteristically
welded, used the term welded tuff synonymously with that of ignimbrite,

stressing petrographic characters rather than process. Beavon, Fitch and
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Rast (1961) defined ignimbrites as those rocks deposited from nuee ardentes,
- making no restriction on degree of welding. Smith (1960a, b) and Ross and
Smith'(1961) used the term ash-flow to describe the eruption producing
ignimbrites , and ash-flow tuff or ash-flow deposit for the resulting rocks

whether welded or not.

Ignimbrite is used here (after Sparks and Wilson, 1976) to mean the rock or
deposit formed from pyroclast flows composed predominantly of fragments of
vesic01ated magma. An ignimbrite is the product of one eruptive event and
may consist of many individual f]ow units forming one 'cooling unit!. This
definition includes all those rocks defined as ash-flow tuffs (Ross and
Smith, 1961) and also other coarser breccias and pumice flow deposits. There
is no inference in the usage of the term either to degree of welding or to

magnitude of eruption. Welded tuffs may form all or part of an ignimbrite.

Ignimbrite, therefore, is used to;describe those deposits formed by pyroclast
or ash-flows as distinct from pyrbc]ast falls and is used in a strictly
genetic sense; It is useful for describing eruptions and their products but
‘less so in palaeovolcanic terrains where weathering and poor exposure do not
provide sufficient data for volcanological interpretation. In Swaziland, the
presence of indurated or welded flows is usually the only evidence for an
origin by pyroclast flow and the term ignimbrite iS used to distinguish these
from the.non-welded basal tuffs which probably originated as air-fall

material but may, in part, be due to pyroclast flow processes.

(c) MECHANISM OF EMPLACEMENT

General

It is generally assumed that ignimbrites are formed from pyroclast flows and
that these flows move undéf the influence of gravity along topographic

depressions (Smith, 1960a). The great extent of ignimbrites is proof of
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the mobility of these flows, a mobility caused by exsolved gases or entrappec
air producing a fluidized system (Reynolds, 1954; McTaggart, 1960, 1962).

The common irregular nature and poor sorting of ignimbrites have been attri-
buted to turbulence of the ash-flow (Smith, 1960a; Ross and Smith, 1961;
Fisher, 1966) but may also be due to flotation of low density pumice clasts

in the denser flow (Sparks, 1976).

No eruption has ever been observed to give rise to an ignimbrite. Nuees
ardentes ('glowing avalanches') have been observed and described by Anderson
and Flett (1903), Lacroix (1904) and Perret (1937). They are thought to be
similar to the processes producing ignimbrites but on a small scale. They
are large dense clouds, composed of glowing volcanic fragments, which expand
to heights of over 3000 m and rush at great speed down the slopes of a
volcano. Perret (1937) described one as it passed as 'a train of ash and
lava blocks not more than five metres in width or height ... during the
whole time of its passage (30 minutes) there was complete silence'. He
estimated the speed, conservatively, at 10 metres per second and that of a
normal nuee to be something less than a kilometre perminute (17 m s'l)'
Anderson and Flett (1903) reported a speed of 30 m.p.h. (15 m s'l) for a
nuée in the eruption of the Soufriere and velocities of 50 metres per seconc
have been estimated by Lacroix (1904) for nuées at Pelée and by Moore (1967)
for a base surge in the eruption of Taal volcano. The velocity seems to
depend on the slope but, with sufficient momentum, nuées can travel great
distances along the flat (Williams, 1942). Nuées seem to be able to rapidly
decelerate; once slowed they are still self-supporting and one at Pelee,
as observed by Anderson and Flett (1903, p. 494), 'lay almost like a dead

mass on the surface of the sea'.

A prominent feature of the nuées is their rolling motion as they advance,

giving the impression of boiling (Lacroix, op. cit.). The nuee deposits
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continuously along its path, except perhaps adjacent to the source, and ther

is no evidence for large amounts of erosion.

Density Currents

Nuée ardentes have many similarities with high concentraticn flows such as
mud-flows and turbidity currents. Mud flows also have the ability to carry
clasts, a property attributed to the high particle concentration which

results in a high apparent viscosity and density for the flow.

Both pyroclast flows and mud flows behave as density currents. A density
current is a general term for relative motion under gravity of two fluids of

differing densities.

One important property of density currents, both observed in nature and re-
produced experimentally, is thepresence of a distinct head which is at least
twice the thickness of the body of the flow behind the head (Middleton, 1970)
A theoretical discussion of the motion of a density current was given by
Benjamin (1968) and a numerical simulation by Daly and Pracht (1968). These
studies and those of the experimentalists (e.g. Middleton, 1970), have been
concerned with a two dimensional head, both for numerical and practical sim-

plicity.

Consider an empty cavity advancing beneath the upper solid boundary of an
infinitely deep fluid of density o (Figure IV.2). The cavity develops a
head and a body considered to be of infinite length. The cavity is

arrested by applying an equal and opposite velocity to the ambient fluid.

The point, S (Figure IV.2), where the streamline detaches from the boundary
layer, is called a stagnation or attachment point. The pressure at S is

given by Bernoullis' theorem:
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Fig. IV.2. Definition diagram for theoretical discussion of
density currents.

Fig. IV.3. Fluid motion in and around the head of a density

current (after Allen, 1970; Middleton, 1970).
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ig. IV.4. The velocity of a density current as a function of thickness

of flow and excess density (Equation IV.6). Sparks and Wilsen
(1976) estimated the density of a pyroclast flow where 0% by
weight of the dispersion is H,0 to be five times tnat of t-e
atmosphere. For more plausible gas percentages the density rat
would be much higher. Plotted for density of the flow = 5, 10
and 15 times atmospheric density. k taken as 1.07.
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P, = P, + 3pC? (4.3)

where: Py = pressure at S;
'po = pressure on the horizontal boundary far upstream;
p = density of fluid;
c¢ = flow velocity.

Ps is also equal to the pressure in the cavity due to hydrostatic pressure

Pg = pgh + P,

where h is the net fall in elevation between the cavity and the fluid.

Equating these expressions:

c2 = 2gh (4.5)
or:
c = V2gh

When scaled for density currents:

c = kv/(ghap)
p
where Ap = density difference between the two fluids;
p = density of ambient fluid.

The velocity, ¢, is defined in terms of the supply rate:

> |©



where Q = supply rate or volume of flow passing a fixed point per unit time,
and not, as in Middleton (1970), in terms of the velocity of the head as this
is modified by processes operating in and around the head. The velocity
coefficient, K, in the ideal case, can be derived from equation (4.5) and

is equal to 2. Experimental data give values of from 1 to 1.2 for K; the
discrepancy is explained by energy losses from the system due to viscous drac
and loss of fluid due to turbulence (Benjamin, 1968). A value of 1.07 is

proposed by Keulegan (1958) as a universal approximation.

Experiments show that density currents behave as predicted by equation (4.6)
provided that the Reynolds number is Targe (a condition satisfied by vir-
tually all natural flows). Viscous drag causes the leadinc point of the hecc
to be displaced away from the boundary (Figure IV.3). The motion within

the head is turbulent and diverging about a central streamline. Large
rapidly circulating vortices are present at the rear of the head and fluid
may be lost to the medium (Figure IV.3). Because of this the velocity of

the head is generally less than the body of the flow as fluid from the body

is continually replacing that lost from the head (Middleton, 1970).

Previous work, both theoretical and experimental, has been concerned with
turbidity currents. The problem involved in an attempt to model nuees
ardentes is the lack of observational data concerning the densities and
sizes of the flows. Sparks and Wilson (1976) estimated the initial density
of an eruption column to be at least five times that of the atmosphere and
this value has been used as a guide. The flow velocity is plotted as a
function of height of flow and excess density in Figure V.4. Perret's
observations of a flow 5m thick travelling at about 10 metres per second,
are clearly of the right order of magnitude to agree with theoretical con-
sideration. Similarly Lacroix's estimate for nuées of 50 metres per second

would be compatible with flow thicknesses of 20 - 50 m for the density
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contrasts considered. The thickness of ash-flows producing ignimbrites is
not known but estimates of 100 m would imply velocities of the order of

100 metres per second.

Fluidization

In the preceding paragraphs the assumption has been made that nuées ardentes
behave as dense fluids. In this section the fluidization hypothesis, based
on the industrial process, is discussed in regard to nuées and its implica-

tions considered.

vIn the industrial process of fluidization, gas is passed through a bed of
fine-grained solid particles. As the gas ve1ocity'increases, the bed

expands and the {ndividual particles become free to move. The bed of par-
ticles adopts a fluid-like appearance and is said to be fluidized. Fluidiza-
tion occurs when the velocity of the gas is sufficient to support the
particles. As the velocity increases, bubbles of gas form, entraiﬁing the

particles; and the bed is said tb be boiling (Reyno1ds, 1954).

The expanded bed has a definite, and roughly horizontal, upper surface, a
measurable viscosity and a.density analogous to that of a liquid so that
objects of lower specific”gravity will float. Both the density and
viscosity of the expanded bed increase with the size of the particle. For
‘a given material, the viscosity is lower when the particles are uneven in
size and the addition of fine-grained material to a bed of coarser-grained

material increases the mobility markedly.

The minimum fluidization velocity for a bed of particles, assuming constant
,sphericity and constant voidage at minimum fluidization state, is given by

the expression (after Sparks, 1976):
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where :‘me = minimum fluidization velocity;

d = mean particle diameter;

pg = density of gas;

Ap = density differencé between gas and solids;
.u = gas viscosity;

g = acceleration due to gravity;

a,b = constants.

me is, for relatively small particles, a function of d?. Depqrture from
spherical shape can reduce me substantially for a given particle size

(Sparks, op. cit.).

The terminal fall velocity, Vt,‘%s given by the expression (Sparks, op. cit.)

3
v, = [ag.ﬁ.d] (for Reynolds Number >500) (4.2)

Pg
Vt is independent of viscosity for high Reynolds' numbers.

me and Vt are plotted as a function of grain size (Figure IV.5). It is
apparent that for a wide range in grain size three differing states of
fluidization for a given gas velocity will exist: non-fluidized, fluidized,
and entrained. The maximum extent of the fluidized phase can only cover
approximately one order of magnitude of grain size, whereas ignimbrites can
be expected to cover at least four. As the gas velocity exceeds Vt’ the

particles become entrained and may be removed from the system.
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The estimates for me based on theory will probably be too large for natural
systems. The degree of angularity and the presence of particles of differ-
ing densities will lead to a number of particles of different sizes with the
same me. Fine-grained particles may, when fluidized, increase the apparen+
density of the gas and reduce me still further (Sparks, 1978). The forma-
tion of bubbles in a fluidized system destroys the steady state and tends *
produce a mixing of particles of differing densities (Rowe et al., 1962),
and hence a lower apparent me. In spite of these reservations it is hard
to envisage a pyroclast flow consisting of particles with a size range of

four orders of magnitude becoming completely fluidized.

McTaggart (1960) concluded that gas emission from the entrained magmatic
particlies was insufficient to maintain the fluidized flow and proposed a
mechanism of rejuvenation by incorporation of air by the rolling motion of
the flow. His experiments with hot andesitic sand showed a large dependence
of mobility on temperature. He postulated that the dense Tower part of the
nuee was continuously engulfing cold air which on heating expanded progres-
sively and explosively as it tore through the flow. The boiling appearance
of the nuee is, presumably, due to the entrapment of air in a mechanism

akin to waves breaking on a sea-shore. Further incorporation of air can

arise by eddies on the rearward side of the head.

The evidence from observations and theoretical considerations implies that
nuée ardentes are probably semi-fluidized. Turbulence of the ash-flow,
however, will result in irregular air intake and hence a non-steady state
with an irregular velocity distribution. Explosive bursts of gas will
enable a flow to behave as if fluidized even when the mean gas velocity 1is

less than the minimum fluidization velocity.
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(d) FEATURES OF IGNIMBRITE DEPOSITS

The usual and accepted model for ignimbrite emplacement, as discussed above,
involves a glowing cloud of hot magmatic particles and associated pyroclasts
advancing rapidly and over great distances from the eruption site. There tends
to be a vague sorting of the supported clasts with pumice fragments floating

to the top and Tithic fragments sinking down. Some ignimbrites are completely
homogeneous and unsorted (Sparks and Walker, 1973).

As the flow slows or the supporting gas pressure is reduced the suspended
particles are dropped. If the temperature of the fragments is hot enough
welding will occur. A temperature of 535°C has been quoted as the mininum
welding temperature of a gas-rich glass and 750°C for an anhydrous glass
(Smith et al., 1958). Some ignimbrites are non-welded; the great majority
are all or partially welded.

The presence of welded shards is indicative of ignimbrites. With sufficiently
high temperatures complete homogenisation of the shards may be expected and
hence an obliteration of the primary vitroclastic features may be observed

in the centres of flows (Ross and Smith, 1961). Ignimbrite sheets tend to

be thick and the temperatures within would be expected to be high as ash-
flows have been shown to be a thermally efficient method of emplacement

(Boyd, 1961).

Many more recent ignimbrites can be divided into textural zones caused by
differences in degrees of welding and comapction (see Briggs, 1976 for
details and references), and mineralogical zones related to concentration
of phenocrysts (Lipman et al., 1966). The Lebombo flows are generally
extremely massive, showing none of the textural features typical of recent
ignimbrites, and it seems that their large thicknesses may have served to
obliterate the primary features by welding and compaction. Preliminary
studies of the phenocryst abundances (this study and Bristow, 1976) have
not revealed any obvious modal zonation; this may be due to these large
cooling units not preserving their initial mineralogical stratification
during eruption, or to the presence of a number of flow units within a
cooling unit.

The majority of the Swaziland flows are completely massive and show few
primary textures. In the eutaxitic zone rocks and in a banded pitchstone
(Plate IV.33) the groundmass is often finely banded. This banding is slightiy
discontinuous and is probably due to an advanced degree of welding as are
parataxitic textures (Plate IV.10); extreme compaction and elongation of the
shards produces the fine banding.






Ash-flows usually carry pumice clasts which when deposited, collapsed and
elongated, form the characteristic fiamme, diagnostic of ash-flow deposits
(Ross and Smith, 1961). Fiamme were found in one horizon in Swaziland and
represent the only direct evidence for an origin by pyroclastic flow. As
described in section IV.ii.b, these fiamme grade into a well-laminated zone
which becomes progressively more finely laminated and more streaky in nature
until it grades into a pitchstone or its devitrified equivalent. No single
flow shows the whole sequence but the complete gradation can be pieced
together from the basal zone of several flows. The eutaxitic zone is seldom
more than a few millimetres in thickness and eutaxitic textures are not
found above this horizon. Apart from the breccia zone there are no pumice

or lithic clasts observed in the massive zone.

Above the massive zone, flow folids appear. There are present throughout

some flows and at the tops of the majority of flows. Flow folds are charac-

teristic of viscous 1liquids and are ubiquitous in rhyolite lava flows. Many

authors have described flow laminations in ignimbrites but more as exceptions
rather than the rule (e.g. Rittman, 1962; Smith, 1960a; Rutten and Van Ever-

dingen, 1961; Schmincke and Swanson, 1967; Lock, 1972) and in most cases the

contortion is attributed to secondary remobilisation.

Rittman (1962), describing ignimbrites from Monte Amiata, Tuscany, proposed
the term rheoignimbrite to describe the unusual flowage features. These
rheoignimbrites form broad flat streams on the flanks of the mountain
projecting lobe-1ike from an ignimbrite sheet. Evenly spaced arcuate ridge:
occur on the surface of the rock. They are formed by upthrusting of the
upper more viscous portion of the flow due to flow of the rore fluid basal
part. The uppermost layers are folded, broken and pushed up, while the
more fluid material from the deeper layers has intruded into the resulting

anticlinal structures and into the planes of fracture.

- fwm
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This slow flow of material completely destroys the characteristic ignimbrite
textures. There is no trace of welded glass splinters in the groundmass;

it is homogeneous and often contains perlitic cracks. Flow texture is fairly
common, recognised in thin vesiculated layers formed along shear planes.
These deposits can be distinguished from lava flows by their absence of a
slaggy upper surface and by their mode of occurrence; they form uniform
sheets, even over undulating country, while lava streams are confined to

topographic depressions (Rittman, 1962).

This concept has been applied by Rutten and Van Everdingen (1961) to a struc-
ture within the Permian Ramnes Volcano, Oslo Graben (Figure IV.6a, b). They
interpreted the observed structures, previously thought to be part of a
laccolith,as rheoignimbritic. A central volcanic plug is surrounded by out-
ward dipping ignimbrite flows of syenite porphyry and quartz porphyry.

Normal ignimbrite textures grade laterally into rheoignimbrites with stronc
developed fluidal lamination and pronounced centripetal dips, often up to
70°. Their interpretation was similar to that of Rittman's and the fiow
features were considered to have formed when the ash flow came to rest,
remelted and flowed downhill. Lock (1972) described a rheoignimbrite from
Otter Cove, Newfoundland. He accepted the theories for its formation
proposed by Rittman but believed the Otter Cove ignimbrite to have suffered
more gas exsolution, the final product being more brittlie. This brittieness
led to the development of arcuate shear zones (Figure IV.6c, d), analogous
to Rittman's 'ruga' or wrinkles, along which a high proportion of the

gases escaped and tuffisites were deposited and fumaroles (not preserved)
developed at the surface. The banding in the Otter Cove rheoignimbrite is
extremely regular and dips towards the postulated source region at angles of

50° - 70° (after correction for tilt). The shear planes are parallel with

the banding.
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Fig. IV.6. Formation of rheoignimorites

a, b.

Ramnes Volcano, Cslo Graben (from Rutten and Van Ever-
dingen, 1963). (a) A vent fills with fluidized magma
and erupts ignimbrites. (b) The complete volcano

showing centripetally dipping rheoignimbritic banding.

Detail from a single rheoignimbrite showing steepenirg
of dip and the development of shear planes (from Lock,
1972).
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Schmincke and Swanson (1967), describing flowage structures in ash-flow
tuffs from Gran Canaria, concluded that the flow features are caused by
primary laminar flow in the ignimbrite. The described stretched, broken anc
pulled apart pumice fragments, tension cracks in the matrix, hollows round
inclusions, folds, imbricated pumice fragments and ramp structures. Most of
the structures are directional and yield consistent movement directions for
the ash-flows. The ash-flows are interpreted as moving as viscous, in-
homogeneous 1iquids immediately before coming to rest. The flow is explain
as primary due to the presence of fold structures throughout each flow,
regardless of slope of substrate, and are even found in the flat-lying beds
exposed in the caldera. Rittman (1962) hinted that the Monte Amiata rheo-
ignimbrites were local 'facies' variants of a main ignimbrite sheet.
Schmincke and Swansen (op. cit.) consider a coincidence of a slope and a

hot magma, which caused the rheoignimbrites, to be unlikely to occur in all
fifteen flows. They proposed an eruption mechanism whereby the ash flow,
probably never greatly inflated, becomes slower and denser with degassing.
As the density increased, compaction welding occurred to form a viscous
fluid; the momentum of the flow was then sufficient to produce the flow

structure.

The flow folds observed in the Lebombo rhyolites are very irregular and no
consistent flow directions could be calculated in Swaziland, Zululand

(Bristow, 1976) or Mozambique (Wachendorf, 1971, 1973).

While the folds at the tops of the flows are very irregular, laminar flow
has taken place at the base and isociinal folds and large amounts of ex-
tension are the result. The structures are present in virtually all the
flows and, though often obliterated by devitrification, are probably preser:
throughout each flow. The absence of fiow autobreccias at the base of zine

~ -
|

Y

flow, a characteristic of lava flows (Christiansen and Lipman, 1965),
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the presence of primary ignimbrite textures implies that the fold structures

were formed in a viscous liquid deposited as an ignimbrite.

The presence of asymmetrical drape structures around phenocrysts has been
cited as proof of flow (Christiansen and Lipman, op. cit.) and symmetrical
structures as proof of compaction (Plate IV.34, 35). They are both present
in the Lebombo Rhyolites and it seems that compaction has definitely occurred
at the base of most flows. Higher up flow laminae are generally asymmetrical

about phenocrysts.

One unusual feature about the Swaziland rocks is the presence of primary
banding inclined steeper than the dip of the flow. This was observed through-
out the succession and is especially obvious in the Mbuluzi and Usutu gorges.
This may be explained by considering the discussion by Lock (1972) on rheo-
ignimbrites where he stated that the banding of the flows is regular and

dips steeply towards the centre of eruption. If the same mechanism was
operative in Swaziland it would imply that the rhyolites were remobilised

and flowed downhill to the west (Figure IV.7). For a likely volcanic topo-
graphy a source to the east seems probable; an idea supported by the

absence of volcanic necks to the west of the outcrop.

The other features described by Lock (op. cit.): ramp structures (one
observed by Bristow (1976)), tuffisite veins and fumarolic alteration, are
also observed in Swaziland but are not common and do not bear the same
relationships to the flows. The applicability of arheoignimbrite hypothesis
to the rhyolites is questionable and depends on the flows being erupted on
to a slope throughout the succession. Rittman's original rheocignimbrites

were small in extent and part of a much larger sheet.
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Fig. IV.7. Rheoignimbrite model for the Lebombo

(a) Eruption of ignimbrites on a westerly-dipving slope
followed by remobilisation to produce centripetal dips
(after Rutten and Van Everdingen, 1563).

(b) Downwarping to produce the present-day structure (c).

The source area is postulated to be to the east of the
Lebombo as eruption centres are generally associated with
up-doming or positive topographic features.



10«

(e) THE ORIGIN OF FLOW BANDING : A PHYSICAL SYNTHESIS

The depositional mechanism, as outlined above, involves the transport of
particles in a fluidized or semi-fluidized state. As the mean gas velocity
becomes less than the fluidization velocity for a given particle, that
particle will be dropped from the system. In an ideal system, this would
lead to a graded bed; turbulence and varying properties of the particles
and suspending fluid will produce lesser amounts of sorting. A hot layer
of magmatic particies will be produced which may have primary lamination.

Any contorted flow within the ash-flow will not be preserved as contortions

in the resulting deposit.

Any structures observed in the rhyolites, other than primary depositional
lamination must, therefore, be produced by post-emplacement processes.
These can be divided into three types:

1) Body forces;

2) Externally applied stress;

3) Thermal processes.

1) Body forces

Gravitational instability due to deposition on a slope or to irregular flow
thickness will result in flowage down slope or lateral spreading respect-
jvely. Flow will occur throughout the rhyolite producing visible banding
if the flow laminae are preserved. The flow folds at the top of the rhyo-
Tite will tend to be irregular, due to inhomogeneities within the deposit;
those at the base, due to shear from the overlying moving flow, will be

near-horizontal and more uniform in nature.

The velocity of a viscous lava flow can be described by the equation for

flow in a wide channel (Friedman, Long and Smith, 1963):
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V =g sina d%p/3u

where V = velocity of flow;
g = gravitational acceleration;
a = angle of slope;
d = flow thickness;
p = density;
u = viscosity.

For a 200 m ignimbrite on a slope of 59 composed of rhyolite glass at 900°C
with a viscosity of 1010 poise (Figure IV.8) and a density of 2.2 gm/cc,

the velocity of movement would be 2.5 cm s'! (0.1 km/hr). This will be a
maximum value as the viscosity used is a minimum value and will increase
with fall in temperature towards the top and bottom of the flow. At 800°¢C
V = 0.001 km/hr.

The Reynolds number for this flow:

X
1]
|
|

where v is the kinematic viscosity, is 1075 for 900°C and 1072 for 800°C
(the critical value for turbulent flow is around 10*) and the flow within

the ignimbrite should be laminar, a conclusion borne out by field evidence.

Boyd (1961) estimated the cooling rate of a 30 m pyroclast flow after
emplacement to be about 5%/hr. A 200 m flow would cool at about a fifth

of the rate, i.e. 1°/hr. The distance travelled before cooling reduces the
flow rate is of the order of 10 km for a flow initially at 900°C and of the
order of 0.1 km for a flow at 800°C (for a 5° slope).
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These flow rates are sufficient to produce the large-scale flowage
features observed but will not greatly affect the distribution of each ig-
nimbrite. Lateral spreading of flows due to hydrostatic pressure will take

place at similar rates, dependent on the height difference.

2) Externally Applied Stress

Shear applied externally to the flow could be either due to friction from
the movement of the overlying flow or to processes involving the initial

ash-flow.

Shear is present in the basal zones of the ignimbrites but is not trans-
mitted through the contact and the tuffaceous zone rocks are not affected.
Applied stress from the ash-flow itself will be more complex but if deposi-
tion from a fluidized flow is assumed, the main effect will be the deposi-
tion of glass particles with a forward momentum. Though producing a slight
shearing in the uppermost band and perhaps some rotation of phenocrysts and
development of laminae, shear stress applied by the ash-flow cannot be

envisaged to have a large effect.

3) Thermal Processes

The stability of a fluid layer heated from below or cooled from above is
dependent on the ratio of the gravitational force (due to thermal expansion,

to the viscous force. The criterion for stability is given by the Rayleig

Number:
Ra = aATgZ3
vk
where o = coefficient of thermal expansion;
AT = temperature difference across fluid layer;

gravitational acceleration;

(e}
]



z = thickness of fluid layer;

v = kinematic viscosity (=u/o)

x
]

thermal diffusivity (= thermal conductivity/specific heat/density).

Taking the values for fused quartz (Handbook of Chemical and Physical

constants):

a« = 1.65 x 1076 ¢l
8.3 x 102 cn? s !

=
1]

the viscosity for rhyolite glass from Figure IV.8 (from Friedman, Long and
Smith, 1963) and p = 2.2 gm/cc the Rayleigh Number can be calculated as a
function of z (Figure IV.9).

The major variable is that of viscosity which is a function of temperature,
water content and, to a lesser extent, composition. Once over a thickness
of 100 m Ra is relatively independent of flow thickness. The critical value
for convection is dependent on the boundaries of the fluid layer but is of
the order of 2 x 103. The temperature is assumed to be maximum at the base
of the flow and zero at the top but the Rayleigh Number is not sensitive

to variations in temperature gradient.

From Figure IV.9 it can be seen that for a flow of 200 m thickness at
900°C the Rayleigh Number is 30,000 and the flow should be thermally

unstable.

The value of Ra, and any other viscosity dependent parameter, is critically
dependent on the temperature of the emplaced ignimbrite. Pre-emplacement
temperature changes of the magma are mainly due to exsolution and expansic
of the gas phases; other heat changes due to conduction, vesiculation,

crystallisation, oxidation, etc., have been shown to be negligible (Boyd,
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Fig. IV.9. Variation of Rayleigh Number with flow thickness and temperature

for rhyolite glass. Viscosities estimated from Fig. IV.8 for
0.1% H,0. These viscosities are maximum values and hence the
Rayleigh Numbers represent minimum values. Ra = 2000 is taken
as the limit for marginal convection.
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1961). Boyd (op. cit.) calculated the total cooling of a rhyolitic magma
assuming reversible, adiabatic expansion of the separate gas phase and allow-
ing for the heat of evaporation of the gas and heat losses on eruption due
to radiation and conduction (Figure IV.10). Boyd's calculations were for

H,0 only; AHva for CO, can be calculated from the data on CO, solubility

p

given by Mysen et al. (1976) and at 10 kb, AHva for CO, in an albite melt

P
= 200 cals deg ! g1, and is of the same order of magnitude as that for

H,0. CO, solubility is insignificant in acid melts below 5 kb.

The initial temperature of the magma prior to eruption is difficult to
estimate but the absence of hydrous phases and the presence of resorbecd
quartz and feldspar phenocrysts suggests that the magma was fairly dry and
near or above the liquidus. Figure IV.11 shows the liquidus temperature
for rhyolite magma as a function of pressure, temperature and water content.

For low water contents and at low pressure the rhyolite liquidus is around

1000°C.

The cooling curve presented in Figure IV.10 is calculated assuming equili-
brium between vapour, crystals and melt for each water content and hence
represents a maximum heat loss for the system. If the magma erupted from

10 km (3 kb) to the surface the liquidus temperatures, amount of cooling

and hence emplacement, temperatures can be calculated as a function of vola-

tile content (Figure IV.12).

The emplacement temperatures are above 900°C for volatile contents of less
than 1% (Figure IV.12). The viscosities used in the calculations are based
on 0.1% H,0 and hence are maximum values. An increase in water content from
0.1% to 0.5% makes an order of magnitude difference in the viscosity

(Figure IV.8) and hence also in the Rayleigh number.
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It is concluded that the flows are thick enough and hot enough for thermal
instability and marginal convection to occur. The slow movement of the
flow centres should be sufficient to obliterate primary textures and,

depending on the preservation of flow laminae, produce some form of convec-

tion-related banding.

Summary

The Lebombo rhyolites form flows on average 200 m thick and extending for
some 50 km along strike. Each flow can be divided into a series of textural
zones, some or all of which are present in each flow. The basal eutaxitic
zone rocks contain fiamme and other features indicative of an origin by
pyroclastic flow. The overlying massive zone has had the primary features
obscured by intense welding and devitrification. The contorted zone shows
laminar fluidal textures which grade into the massive zone but are present
throughout some flows. The contorted banding is probably caused by gravi-
tational effects, either due to flow down a slope (as a rheoignimbrite) or
to lateral spreading due to initial hydrostatic pressure differences. Four
types of breccia are found: autobreccias due to brittle fracture of contor-
ted folds, polymict extrusive breccias emplaced as pyroclastic flows,
tuffisitic breccias, caused by gas escape, forming veins and dykes, fuma-
rolic breccias due to high degrees of veining and hydrothermal activity.
Inter-flow tuffs have none of the features of base surge deposits and may
represent pyroclast fall material associated with pyroclast flows. They

contain a high percentage of derived quartz grains.

The rhyolites are considered to have been emplaced as fluidized density
currents with the fine particles increasing the apparent density of the
“fluid phase. Calculated velocities for a density current model are

consistent with observations.
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A discussion of the thermal history of the magma involved gives an idea of

emplacement temperatures and the possibility of post-emplacement thermal

convection.

The source of the eruptions is presumed to be to the east of the present
outcrop; no fissures were observed in the rhyolites and the rheoignimbrite

model suggests a west-facing slope to be compatible with accepted topo-

graphies for volcanic areas.

(iv) Intrusive Rocks

(a) Granophyre

Six separate granophyre bodies are found in Swaziland: Mananga Ridge (Nortr
of Mbuluzi), Lusoti (two bodies), Stegi (two large bodies) and Maphung-
wane. They all crop out as north-south elongated bodies, intruding the
basalt close to the base of the rhyolites. Those at Lusoti and Stegi may
represent single larger intrusions. Apart from the granophyre at Maphung-
wane which has no topographic relief, they form hills of prominent relief,
that at Mananga forming a steep escarpment. The granophyre is rarely ex-

posed in situ and tends to form large rounded boulders.

Texturally the granophyres are all very similar. They are coarse- to
medium-grained with quartz, two feldspars and a mafic phase (hornblende,
augite, and/or biotite) as the main constituents. Fluorite, apatite and
zircon are the main accessories. The quartz is always intergrown with the
feldspar in a granophyric texture which is fine near the margins of the
intrusion and coarser in the centre. There is a large colour variation in
the granophyres, both between and within intrusions. When fresh the grano-

phyres are commonly bluish-grey though reddish varieties are also found.

No contacts of the granophyres were seen exposed and their temporal relaticn-
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ship with the rhyolites is uncertain. Small granophyre dykes cut the‘
rhyolites and south of Stegi the southern of the two granophyre bodies
appears to cut into the base of the rhyolites. In the Kruger Park, however
large bodies of granophyre are found within the rhyolites (Saggerson, pers.
comm.) and it seems probable that the granophyres in Swaziland are also

later than the rhyolites.

Gravity and magnetic data show the Stegi granophyre to be an elongate dyke
dipping to the east (Buriey et al., 1970). Further detailed studies have
not been done though the magnetic anomaly associated with the Maphungwane
intrusion suggests that the granophyre may be considerably more extensive

than the surface outcrop (aeromagnetic map of Swaziland, in Burley et al.,

1970).

Small outcrops of granophyre occur to the east of the main Mananga intru-
sion. These form small topographic prominences and may be smaller associa-
ted bodies or parts of the top of the intrusion covered elsewhere by a

basalt roof.

Granophyre dykes are common around the intrusions, the one east of the
Maphungwane intrusion showing good contact relationships with the basalt
and rhyolite flows. The dyke rocks are similar to, though finer grained
than, the main intrusions; the largest one to the north of Stegi is indis-

tinguishable from the north Stegi granophyre.

The orientations of the granophyre dykes are irregular in contrast to the
uniform northwards elongated nature of the major intrusions. The dykes

have a tendency to radiate from the main bodies but still have a dominant

northerly trend.
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(b) Dolerite Dykes

A Targe dolerite dyke swarm is present throughout most of the Swaziland
lowveld. The main swarm trends slightly east of north intruding the Karrc:
sediments in the south of Swaziland and cuts obliquely across the basalt
outcrop. It reaches its maximum development in the south of Swaziland,
forming the Rooirand range of hills, but becomes less prominent further
north, finally petering out around Stegi. Isolated dykes are found further

north but no swarm could be identified.

The dolerites are resistant to weathering relative to the basalts and vir-
tually all the outcrops in the lowveld are formed by dykes or basalt baked
by dykes. Dolerite dykes in the rhyolites are extremely rare, even in the

Mbuluzi Gorge exposures only four were found.

The thickness of individual dykes is hard to measure as the full width of
the dykes is rarely ei%osed, dykes often forming lines of boulders. Where
exposed in road cuttings the thickness of individual dykes ranges from
100 m to 1 m. Urie and Hunter (1963) reported an average thickness of
between 25 and 30 metres. Bristow (1976) found that the thickness varied

from 25 m to very thin dykelets and stringers.

The percentage of intrusive material is often very high in the axis of the
swarm. Road cuttings in the Rooirand to the south of Swaziland contain

over fifty per cent of dolerite intrusive into basalt. Bristow (op. cit.)
quoted an average value of forty per cent for the Mkuze area. No estimate

could be made for the extension in Swaziland.

The dip of the dykes is generally steep to the west, usually in the range
of 60° - 70° though values as low as 45° are found. The structural aspect

are described in Chapter V.
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Bristow (op. cit.) recognised several phases of intrusion though with no
significant difference in age or attitude. It seems unlikely that the two
distinct periods of dyke intrusion found in the similar coastal monocline

of east Greenland, one before and one after flexuring (Nielsen, 1976; Wager.

1947), exist in the Rooirand swarm.

Petrographically the dykes are all very similar. They are fine- to medium-
grained and generally aphyric, though rare plagioclase phenocrysts are
found. An ophitic intergrowth of plagioclase and augite forms the ground-

mass. Amygdales are very rare and their presence was used to distinguish

basalts from dolerites.

Large numbers of dolerite sills were emplaced into the sediments and
basement beneath the basalts (Figure III.1) but no sills have been recog-

nised in the basalt succession.
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STRUCTURE AND STRATIGRAPHY
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V. STRUCTURE AND STRATIGRAPHY

V.1 Introduction

In the previous chapter the features observed within the rhyolites were des-
cribed out of their regional context. In this chapter the rhyolite flows
are treated as separate stratigraphical units and described in relation to
the overall structure of the Lebombo. Al1 the features referred to are
found on the 1:50,000 map sheets, supplemented by a larger scale map of the

Mbuluzi Valley (Diagram 1), the joint trend map (Diagram 4) and the geologi-

cal cross-sections (Diagram 3).

V.2 Subdivision of the rhyolites

The rhyolites can be divided into three groups on the basis of hand-specimen

mineralogy:

(1) - Basic Group The basic group is characterised by the rarity or

absence of quartz phenocrysts. Rocks of this group are found
predominantly at the base of the rhyolite succession though a
few flows are present higher up. The main escarpment, except
for a short stretch west and south of Stegi, is mainly formed
by these basic rhyolites. Similar rocks are found in the
Lebombo to the north and south of Swaziland. Two further sub-

divisions of the basic groups have been made:

Interbedded rhyolites These form narrow north-south strips

within the upper part of the basalt succession to the south
of Stegi and to the north of the Stegi granophyres to the
Mbuluzi. They are petrographically very similar to the rocks

at the base of the rhyolite succession proper.
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Rhyolitic interbeds These form several thin flows in the

Towe part of the basalt succession. They are unremarkable in
the field, being weathered and poorly exposed, but are

chemically different from the main body of the rhyolites
(see Chapter VIII).

(i) Acid Group Rocks of the acid group form three flows of approxi-

mately the same stratigraphical height. They are very distinctive

in the field with an abundance of large quartz phenocrysts. These
acid rhyolites frequently have well-developed fluidal banding through-
out the thickness of the flow (e.g. Flow J in the Mbuluzi cuttings).

(iii) Intermediate Group The intermediate group accounts for the bulk of

the succession. The rocks are commonly pale-grey with quartz and

white feldspar phenocrysts in a fine-grained matrix. They are often
- completely massive, rarely showing flow-banding or lamination.

Except for some quartz-porphyries in the Bumbeni Complex, quartz-

phyric flows have not yet been recognised in the Lebombo within

South Africa, but are found in Mozambique (Wachendorf, 1973; Assuncao

et al., 1962).

Though these three groups are gradational into one another, the flows are
usually easy to classify and are homogeneous enough for flows to be correla-
ted over large distances purely on the basis of hand-specimen details.
Adjacent flows belonging to the same group are generally separable on minor
mineralogical and textural details (e.g. amount of quartz, colour of feld-
spar and presence of glomeroporphs); for clarity, they are given slightly

different colours on the maps - these colours have no other significance.
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In most cases the flow contacts are well-defined by topographic and textural
features but in areas of low relief and poor exposure the flow subdivision

is based purely on petrographical evidence. The area between Stegi and
Groenpan contains a number of thin flows (IV, V, VI and VII). It is an area
of Tow relief and 1little exposure and the mapping and subdivision of the flct.

is based entirely on small but significant differences in hand-specimen.

The mapping was mainly done by making east-west traverses and interpolating
and extrapolating using air photos. The small extents of breccia- and tuff-
horizons are a reflection of where they were encountered rather than their

true distribution.

The true dip of individual flows is difficult to measure for reasons dis-
cussed in the previous chapter. Dips marked on the maps are, in general,
dips on primary, non-contorted banding; dips calculated from the examination
of flow contacts veeing downstream are in general less than the dip measured
on outcrop. Dip angles on the geological sections (Diagram 3) are thought tc

be the best possible estimates using both measured and calculated values.

V.3 General features of the rhyolite succession

Individual flow or cooling units have been mapped out and the sequence of
flows and their stratigraphy has been determined. The structurally simple
nature of the monocline has produced parallel, near north-south trending,
outcrops for the rhyolite flows and the order of superposition can be easily

seen.

The variability of the thicknesses of individual flows is partly caused by
the identification of cooling units rather than flow units; where the expo-

sure is better (in the Mbuluzi gorge) the average thickness of the flows
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mapped is much less. Along the line of Section 4, flow XI is completely
massive and homogeneous over the outcrop width of 6 km. Further south
slight textural differences enable it to be divided into three thinner
flows: XI, XIIT and XIV. Where tuff and breccia horizons are absent, sub-

division of large cooling units becomes more difficult.

The Tength along strike varies from 60 km (Flow XI) to 10 km (Flow XII) but
in general is between 40 and 50 km. Because of the monoclinal structure no
areal extent can be estimated although analogies can be drawn with the
equivalent rocks in the Nuanetsi syncline where flows can be traced for up
to 25 km along the length of the syncline and 13 km across it (Monkman, 1967
There is no reason to suppose that the Tateral extent of the rhyolites in
Swaziland is not of the same order of magnitude as their length parallel to

strike.

The rhyolite outcrop has a pronounced sigmoidal warp with a broad synform
and antiform centred on Stegi and the Mbuluzi respectively. The warping
is most pronounced near the base and is gradually flattened out by the

successive rhyolite flows so that the uppermost flows strike north-south.

There are numerous minor unconformities and cverlaps within the rhyolite
succession. Flow XXI effectively marks the end of the synformal warp and
rests on six lower flows. None of the overlapped flows shows any large-
scale truncation due to erosion, but often the contacts are not exposed.
Flow XI overlaps Ia and Ila and the interbedded rhyolites and comes to rest
against basalt, though with minor faults along the contact. The outcrops
of the flows within the synform seem to be controlled by the synform and
wedge out to the north and to the south. South of latitude 26%45' the
rhyolites resume a north-south strike. Some of the thinner flows may rep-

resent lobes of a larger flow- flow VI, for example, has a larger and a



smaller outcrop sandwiched between flows V and VII.

The two synforms, that centred around Stegi and that to the north of the
Mbuluzi, do not seem to have any flows in common; the flows in the Stegi
area, except perhaps Ia and Ila, are stratigraphically higher than those to
the north. The centre portions of each of the synforms contain thick
sequences of rhyolite which have a certain amount of interfingering but are

basically of different ages.

The interbedded rhyolites act as marker horizons within the uppermost part
of the basalt succession. The three parallel flows in the Big Bend area
strike almost due north and can be traced 100 km south to the Pongola river.
North of Big Bend they start curving to the west in an apparent reflection
of the rhyolite outcrop, but are overlapped by the basal rhyolite flows and
disappear just south of the southern Stegi granophyre. North of Stegi
interbedded flows reappear, but here they are steeply dipping, forming
narrow parallel ridges, and repeatedly faulted, both by north-south strike
faults and smaller normal oblique faults (Plates V.1, 2). It was not
possible to correlate the flows over the faulted zone, although in the
Lusoti area (lat. 26°16'5) a triple group of flows, two thick and one

thinner, can be traced to the north and south.

These interbedded flows continue with a northerly strike and finally disap-
pear to the north of the Mbuluzi. They are affected by the broad domal
structure in the Mbuluzi poort and are cut by a number of small faults.

They do not appear further north.

Trace element data (Figure VIII.3) show that the interbedded flows of the
northern and southern areas (i.e. those to the north and south of Stegi)

have similar Zr/Nb-Y characteristics although the uppermost, or most
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eastern, of the interbedded flows from the two areas are more similar to
the basal flows of the rhyolite succession. These data imply that the
interbedded flows of the two areas are geochemically similar and may also

be stratigraphically equivalent.

The sigmoidal warping can be attributed to a number of possible causes. It
mainly affects the rhyolite/basalt contact and the lower part of the rhyolite
succession; neither the top of the rhyolites nor the base of the basalts is
affected. Post-basalt folding would have affected the base of the basalts
and the interbedded rhyolite flows towards the top of the succession; posts
rhyolite folding would also have affected the top of the rhyolites. The
downwarping, therefore, appears to be a primary feature related to the
emplacement of the rhyolites. A sub-rhyolite topography can be produced by
erosion or the development of a primary dip on the surface of the basalt
flows, as might be caused by the contact between two basalt 'shields'. The
lack of parailelism between the dinterbedded flows and the base of the

rhyolites, however, makes the latter argument impiausible.

Overlap within the rhyolite succession is common, Flow XI transgressing

over the lower flows to rest on basalt, and this has served to emphasise the
synformal structure. Gravity data (Section V.9) show that a combination of

a synformal nature for the upper surface of the basalts and overstep of the
rhyolites eastwards can explain the anomalies. The differences between the
basalt outcrop in the north and in the south of the country may be a function
of erosional level: the rhyolites may have been transgressive over the
basalts over the whole area; erosion to deeper structural levels in the

south has caused the development of the contact east of that in the north.
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V.4 Faults

(i) Strike faults

Many large north-south strike faults are observed in the sediments beneath
the basalts, and displacing the base of the basalts in the south of the
Swaziland (Figure III.1). None is observed within the basalts but the

lack of marker horizons makes recognition of faulting difficult. No strike
faults are observed within the rhyolites; the flow contacts, when observed,

were of a stratigraphic nature and could be traced out regularly.

The strike faults occur in a narrow zone in the south of Swaziland coinci-
dent with, or to the west of, the main dyke swarm. The base of the basalts
has a vertical displacement of 600 to 1000 m in a 5 km zone of faulting
along the southern Swaziland boundary, the Cave Sandstone being repeatedly
faulted up. Without the Cave Sandstone/basalt contact as a marker horizon,
it is impossible to estimate the effect of this faulting in the main part

of the basalt outcrop.

This zone of faulting disappears approximately level with the Usutu but
more strike faults cut the interbedded rhyolites and the rhyolite/basalt
contact in the area north of Stegi. The contact of Flow XI with basalt
(lat. 26°32'S) is also affected by small north-south faults. One strike
fault is exposed in a railway-cutting 1.5 km northeast of Lusoti (26016'5)
where it faults rhyolite against basalt; the displacement dis unmeasurable
but is greater than the height of the outcrop (6 m) and presumably down-
thrown to the west. West of this point a solitary fault is recorded from
the base of the basalts (published geological map No. 14, Geol. Survey and

Mines Dept., Swaziland).

It seems that the strike faulting remains more or less coincident with the

dyke swarm, trending obliquely across the basalt outcrop. The effect of
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this faulting will be to increase greatly the apparent thickness of the
basalt succession. The narrowing of the outcrop to the north may be causecd
by the reduction in the frequency of the faulting and also the reduced crus

tal extension caused by the reduction in dyke density.

(ii) Oblique faults

Small northwest- and northeast-trending faults are abundant in the inter-
bedded rhyolites and in the escarpment throughout the length of the Lebombo
in Swaziland. They are only rarely observed within the rhyolites. The
throws are small and never more than a few metres. The northeasterly faults
are parallel to the main north-northeast joint set and many of the faults,
especially in the largely unmapped area to the north of the Mbuluzi, may be
prominent joint planes. One transcurrent fault, south of Stegi, displaces

Flow XI on to the escarpment.

None of the complex faulting reported by Beater and Maud (1960), and Maud
(1961) from southeast Zululand seems to be present in Swaziland. The
structures reported seem to be confined to the southern termination of the

monocline.

V.5 Joints

A11 the rocks in this area are jointed. However, the basalts rarely show
jointing because of the poor outcrop in the Towveld, and the outcrop of <he
dolerites is generally insufficient to show joints other than the columns
due to thermal contraction. The rhyolites are well-jointed, showing
jointing on two main scales: small irregular columns due to cooling (see
Plate IV.12) and larger, steep, tectonically-controlled joints, often
indistinct on outcrop but clear on aerial photographs. The minor columnar

joints are of local significance only; the majer joint sets control the
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major drainage patterns. In areas of dense jointing a pronounced topographic
Tineation is observed, accentuated by vegetation growth along the myuiferous

joint-planes. Some major joints form large rubble-filled cracks.

Diagram 4 shows the main joint trends, inferred from the aerial photographs,
and their angular distribution. Two prominent trends emerge: one at about
25°E and a second approximately east-west. There is probably a further set,
in some areas, due north and a minor peak northwest. An inspection of the
ERTS (LANDSAT) imagery reveals a prominent basement trend approximately
west-northwest and the major joints in the centre of sheet 3 and in the
north of sheet 2 may be basement-controlled. The southerly of these two
joints also coincides with a prominent magnetic anomaly in the basement.

An examination of the joint map reveals a proportion of joints parallel to
the strike of the rhyolites and, especially in the Mbuluzi area (area 1.3,
Diagram 4) the joint trend swings round as the rhyolite contacts are
affected by the antiformal structure. This apparent stratigraphic control
may be an artefact of the use of drainage patterns on aerial photographs to
define joints; secondary streams flow along the softer interbeds and beddinc
planes and are hence controlled by the strike of the rhyolites rather than

the superimposed jointing.

There do not seem to be any significant areal differences in the joint sets
though in the extreme north, the northerly joint set is absent and the join
density appears to be less. The major north-northeast joint set is oblique
to the dyke swarm and. the monoclinal axis, and seems independent of basement
trends. Monoclinal flexuring would be expected to produce two main tension:
joint sets, one parallel to the axis along the convex portion of the fold and
one normal to it in the concave part, and two associated sets of conjugate
shear joints at an acute angle to the tensional joints. These four main

joint sets may be able to account for the joints observed, with the notable
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exceptions of the basement trend, discussed above, and the prominent north-
northeast trend which, with no conjugate pair, appears unrelated to the
formation of the monocline. The minor joint sets are complex and difficult

to interpret without detailed measurements of hade and displacement.

The southeastern South African continental margin is characterised by a
steép continental slope with a persistent, and near straight, northeast-
southwest trend (Scrutton et al., 1973). It continues into the Agulhas
Fracture Zone south of the Cape (Talwani and Eldholm, 1973), and it seems
that the original continental fracture may have been caused by a shearing
couple initiated by movement of the Falkland plateau southwestwards (Scrutton
et al., 1973). Detailed interpretation of the coastal structure of Natal
(Beater and Maud, 1960; Maud, 1961; Hardie, 1962) revealed that the complex
fault pattern observed is explicable in terms of tension normal to the coast-
line (i.e. in a southeasterly direction), developed subsequent to the shear-
ing stress (Scrutton et al., 1973). These large scale features are parallel
or sub-parallel to the dominant east-of-north joint direction in Swaziland,
and it is proposed that the jointing represents an overprinting of the

late- or post-Karroo tensional regime on the preexisting monocline.

In summary, the Lebombo joints can probably be divided into four main
components: minor columnar joints related to thermal contraction; infre-
quent major joints paralleling basement structures; tensional and shear
joints due to monocline formation; and a regional overprint of a later

tectonic event.

V.6 Dykes

The dykes are discussed in detail in Section IV.4.iv and only structural

aspects are considered here.



There is an overall association of dykes and strike faults, both reaching
their maximum development along the southern Swaziland border and fading out
north of Stegi. There is no suggestion of strike faulting in the rhyolites
and dykes are extremely rare, even where the dyke swarm trends into the

rhyolite outcrop in the Lusoti area (Figure V.I).

The outcrop of the dykes in Swaziland is insufficient to interpret the
temporal relationships of the dykes, though Bristow (1976) recognised
several generations in Zululand. The two sets, one before and one after the

formation of the monocline, recognised in east Greenland (Nielsen, 1976) do

not seem to exist.

When exposed, the dykes are observed to hade steeply to the west. The angl:
of hade seems, from the available outcrops, to be lower near the monoclinal
axis; only away from the axis are the dykes approximately at right angles

to the strata. In general, the strata have been tilted more than the dykes;
an observation that Ted du Toit (1930) to conclude that the warping occurrec
during the eruptive period (see Section IV.1). The rare dykes cutting the

rhyolites all seem to be vertical.

The dyke swarm seems to be related to the extension and faulting produced

to the west of the monoclinal axis in the south of Swaziland. It is concen-
trated in a narrow zone in the basalt or underlying sediments which does not
persist into the rhyolites. It is considered unlikely that the dykes
entirely represent feeders for the basalt flows; they trend obliquely across
the basalt outcrop and seem to post-date most of the basalt succession.

The lack of dolerite in the rhyolites suggests that either the rhyolites are
later than the dykes or are impenetrable to dolerite, or, more likely, the
structural environment for dyke intrusion is restricted to the basalt out-

crop and has largely faded out by the Tatitude of Stegi.
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20 30 km

Skeletal geological map of the Lebombo in Swaziland showing
the distribution and trend of the dyke swarm. Cocarse stipple
= rhyolite; fine stipple = Timit of pre-volcanic rocks;
diagona] hatch = granophyre., Major faults and contacts
marked by bold lines, dolerites depicted by fine lines.
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The slight change of direction south of Big Bend (Figure V.1) seems to have
no other surface feature associated with it, and is not readily explicable

by the Karroo tectonic framework. It may be a reflection of underlying

basement structures.

V.7 Nature of the Monocline

The monoclinal structure of the volcanics has produced shallow dips in the
sediments and at the base of the basalts, increasing to values of 45° and
higher towards the monoclinal axis (roughly corresponding to the basalt/

rhyolite contact), and decreasing towards the top of the rhyolites.

In the south of Swaziland the structure is comparatively simple; the
escarpment is straight, striking almost due north-south. It is parallel to
the strike of the interbedded flows and, presumably, the basalts and is
coincident with the base of the rhyolites. To the south of Stegi, the
escarpment bulges to the west, and is deve]op?d in the basalts on the west-
ern side of the southern Stegi granophyre. North of Stegi, it follows the
rhyolite/basalt contact, but in the Lusoti area (lat. 26°16'S) it is deve-
Toped away from the contact at the base of Flow II (the escarpment can be
approximately defined on the contour-less maps by the position of the
watershed); the area between the escarpment and the contact is occupied by
steeply dipping rhyolites, forming a hummocky terrain (Plate V.3). Further
north the escarpment continues along the base of Flow II, (or Fiow A in

the Mbuluzi Valley), passing just west of Nfunfu (lat. 26°O7'S), through
the dipping-tank at Duma and up to the border at Namaacha where it is 6 km

east of the basalt outcrop.

In the Mananga area, a triple scarp is generated: on the west side of the

Mananga granophyre; just west of Nkalishane, and the third through Namaacha.






The escarpments are erosional features and, as at Stegi, the resistant
granophyre bodies have had an important effect on the erosional history.

There is a small basic intrusion in the Nkalishane Valley, between the dip ar<
farm of the same name (Urie, unpub. data; Snelling and Davies, unpub. data;
Betton, pers. comm.); it is deeply eroded and may have caused the plateau
between the second and third escarpments. The zone of steep dips, observed

in the Mbuluzi poort, does not seem to persist north of the Mbuluzi.

Bristow (1976) located the monoclinal axis in the southern Lebombo by find-
ing the locus of méximum dip along river sections (the locus of maximum dip,
rather than maximum curvature, is taken, for ease of measurement, to
represent the monoclinal axis). In the area between the Mkuze and Pongola
rivers, he estimated this axis to trend 50 west of north and to intersect
the southern Swaziland border 3 km west of the base of the rhyolites and
about 17 km east of the Rooirand dyke swarm. The axis is more difficult to
define in Swaziland because of the poorer exposure. The rhyolite/basalt
contact in the south of Swaziland has a dip of about 30° (Plate V.4); the
interbedded flows south of Big Bend have dips of 352 and a dip of 45° has
been recorded in a basalt quarry in Big Bend (Cox, pers. comm.). High

dip values are also recorded from Flow IIa, and it seems that the locus

of maximum dip is coincident with, or slightly to the west of, the base of
the rhyolites. North of Stegi the interbedded flows have near vertical
dips, though this may partly be caused by the presence of north-south strike-
faulting. The axis runs approximately along these interbecded flows and
then seems to pass into the zone of low relief and steeply dipping rhyolites
between Lusoti and the Mbuluzi, passing east of Mlaula station. These

steep dips do not appear to exist north of the Mbuluzi.

The structure of the Lebombo in Zululand seems to be that of a faulted

monocline; north-south faults repeat the succession in a series of fault-
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blocks, forming a 'factory-roof" structure (Bristow, 1976). At the extreme
southern end of the monocline a horst-and-graben structure develops, fault-
ing up basement on the east of the volcanics, and the monocline terminates
in a series of arcuate faults (Maud, 1961; Matthews, pers. comm.). Further
north, in the north of Zululand and south of Swaziland, the faulting is
associated with the dyke swarm and concentrated in a narrow zone across the
which Targe displacements have occurred. Both the dyking and large-scale
faulting die out to the north, though single dykes and small faults are
present throughout the area. Similarly, the north-south joint set (Diagram
4) is almost completely absent from the northern part of Swaziland and the

north-south structural component seems to be generally diminishing towards

the north.

V.8 Thickness of the volcanics

Figure V.2 shows a geometrical construction of a cross-section approximately
through Big Bend. The section is based on measured dips of 12%0 at the

base of the basalts, 45° at Big Bend and 35°% in the interbedded flows east
of Big Bend. If the dyking and faulting are ignored, the thickness of the
basalts can be estimated at about 6.5 km. A minimum estimate of 2 km can

be obtained by supposing that the shallow 1250 dips extend eastwards to Big
Bend and then suddenly increase to 45°. Similar models can be constructed
for the basalt further north, making appropriate estimates of the angle of
dip. This method produces thickness estimates proportional to the width

of outcrop.

These thickness estimates, hwoever, will have to be substantially modified
if extension due to dykes, and repetition due to faulting are to be consi-
dered. Estimates can be made of the density of dykes in the swarm from

exposures in road cuttings in the Rooirand. Although, in places, the dykes



Fig. V.Z2.

Geometrical cross-sections at approximately the latitude of Big
Bend. Coarse stipple = sub-basalt rocks; fine stipple =
rhyolite; white = basalt.

(a) shows the apparent thickness of the basalt to be about 7 km.
If the dilation due to the dyke swarm is removed (b) the thick-

ness reduces to 6 km. (c) shows how a zone of strike faults can
reduce the thickness to only 4 km.

(c) dis assumed to be the closest to reality.
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account for over fifty per cent of the outcrop, the total dilation west of
Big Bend is probably only 25 per cent. Extension due to dykes in the north-
ern half of the basalt outcrop is thought to be insignificant. The effect
of strike faulting on the apparent thickness of the basalt is unknown and
difficult to measure. Some estimates can be obtained from the extreme scut:
of Swaziland where the Cave Sandstone/basalt contact is repeatedly faulted
to the surface over a zone of 5 km, making a total vertical displacement

of about 2 km. The integrated effect of the strike faulting is to reduce
the effective dip and hence increase the apparent thickness of the basalts
(Figure V.2). The area between Big Bend and the escarpment does not seem

to be faulted on a large scale; the length and parallelism of the two or
three interbedded flows implies that they are genuine intercalations rather
than a single flow repeated by faulting. The estimate of 3 km for the
thickness of the basalt east of Big Bend, which is calculated from measure-

ments of dip and width of outcrop, may therefore be close to the true thick-

ness.

The outcrop width narrows progressively towards the north. This reduction
may be partly due to the relative scarcity of faults and dykes in the
northern area, producing less extension and repetition of the outcrop, and
partly to the overlap of the rhyolites over the upper part of the basalt
succession. There may also be a reduction in the basalt thickness, or a
steepening of dip; gravity data have been interpreted by Burley et al.
(1970) as representing a twofold increase in the thickness of the basalt in

the north, and by Darracott (1974) as not representing a significant change

in thickness.

In conclusion, it seems that the thickness of the basalt is approximately
5 km at the latitude of Big Bend; there is no reason to suppose that this

thickness cannot persist over the rest of the Towveld.
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The rhyolites have a much simpler structure; the better exposure has
enabled the tracing out of contacts and demonstrated the lack of strike
faulting and the rarity of dykes. There remains the problem of the overlap
of the rhyolites over the basalts, making the apparent thickness at Stegi
much greater than that at, for example, Tikuba (1lat. 26°38'S) or along the
Usutu. Reasonably accurate estimates of the rhyolite thickness can be
obtained away from the major bulges where the width of outcrop in Swazilanc
is about 11 km, with a further 4 km to the top of the rhyolites 16 Mozam-
bique (Wachendorf, 1970). An assumption of a minimum average dip of 20°
gives a minimum thickness of about 4 km for the rhyolites in Swaziland, or
5 km if those in Mozambique are included. Only in the extreme east of the
outcrop are dips of 20° recorded however; dips in the western part reach
values as high as 60° and 30° may be a more reasonable average dip,

making a total thickness for the rhyolites of 7.5 km.

The thickness estimates for both the rhyolites and basalts are dependent
on the assumption that the flows have infinite eastwards extent. Any wedging
out or lenticularity of the flows will result in increased apparent thick-

nesses relative to the true thickness.

V.9 Geophysical Data

Because of the uncertainty and non-uniformity of the extention due to dyke
intrusion, and repetition of strata by strike-faulting, any attempt to cal-
culate the thickness of the lavas from dip and outcrop measurements is in-
evitably subject to uncertainty. Of the geophysical methods available for
solution of this problem, only gravity and, to a lesser extent, aeromagnetic

data have been used.

The gravity data of Burley et al. (1970), Hales and Gough (1962), and Smit
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(1962) show that there is a large positive isostatic gravity anomaly
corresponding with the surface exposure of the volcanics along the entire
length of the Lebombo. In Swaziland, the gravity anomalies are linear along
the length of the basalt outcrop, the maximum occurring within the outcrop,
with the exception of an embayment to the north of Stegi (Figure V.3)
(Burley et al., 1970). This embayment persists eastwards to south of

Lourengo Marques (Maputo).

Hales and Gough (1962) made the first quantitative interpretation of the
gravity anomaly. Assuming the rhyolites to have a density contrast with the
basement of 0, the basalts + 0.3 g/cm3, and the Cretaceous cover -0.4 g/cm?,
they concluded that the most realistic geological cross-section consisted

of some 8000 m of basalt and 5000 m of rhyolite overlain by 2500 m of Cret:
ceous cover, producing a total depression of the sub-Karroo surface of at
least 13,000 m. The lavas were considered to flatten out and extend infi-
nitely to the east. No anomaly was associated with the possible develop-

ment of the upper basalt.

Burley et al. (1970), working with more detailed data from the Swaziland
gravity survey, proposed a model similar to that of Hales and Gough (1962).
They concluded that the basalts thicken from 4000 m in the south to 8000 m
in the north of Swaziland, despite the reduction in outcrop width, and
estimated the depression of the sub-Karroo strata to be between 12,000 and

16,000 m.

Darracott and Kleywegt (1974) proposed that only part of the observed isos-
tatic anomaly was due to the lower basalts, the remainder being a 'regional’
or 'crustal' effect. After making allowances for this regional effect, the
anomalies are much smaller; they calculated, for northern Natal, a vertical

section of 2000 m of post-Karroo sediment, 2000 m of rhyclite and 1500 m of
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basalt; and for northern Swaziland, 800 m of Tertiary and Cretaceous sedi-
ment, 2500 m of rhyolite and up to about 900 m of lower basalt. The thick-
ness of the lower basalt at the flexure was shown to be significantly

greater than that under the coastal plains.

The northernmost of the sections calculated by Darracott and Kleywegt (1974
that passing east-west through Namaacha, shows considerable overlap of the
rhyolites over the basalts. The gravity anomaly is greater than that
expected if the surface outcrop of the basalt is representztive of its thick

ness.

One of the major problems concerning the outcrop of the rhyolites is the
nature of the bu]geé in the base of the rhyoiites, whether they are caused
by an erosional or topographic unconformity, downwarping of the volcanics
due to superincumbent loading, or overlap of the rhyolites over the upper
part of the basalts. The gravity anomalies over these bulges show a
departure from two-dimensionality with a minimum and maxima approximately
corresponding, respectively, to the antiform and synforms of the rhyolite
outcrop and a trough of gravity anomalies extending east-west approximately
along latitude 26930'S. A sketched gravitational cross-section across

this trough shows a Bouguer anomaly relief of some 25 milligals (Fig. V.4).
These data can be interpreted as being representative of a depression of
the basalt along the gravity anomaly trough though no attempt is made to
model this quantitatively in the present study. If the displacement of

the rhyolite outcrop, relative to the



wy

0s

‘€A ‘bL4 uo paydew sul| ay3 buole
O0quwoga ay3 ul juswAequa A3tAaedd
Yl SSOJ4doe u0l323s Alewoue uanbnog

ov 0]

"y A bid

ol

L) Ll ) LJ

074

013

ov sjebw

43Nvnoa

L ATVINONY

0s




142

horizon defined by the interbedded flows, is approximately 8 km; using

an average-to-low value of 25° for the dip, this represents a vertical
displacement of some 3 km. This seems to be larger than expected for an
erosion surface of this nature and it is suggested that some of the observed
warping is attributable to depression of the top surface of the basalt.

The initial sub-rhyolite topography was blanketed by the ignimbrite flows
and eventually smoothed out; the effect of the initial topography being
emphasised by overlap of the Tower rhyolite flows over the upper flows of

the basalt.

The aeromagnetic data (Bacon, 1970) show a complex pattern of anomalies over
the basalts, attributed to a series of flows with varying magnetic properties.
Larger anomalies are associated with the granophyres, interpreted as being

due to an abundance of magnetite in the granophyres (Bacon, op. cit.). It is
found, in the field, that the granophyre contacts are often highly magnetic,
sufficient to affect a compass held ten metres away. The Nyetane granophyre
has a relatively large magnetic anomaly and may be a much larger body than
suggested by the surface outcrop. Magnetic profiles for the granophyres are
generally compatible with dyke-iike forms for the intrusions, dipping

steeply eastward (Bacon, 1970).

Seismic refraction data (Ludwig et al., 1968), from off the southeast Africer
continental margin, show a layer of velocity 6.49 km/s at a depth of 4 to 1C
km which may be correlated with the Lebombo basalts on the crounds of velocit
(Burley et al., 1970). The layer appears to terminate 130 km east of Durban
and thus can be considered to support the assumption of infinite extension ir

an easterly direction.
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V.10 Conclusions

Du Toit (1930) first recognised that the Lebombo Monocline is a region of
tension. The faulting, dyking, flexuring, and most of the jointing are
compatible with an east-west tensional regime. Several of the joint sets car
be attributed to pre- or post- Karroo tectonic features. The structure of
the Lebombo changes progressively from a graben structure in the south,
through a zone of fault-blocks in Zululand and repeating strike faults in the

south of Swaziland, to a more flexural monocline in the north of Swaziland

and further north in South Africa.

The Lebombo runs along the eastern edge of the Kaapvaal craton (Figure I.1)
but does not seem to correspond to any Kaapvaal lineament. It is, however,
parallel to the postulated southerly extension of the Mozambique belt (Cox,

1970) and may be constrained in its northerly trend by the tectonic grain of

the metamorphic belt.
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CHAPTER VI

PETROGRAPHY OF THE RHYOLITES




VI PETROGRAPHY OF THE RHYOLITES

VI.1T Introduction

The rhyolites of the Lebombo are all porphyritic, containing phenocrysts of
feldspar, clinopyroxene, quartz, ore, zircon, apatite and occasionally
fayalite. The groundmass is fine-grained and micro-granophyric, spherulitic
or glassy. Minor differences in the relative amounts of different pheno-
crysts, the presence or absence of glomeroporphyritic aggregates and, espe-
cially, the amount of quartz phenocrysts serve to distinguish between the
various flows. As described in Chapter V, the flows have been divided into
three major groups on the basis of hand-specimen characteristics; thin-
section study supports this classification but there is generally too much
intra-flow variation for adjacent flows to be separated purely on the basis

of thin-section petrography.
Over half of the 450 samples collected, including all of the samples analysed,

have been studied in thin section. The following discussion is not exhaus-

tive but 1llustrates some of the more important points.

VI.2 Phenocryst phases

The modal abundances of the phenocrysts are shown in Figure VI.1. They are
plotted against silica as a convenient index of fractionation. Apart fronm
the abundance of quartz, there is little correlation between phenocryst

content and chemistry.

The individuzl phenocrysts are discussed below. The different types of
rhyolite are discussed together as there are no significant textural differ-

ences between the various types.
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Fig. VI.1. Modal abundances for Swaziland rhyolites as a
function of silica content.
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(a) FELDSPAR

Plagioclase is ubiquitous in these rocks forming crystals of 1-5 mm in size.
It is frequently altered, becoming cloudy with clay minerals; some samples
developing epidote. The crystals are generally euhedral but are commonly
broken and resorbed, showing marginal corrosion and sieve textures. The
resorption textures are often more pronounced where the crystals are frac-
tured, and crystals in many differing stages of corrosion can be seen in a

single thin section (Plate VI.1).

The phenocrysts are oligoclase-andesine in composition; zoning is usually
observed but not extreme. Sanidine overgrowths are common in the more

evolved samples, forming discrete rims on the plagioclase (Plate VI.2).

The phenocrysts are often present as glomeroporphyritic clusters; some
forming clots 2 cm across (Plate VI.3). Some of these clusters have a cent-
tral crystal which is usually more sodic and may be xenocrystic in origin
(Plate VI.4, 5). The origin of these is unknown. Trapped liquid within
these aggregates contains curved quench crystals and has suffered less de-

vitrification than the rest of the groundmass (Plate VI.6).

Some of the rocks contain plagioclases with abundant glass inclusions
(Plates VI.7, 8, 9). These are isotropic and contain quench crystals or
daughter crystals. They do not seem to be arranged in zones, are often
rectangular and do not appear to be resorptional features; rather they seem
to be primary inclusions related to the crystallisation of the feldspar.

The nature of these inclusions is not clear.

Sanidine forms rims and overgrowths on the plagioclase phenocrysts.
Occasionally discrete sanidine crystals are noticed in thin-section; some of

these may be sections through the edge of rimmed plagioclases.
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Potassium feldspar is presumably present as a groundmass phase in inter-

growth with quartz but positive identification has not been made.

Several of the acid rhyolites contain antiperthite phenocrysts (Plate IV.35).
The perthitic intergrowth is coarse and invariably has a wide sanidine rim.
Perthites as phenocryst phases are rare in volcanic rocks; they are generally
associated with slowly cooled plutonic rocks. Assuming that the anti-
perthite is cognate and not accidental, it may be that the large size of
these ignimbrite flows has caused high temperatures to be reached and main-

tained for periods long enough to grow antiperthites.

(b) CLINOPYROXENE

Clinopyroxene is nearly universally present; a few rocks do not contain pyr
xene, these are generally rather aphyric. The pyroxene present is a pale-
green hedenbergitic or ferroaugitic one, non- or only slightly, pleochroic,
and 0.1 to 1 mm in diameter. Twinning is rare but it is commonly exsolved,
developing thin parallel opaque lamellae (Plate VI.5). It is sometimes
corroded but generally forms anhedral crystals with sharp edges. Weathering
and hydrothermal alteration has resulted in the production of amphibolised
rims. The pyroxene is often found in glomeroporphyritic clusters with
plagioclase, sometimes included round the edge of larger crystals (Plate
VI.10). It also forms aggregates with magnetite, zircon and apatite (Plate

VILI1T).

(c) OLIVINE

Pseudomorphs after olivine (probably fayalite) are found in some of the more
basic rhyolites and also in some of the most evolved. They form rounded
1 mm patches, composed of silica and skeletal magnetite, often surrounded by

radiating cracks probably caused by the volume change on pseudomorphing

(Plate VI.12).
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(d) QUARTZ

Quartz is a common phenocryst in all but the basic rhyolites and its abund-
ance has been used as the chief classificatory criterion. It is present as
euhedral, rounded and resorbed crystals and is a principal constituent of
the groundmass (Plate VI.13). Some of the groundmasses have long blade-
1ike quartz crystals which may be paramorphs after tridymite. Quartz
crystals are often broken; some rounded and resorbed phenocrysts have been

shattered into many angular pieces (Plate VI.14).

(e) ORE
Titanomagnetite is a ubiquitous phenocryst phase and forms smaller crystals
in the groundmass. It forms rounded anhedral crystals, 0.1 to 1 mm in sizc
often in clusters with pyroxene, apatite and zircon. It contains inclusicr

of apatite and zircon (Plate VI.12).

(f) ZIRCON
Zircon is a common phenocryst phase in the rocks with greater than 68 per
cent Si0,. It forms small euhedral crystals often included in or stuck to

ore crystals.

(g) APATITE
Apatite is an ubiquitous phase, present in virtuaily all the slides examined
It is generally associated with ore and pyroxene crystals and is present as

needles in the groundmass.

VI.3 Glomeroporphyritic aggregates

Glomeroporphyritic aggregates are common in these rhyolites. They are
generally composed of plagioclase grains; some also contain pyroxene and

ore, others contain just pyroxene and ore. Apatite and zircon phenocrysts
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are predominantly asscciated with ore, and to a lesser extent pyroxene, °n

these aggregates (plates VI.3, 11).

Crystal aggregates are not present in all the flows. Often they are charac
teristic of certain flows; adjacent flows can be distinguished by the relea-
tive abundances and natures of the composite phenocrysts. The more basic

rhyolites tend to be more glomeroporphyritic; those containing quartz tenc

to be less so.

Some of the larger aggregates may be pieces of cognate cumulitic materials
the similarity of phenocrysts within them to those separate rules out an
accidental origin for them. Many of the aggregates show characteristics of
synneusis, which is a word coined by Vogt (1921) to mean the mutual driftinc
together and attachment of crystals in a magma. Similar crystals often joir
in parallel orientation by the attachment of the broader crystal faces,
giving rise to a 'synneusis twin' (Vance, 1969); the whole might develop
crystal faces and appear like a crystallographic twin were it not for the
irregular nature of the 'twin p]éne' (Plates VI.15, 1€). Synneusis also
affects dissimilar crystals; they will form aggregates but with a random
orientation of the component crystals. The characteristic features of
synneusis, the mutual parallelism of the crystals and freely developed over-
growths, is indicative of a free-floating histbry; aggregates representing
part of a cumulate would not necessarily show parallelism or crystal faces

after adcumulus growth.

Synneusis crystals are common in the Swaziland rocks. The diagnostic
characteristics of synneusis are demonstrated clearly in plagiocclase
aggregates because of the ease of recognising crystallographic parallelism
and growth lines due to the multiple twinning and zoning respectively.

Larger aggregates are often composites of synneusis crystals; plagioclase






aggregates generally contain pyroxene but quartz is very rarely seen in

synneusis with crystalsother than quartz.

It is possible that in flows where the phenocrysts have become resorbed tha
these synneusis aggregates will begin to become disaggregated; the original
plane of attachment being a line of weakness. The result will be a number
of crystals with irregular faces, very similar to broken crystals. An
abundance of fractured crystals, therefore, may not be indicative of a

violent mode of eruption, but may be the result of partially resorbed syn-

neusis clusters.

Synneusis must be largely restricted to the earlier stages of crystallisaticn
as most clusters show extensive overgrowth (Vance, 1969). The formation

of aggregates will be presumably favoured by low viscosity, a high pheno-
cryst-liquid ratio and movement or turbulence of the magma. Once formed,

the large size of the aggregate will cause it to sink more rapidly than

the smaller discrete crystals and hence produce more effective crystal
fractionation. The fractionation of minor phases such as apatite and

zircon will only be appreciable when they are attached to a larger crystal

or crystal aggregate.

VI.4 Devitrification and groundmass textures

Devitrification is the change from a metastable glassy state to a crystal-
Tine one. Glass is rare in rocks older than Cretaceous (Lofgren, 1971) and

is rare in the Lebombo rhyolites.

The products of devitrification of a rhyolite glass are predominantly fine-
grained silica (tridymite or cristobalite, usually inverted to quartz) anc

alkali feldspar which form fibres either in bundles or radiating spheres
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(spherulites). Spherulites are formed when the growth rate (or nucleation
rate) is in excess of the diffusion rate (Keith and Padden, 1964) and are
common in acid lavas and ignimbrites. Rejected impurities are trapped
between the fibres within the spherulites or present as impurity-rich rims

to the spherulites (Plate VI.17).

A few localities of pitchstone are found in Swaziland, often showing
perlitic cracks (Plate IV.33) or incipient devitrification (Plate VI.10, 1!
The majority of fhe rhyolites, however, are completely devitrified; some
showing well-developed spherulites, others microgranophyric, snowflake or

fine-grained groundmass textures.

The commonest type of simple spherulite is that consisting of radiating
fibres of quartz and feldspar. The spherulites often nucleate on the phenc-
crysts and grow outwards, mutually interfering (Plate VI.17). The patches
forming between spherulites are often coarsely granophyric. Each spheru-
lite has a dark, often chloritic, rim of material rejectec from the crystal-
lizing fibres. These radial spherulites vary in size from 0.5 mm to 1 cm

and completely destroy the primary groundmass textures.

The banding in the rhyolites is often formed by layers of spherulites. The
fiamme or flow lines act as nuclei for the spherulites and devitrification
is facilitated by a higher concentration of volatiles in the collapsed
pumice or where released along flow shear planes. The flew lines may also
possess more short range order which induces more rapid nucleation and
crvstal growth (Lofgren, 1971). Spherulites also grow along joint planes
due to the increased water content; the resulting layers are very similar

to those produced by spherulite developmeni along primary laminar features.

Smooth, round, red spherulites are found in some rocks; these can range in
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size from 3 mm to 6 cm, the larger ones developing hollow centres. They arv.
characterised by a fine-grained matrix, generally haematite-stained. The
groundmass within these spherulites is not significantly different from
that outside and primary banding can be traced through them; they have not
obliterated the groundmass textures to the same extent as the radiating
spherulites (Plate 1V.8). As their size increases they develop hollow
centres and become 1lithophysae (Plate VI.18); when infilled with quartz or

agate they are known as 'thunder eggs'. They are often cracked and fractu-

red.

Lithophysae are common in gas-rich lavas and less so in ignimbrites (Smith,
1960b). Their hollow centres are partly due to the reduction in volume or
devitrification and partly to the release of volatiles during crystallisatio-
tion. Spherulites are not an equilibrium crystal habit because of their
large surface area: volume ratio due to the fibrous nature of the component
crystals, experimentally formed inorganic ones have been known to shatter
spontanecusly (Keith and Padden, 1963). This instability may be a factor

in producing brecciated lithophysae.

The process of formation of these fine-grained spherulites is in some doubt;
they postdate the primary banding but only partially obscure it. Where the
occur in glassy rocks, the matrix within the spherulites is identical to

that found in the normal fine-grained rhyolites. The process producing these
spherulites may be similar to that producing the normal fine-grained grounc
mass in the rhyolites, except, in the latter case, the devitrification has
gone to completion. Radiating spherulites form where the growth rate is
faster than the diffusion rate (Keith and Padden, 1963); if the diffusion
rate were faster, or the growth rate slower, different spherulite morpho-
logies might be produced. The presence of dissolved volatiles may have a

significant effect on devitrification; when released during devitrificatior
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they will migrate and aid devitrification elsewhere (Smith, 1960b). Vola-
tiles released from the first nucleus in a glass to crystallise may migrats

outwards, causing crystallisation, and hence produce the spheroidal struc-

tures observed.

The groundmass of the majority of rhyolites is completely devitrified,
often showing no trace of either the original structures c~ any spherulite
development. Many of the flows show a microgranophyric texture (referred
to as 'felsitic' by Monkman (1561)) showing a fine-scale quartz-feldspar
intergrowth which often seems to form rounded spherulite-1like shapes (Plates
VI.19, 20). This texture is present in the samples from the thicker flows,
on a slightly coarser scale in the granophyre dykes, and on a coarse scale
in the granophyres. It is probably due to recrystallisation of an original
spherulite or the primary development of coarse intergrowth textures as the

spherulite formed.

Snowflake texture (Anderson, 1969) is developed in many of rhyolites.
Patches of poikilitic quartz in optical continuity enclose feldspar crys-
tals, giving the effect of many rounded irregular patches in the groundmass
(Plate VI.24). Some of the snowflakes contain platy crystals of quartz
probably paramorphing trydymite (Plate VI.25). Anderson (1970) has proposec
that snowflake textures are diagnostic of texturally altered welded tuff,
although there seems no reascn why they cannot also form in rhyolite lavas
(cf. Green (1970)). Snowflakes may be analogous to spherulites with quartz

recrystallised in optical continuity.

Many of the rhyolites, if not showing obvious devitrification characteris-
tics, have a fine-grained homogeneous groundmass formed by very small
mutually interfering spherulites. In contrast, the trachyandesite sample,

MZ 6, has a fine ophitic-type groundmass with small randomly arranged feld-
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spars and may have originated as a lava rather than as an ash-flow tuff.

The rhyolites have had a complex devitrification history and show a large
variety of groundmass textures. As discussed above, sbheru]ites are them-
selves unstable and in these Karroo rocks, the original radial texture

often seems to have been completely recrystallised to a fine quartz-feldspar
intergrowth. Cyclic sub-solidus recrystallisation may take place as the
groundmass progressively re-equilibrates. Volatiles released during
devitrification will rise through the flow and promote devitrification else-
where. One result of devitrification is that the elements excluded from
quartz and feldspar migrate outwards forming an impurity-rich rim round th:
spherulites. These elements will thus be inhomogeneously distributed in

the groundmass and may be more prone to leaching. Devitrification is an

exothermic process and will help to maintain the temperature within the

large rhyolite cooling-units.
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CHAPTER VII

GEOCHRONOLOGY OF KARROO VOLCANICS FROM SWAZILAND
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VII GEOCHRONOLOGY OF KARROO VOLCANICS FROM SWAZILAND

VII.1 Introduction

Rubidium-strontium, potassium-argon and fission-track dating techniques
have been used in this study to date the rhyolites and dolerites and to con-
firm the correlation with other areas. From the data the isotopic charac-

teristics of the source region can be defined and the effect of devitrifica-

tion on the isotope systems can be assessed.

In the following sections the new data are discussed and compared with those

previously published. Analytical techniques are described in Appendix B.

VII.2 Constants

The following decay constants are used in this work, published ages are

recalculated where necessary and the original ages given in parentheses:

Rb-Sr:
g7y = 1.42 x 107117y (t =4.88 x 10° y)
(Recommended by the I.U.G.S. Subcommission on Geochronology,
1977.)
K-Ar:
Ao = 0.585 x 10 10/y
Ag = 4,72 x 107107y
“0K/K = 0.0119 at. %
(*OAr/36Ar) = 288 (measured at I.G.S., London)

atmospheric

lo errors are quoted unless stated otherwise.
MSWD (mean squared weighted deviation) values are quoted for the calculated
isochrons. Isochrons with MSWD values less than 2 are considered suffi-

ciently good fits to the data.
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VII.3 Rb-Sr

Rubidium-strontium whole-rock age determinations on Karroo rocks from
Nuanetzi and the southern Lebombo were published by Manton (1968) and his
data are shown In Figure VII.1. The data from rhyolites and granophyres
from the two areas define two near parallel isochrons giving ages of 202
(206) * 13 my* (initial ®7Sr/®ésr ratio = 0.708) and 198 (202) + 14 my

(0.704) for Nuanetsi and the southern Lebombo respectively.

Strontium isotope analyses were carried out as part of this study to confirm
Manton's data, to determine the isotopic composition of the source region

for the rhyolites and to see if devitrification had any effect on the

strontium isotopes.

Six samples were selected for Sr-isotope analysis: two devitrified 'normal’
rhyolites (RC 131 {intermediate} and RC 74 {acid}), two pitchstones with
Tittle or no devitrification (Sk 138 and Sk 153) and the two rhyolitic
interbeds (RC 42 and RC 119). The data, together with three analyses of
Swaziland dolerites (Table VII.2) from Norry (1977), are presented in Table
VII.1 and Figure VII.Z2.

The rhyolites and pitchstones fall on an isochron with an age of 189 + 7 my
(MSWD = 1.1). The two pitchstones are not significantly different from the
devitrified samples. The initial ratio (0.7038 = 3) is within error of

that of the basic rocks.

Man%dn (1968) calculated his southern Lebombo isochron using only seven of
the ten data points. Only the more radiogenic of the two basalts, which is

interlayered with rhyolites near the Jozini dam, falls significantly off

* The ages are recalculated with Ag7p. = 1.42 x 10 11/y, the originally
published ages are given in bracke%g.
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Fig. VII.1. The data from Manton (1968) for Karroo volcanics from the
Lebombo and Nuanetsi voicanic provinces. The ages are
recalculated with Agyp, = 1.42 x 10711y,
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Sr-isotope data from Norry (1977) for Swaziland Karroo dolerites.

Sample details

RC 110

RC 120

RC 121

Dolerite.

Lubuli-N

1 km W. Lubuli. 27

31%54'E .

Dolerite.
Lubuli.

Dolerite.
Lubuli.

31.5 km
27°01'S 31

4.5 km
26°59'S 31

3

W.

i

oko Rd.
01'S

47'E.

46'E.

Rb/Sr

0.045

0.073

0.021

87Sy/865p
(error = 20)

0.70446 + 4

0.70425 + 6

0.70409 + 4
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the line. An isochron through the remaining nine data points gives an age
of 188 = 12 my (MSWD = 0.2 for ‘the quoted errors, which appear to be over-
estimates). If the new data are added to Manton's, the resulting sixteen
point isochron gives an age of 187 = 3 my (MSWD = 1.5) with an initial
875r/86Sr ratio of 0.70397 + 4. If the rhyolites and granophyres only are
considered, the age obtained is 185 + 6 my (MSWD = 1.2) with the initial
ratio = 0.7041 = 3.

The two rhyolitic interbeds (RC 42 and RC 119) are enriched in 87Sr/86Sr
relative to the main body of the rhyolites (Figure VII.2). This enrichﬁént
is presumably due to the incorporation of radiogenic crustal strontium;
hydrothermal or groundwater alteration would alsc have affected the basalts.
Rb-Sr data from the Swaziland basement yield ages around 3,200 my with
initial ratios (for the Ancient Gneiss Complex) as low as 0.7006 and Rb/Sr
ratios in the range 0.05 - 2.0 (Hunter, 1974a). The present day 87Sr/86Sr
ratio of the crust is defined by the 3,200 my isochron in Figure VII.2. If
the interbeds were derived entirely from the crust, crustal 87Rb/88Sr ratios
of at least 0.35 and 0.9 would have been required to produce their high
initial ratios (0.7158 and 0.7385 respectively) in 3,000 my. These 87Rb/86Sr
ratios correspond to Rb/Sr ratios of 1 and 2.5 and are average-to-high values
for the Precambrian crust. If contamination of a 'normal 0.704-type’' magma
took place, there would have needed to be virtually complete strontium
isotope exchange between the magma and the crust. The rhyolitic interbeds
are also anomalous in their trace element contents (see Chapter VIII) and

it is considered unlikely that they were derived from the same source as the

rest of the rhyolite magma.

The equivalence of the initial 87Sr/86Sr ratios of the dolerites and
rhyolites is generally accepted as indicating their comagmatic nature; the

low value (0.704) is indicative of an origin from the mantle. The lower
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crust, however, with sufficiently low Rb/Sr ratios can also have Tow
875r/88Sr ratios: to produce a value for the 87Sr/86sy ratio of 0.704 200 my
ago the 87Rb/88Sr ratio of the crust would have needed to be of the order of
0.1 (i.e. Rb/Sr = OﬂB). The Rb/Sr ratios of the rhyolites are of the order
of 1 and it is considered unlikely that magmas with Rb/Sr = 1 can be
produced from a granitic (or granulitic) source region with Rb/Sr = 0.B witn

any significant degree of melting (see discussion on melting models in

Chapter VIII).

Lead isotope data (Betton, pers. comm.) confirm the conclusions reached from
the strontium data. The rhyolitic interbeds contain typical Archaean crustal
lead whereas the rhyolites and dolerites contain less radiogenic lead more

typical of the mantie.

VII.4 K-Ar

Fitch and Miller (1971) published potassium-argon age data from Lesotho
basalts and dolerites. They obtained an age of 187 * 7 my from the base of
the Drakensberg succession and this has recently been confirmed by K-Ar iso-
chron dates of 185 + 4 (20) my and 187.9 = 5.6 (20) my for samples respec-
tively 6 m and 1 m above the Cave Sandstone (Fitch, unpublished data, 1977).
From the spread of their data, Fitch and Miller (op. cit.) were able to

estimate the time span of Karroo volcanism as being from 130 - 150 my.

Potassium-argon determinations were carried out as part of this study with
the original object of defining the age range of the rhyolites and the
extent of any north-south diachronism. Ten of the freshest samples were
selected covering the whole range of rock-types (including three of those
defining the Rb-Sr isochron) to see what precision could be obtained. The

data are presented in Table VII.3 and summarised in Figure VII.3.
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The three dolerites analysed form a tight group with an average age of
188 + 8 (2 ) my. The rhyolites and granophyres form a broad group on the
young side of the dolerites, the maximum age of any individual sample being
only 174 my. One of the pitchstones (Sk 138) gives an age of 121 + 6 (20)
my .

The data are plotted on a K-Ar jsotope ratio plot in Figure VII.4. The use
and misuse of these plots have been discussed by Hayatsu and Carmichael
(1970, 1977). The dolerites fall on a line corresponding to an age of

192 + 4 my (initial “OAr/3®Ar = 272 + 14) which is within error of the ages
calculated using an assumed initial ratio of 288 (measured at 1.G.S.). The
rhyolites and granophyres form a vague line with a lower gradient than that
of the isochron. This 'errorchron' is felt, in the light of the Rb-Sr data
on the same sampies, not to be significant and to represent “%Ar loss in
proportion to the amount present, resulting in rotation of the isochron.
Radiogenic “OAr is present in potassium sites and can diffuse more easily

than 36Ar out of the crystal lattice.

The processes of spherulite formation and recrystallisation are envisaged to
result in argon loss and ages calculated from devitrified rocks may give an
age of recrystallisation rather than formation. The pitchstones, however,
give the youngest ages and argon diffusion out of glass may be more signi-

ficant than the effects of recrystallisation and subsequent diffusion.

No conclusions concerning the relative ages of crystallisation and devitri-
fication of the acid rocks can be drawn from these data. The problems of
argon loss render this technique unsuitable for the dating of whole-rock

samples though the analysis of separated phases may produce more concordant

dates.
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VII.5 Fission-track dating of zircons

Fission-track dating of separated zircons has been carried out by Fitch and
Hurford (unpublished data). The results are given in Table VII.4. The
Zululand rhyolite gave an age of 188 = 2 (20) and subsequent determinations
on Swaziland samples confirm this age though with higher errors due to

fewer determinations. No older zircons have been found in these samples.

VII.6 Summary

Three separate techniques give an age for the Karroo in Swaziland of about
188 my. A1l the determinations are within error (except for some of the
k-Ar dates for reasons discussed above) and this is the first available

comparison of Rb-Sr and fission-track dating techniques.

No significant age differences can be measured between the rhyolites and
dolerites or between the rocks of Swaziland and those at the base of the
Lesotho succession. No reliable dates have been obtained from the grano-

phyres.
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TABLE VII.4

Fission-track dating of zircons

Sample details Source Date (error = 1o)
Rhyolite, Ngweni Fitch (1976, unpubl.) 189 + 21
Quarry
Zululand 187 = 16 (188 + 2 (20)
189 + 20
RC 74** Hurford (1977, unpubl.) 193 = 8
SK 153** " " 189 + 11

SK 138** " " *211 + 17

* anomalously high age because of a technical
fault;

** for sample Tocalities, see Table VII.3.
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CHAPTER VIII

GEOCHEMISTRY
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VIII GEOCHEMISTRY

VIII.1 Introduction

Fifty-three whole-rock samples have been analysed for major elements
(analytical techniques are summarised in Appendix A). The first batch
analysed consisted of some twenty rhyolites and seven dolerites and
represented the freshest rocks available. Consequently the compositional
spread was small, most of the samples coming from the intermediate rhyolites
and falling between 68 and 72 per cent silica. For the second batch, the
rocks identified in the field as falling away from the centre group were
chosen and the observed compositional spread increased. The data, therefore,
are not representative of the rhyolites as a whole but are biased away from

the 'average rhyolite'. The data are presented in Appendix B.

A11 the samples analysed for major elements have also been run for the trac
elements: Nb, Zr, Y, Sr and Rb and a selected few for Ba, La, Ce and Nd.
These trace element data show more variation than the major element data and
also reveal two samples with anomalous trace element contents (later also
shown to have high 87Sr/86Sr ratios). Fifteen more samples from the inter-
bedded flows were run for trace elements only,in an attempt to identify any

further exceptions.

P. Betton of this Department is near completion of a research project con-
cerned mainly with electron microprobe studies of rocks collected for this
study. No probe work was undertaken as part of this study; unpublished dat:

on the phenocrysts has been made available by Betton and used in the least

squares mixing calculations.

The rhyolite data are plotted in Diagrams 5 and 6, those for the dolerites

in Figure VIII.4.
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VIII.2 Classification of rock-types

The taxonomy of igneous rocks is in a state of flux. The use of the modal
Q-A-P-F (Quartz-A]ka]i—fe]dspar-P]agioc]ase-Femics) double triangle for
classification (Streckeisen, 1967) is gaining acceptance by many petrolo-
gists. For fine-grained volcanic rocks, however, this classification is
dependent on the calculation of mineral modes; a procedure fraught with
difficulties. Published tables of average rock analyses (Le Maitre, 1976)
show that a given rock name can cover a range of compositions. In the Swazi-
land rhyolites there is a natural division at about 68 per cent silica
between the interbedded rhyolites and the main group of rhyolites (cf. Diag-
ram 5) and for convenience those with silica contents below 68 per cent will
here be called dacites and those above rhyolites. The terms acid, inter—
mediate and basie, when used to qualify the rhyolites, refer to the subdivi-
sion discussed in Chapter V and have no implications outside this context.
The term rhyolite is also used in a general sense to describe the acid vol-
canics of this and other areas. The granophyres do not fall significantly
off the major element trends and will be considered along with the rhyolites.
Two of the interbedded rhyolites, cropping out towards the base of the
basalt succession, have similar major element chemistry but depleted trace
element abundances; they are called rhyolitic interbeds and are considered

to have a separate origin to the rest of the rhyolites.

Two of the samples have less than 65 per cent silica: one of these, MZ.6,
has only 56 per cent silica, but relatively high amounts of alkalis, and is
similar to a trachyandesite in composition; RC 128, at 61 per cent silica
comes from the same flow as specimens RC 45 and RC 36 and is more obviousl:
related to the dacites. MZ 6 comes from a flow exposed in a quarry near
Mlaula in the Mbuluzi poort and its field relations could not be ascertainec

Le Maitre's averages are compared with the Swaziland data in Table VIII.T1.
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Comparison of Lebombo analyses with
average analyses from Le Maitre (1976).

1 2 3
72.82 65.01 58.15
0.28 0.58  1.08
13.27 15.91 16.70
1.48  2.43  3.26
.11 2.30  3.21
0.06 0.09 0.16
0.39 1.78  2.57
1.14  4.32  4.96
3.55  3.79  4.35
4.30 2.17  3.21
0.07 0.15  0.41

1.49 1.25 1
99.96 99.78 99

Average rhyolite

Average dacite
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.97

TABLE VIII.T

75.6
0.17
12.05

.31
.03
.09

o o O o

.36

99.81

(Le Maitre, 1976).
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Average trachyandesite ("

70.62
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Typical Swaziland acid rhyolite (RC 73)
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.83
.44
.14
.64
.48
.78
.33
.22
.88

56

56.

100.

Typical Swaziland intermediate rhyolite (RC 55)

Typical Swaziland basic rhyolite (RC 40)

Swaziland trachyandesite (MZ 6)

Average Lebombo rhyolite from Wachendorf (1973)

25

.45
.88
.28
.93
21
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.36
.84
.22
.50
.41

52
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12.
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o P

100.
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VIII.3 Major element variation

The data are plotted in Diagram 5. Silica is used for the abscissa as a
convenient index of fractionation. The analyses are divided into the five

groups outlined above:

(a) the rhyolitic interbeds from the base of the basalt
succession;

(b) the one intermediate "trachyandesite" flow;

(c) the rhyolites from the main part of the succession;

(d) the intrusive granophyres,

The dolerites are considered in Section VIII.6.

Of the major element trends, Ti0,, P,05, total Fe, Mn0 and K,0 show tight
correlations with silica whereas A1,0,, Mg0, Ca0 and Na,0 have looser trencs
The errors in the silica analyses are proportionately larger than those for
the lesser oxides and this may be relected in, for example, Ti0, and P,0g
by the presence of a slight 'plateau’ between 68 and 72 per cent silica
where there is a wide variation in silica content for a constant amount of

the minor element.

The five granophyre analyses show no significant differences from the rest
of the analyses and are considered as part of the same fractionation trend.
The interbedded rhyolites (dacites) are also similar to the main group of

rhyolites but are poorer in silica and, perhaps, in iron and significantly
richer in A1,05 and K,0. The rhyolitic interbeds are similar in the major

elements but poorer in K,0 and very depleted in the trace elements.

Figures VIII.1 show the whole-rock variation relative to average phenocryst

analyses (data summarised in Table VIII.2)



1.

2.

Basic rhyolite (RC 36)

Si10,
Ti0,
A1,04
Fe0
MnO
Mg0
Ca0
Na,0
K,0

Intermediate rhyolite (RC 55)

Si0,
Ti0,
Al,03
FeO
MnO
Mg0
Cal
Na,0
K,0

In addition

Plagioclase
PL 36

60.72

0.08
23.61
.54
.01
.04
.25
.66
0.N

99.82

O N O O O

Plagioclase
PL 55

60.60

0.04
24.86
0.42
0.01
0.02
6.48
6.40
1.29

100.12

TABLE VIII.2

Phenocryst Data

Clinopyroxene

CP 36

53.60
0.35
1.09

19.70
1.07

1.11

16.54
0.35
0.01

103.82

Clinopyroxene

CP 55

50.32
0.04
0.94

23.57
1.19
6.31

15.09
0.13
0.01

97.6

Ore
OR.36

16.14

75.41
.26
.09
.01
.03
.01

O O O O -

95.15

Ore
OR 55

0.14
16.81

1.48
76.45
.58
.15
.01
.01
.01

96.64

O O O O —

analyses of pure quartz and magnetite were used.

18

-~
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3. Dolerites

Plagioclase Clinopyroxene Ore

PL 11 CP 11 OR 11
Si0, 55.85 51.89 0.15
Ti0, 0.08 0.68 48.89
A1,03 26.72 1.19 0.24
FeO 0.65 15.77 44.26
MnO 0.01 0.35 1.11
Mg0 0.13 14.44 0.08
Ca0 10.71 14.93 0.06
Na,0 4.96 0.26 0.01
K20 0.30 0.01 0.01

Analyses for labradorite and olivine (Fo 80) were taken from
Deer, Howie and Zussman (1966).
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Figures VIII.1 show the whole-rock chemical variation relative to average
phenocryst analyses (data summarised in Table VIII.2). The envelopes of

the rhyolite compositions and their approximate trends are also shown.

An idealised straight-line variation diagram can be considered to represent
a mixing of two end-members: the phenocryst 'extract' whose bulk compositior
is enclosed by the triangle or polygon linking the phenocryst compositions;
and the liquid composition falling at the end of the trend (generally the
most evolved liquid). In a cumulus enrichment or partial melting trend the
'extract' is added to an evolved Tliquid to produce intermediates; in a
crystal fractionation trend, removal of the phases constituting the extrac
from the bulk composition will produce a range of liquid compositions trend
ing away from the extract. In both cases the variation will be linear if
the extract is of constant composition. The use of the term 'extract' to
describe one end of the mixing 1ine, while having implications of fractional
crystallisation, should not be taken to exclude the other possibilities for

producing these linear trends.

The back projections of the envelopes of the rhyolite analyses would, in a

perfect system, intersect with the bulk composition of the extract.

With a two phase extract on a two-dimensional variation diagram, the extract
is specified uniquely; with a three phase extract, the bulk composition will
fall on the back-projection of the trend line within the three phase
triangle. A unique solution for the extract composition can be obtained
where the number of components is equal to, or greater than, the number of

phases. Multi-dimensional analysis of variation diagrams is considered

further in Section VIII.S8.

Inspection of these 'extract variation diagrams' can yield qualitative esti



Fig. VIII.1. Phenocryst extract variation diagrams for the rhyolites.
Stippled area denotes main envelope of rhyolite compositions;
single points are the chief exceptions to this. Best fit

trend lines are solid to approximate extract composition and
extrapolated as a dashed line.

Phenocrysts: circles = ore; triangles = plagioclase; squares
= clinopyroxene.
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mates of the extract composition. Because each phase is generally enriched
in a characteristic element, the amount of that phase in the extract is
related to the abundance of its characteristic element in the extract: thus
the modal proportions of apatite and zircon in the calculated extract are
largely controlled by the predicted amounts of P,0: and Zr in the extract;
Mg0 is dominantly associated with, and hence controlled by the amount of,
clinopyroxene; Fe0 and Ti0, are controlled by the ore phases; A1,0, and K,0

by plagioclase; and Ca0 and Si0, by clinopyroxene and plagioclase.

An extract with a small percentage of ore and a dominance of plagioclase
over clinopyroxene can explain the variation for most elements. Discrep-
ancies occur for iron, where the extract is too rich in clinopyroxene; alumi:
where the plagioclase may be slightly too aluminous and for potassium wherc
the extract is too rich in ore, or generally too low in potassium. These
inconsistencies may be reduced if further phases, for example magnetite,

fayalite and potassium feldspar, are considered.

The variation is considered in more detail in Section VIII.8 where least-

squares petrographic mixing models will be discussed.

VIII.4 Trace element variation

The major element variation diagrams show that the Swaziland rhyolites are
a fairly homogeneous group of rocks with Tittle overall variation in bulk
composition. Most trace elements are more sensitive to petrogenetic

processes than major elements and most of the petrogenetic modeliing has

been based on them.

Trace element data for rhyolites are scarce but Weaver et al. (1972), Jenks

and Goldich (1956), ET1 Hinnawi et al. (1969), Ewart and Taylor (1969), and
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Gibson (1972), all quoted trace element data for acidic extrusives. The
Swaziland rocks are enriched in Nb, Zr and Y relative to these published

data - often by a factor of three. The Swaziland data are presented in

Diagram 6.

a) NIOBIUM

Niobium has a very constant abundance in the rhyolites with a range of 65 -
80 ppm. Nb in the granophyres is on average 5 - 10 ppm lower for a given
silica content. The data fall into two groups with a dividing Tine at 72%
SiOZ. Within each group there seems to be a depletion of the Nb with silica,
the trends for the two groups displaced by 30 ppm Nb. The upper group
contains the four acid rhyolites and one of the granophyres. The two rhyo-

litic interbeds are depleted by a factor of four relative to the main group.

Very Tittle is known about the geochemistry of niobium; it may substitute
for Ti, Sn, Zr, Mo and W on the basis of similar ionic radii but the bulk
of it, however, may exist as (Nb04)3- complexes and be enriched in residual
melts (Taylor, 1965). The substitution of NbSt for Ti%T s probably the
major solid solution effect and Nb would be expected to have the highest
distribution coefficients in pyroxenes, rutile and perhaps the ore phases
(Taylor, 1965). Cann (1970) used the Nb abundances and Eriank and Kable
(1976) Zr/Nb ratios as indicators of petrogenetic environments but these
studies considered hydrothermal mobility and melt chemistry respectively

rather than solid solution chemistry.

Niobium does not show the residual enrichment predicted by Taylor (1965)
and the lack of similarity between the Ti0, and Nb plots and the closer
relation with Zr perhaps suggests that the substitution of Nb in zircon is
the major factor affecting the niobium distribution in these rocks (see

discussion on zircon fractionation below).
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b) ZIRCONIUM

The rhyolites form a tight grouping for zirconium, apparently, insofar as
data are available, remaining constant till about 68 per cent silica and
then falling as silica increases. Zircon is an abundant accessory in the
rhyolites, often attached to larger ore phenocrysts, and it seems likely
that the observed fall in Zr has been caused by zircon fractionation. The
rocks with less than 68 per cent silica very rarely contain zircons. Four
of the samples are richer in Zr; they do not appear to be enriched in
zircons and the Zr levels of 1350 ppm probably represent the limit of
zircon solubility for that magma composition. When the liquid is saturated
with ZrSiOu, crystallisation of zircon begins, sufficient tc halve the Zr
content of the magma by 75 per cent silica. Similarly to Nb, the acid
rhyolitic interbeds are fourfold depleted. The two separate groups identi-

fied on the basis of Nb abundances are less pronounced or non-existent.

The substitution of Zr for Ti, Fe3+, Fe2¥ as suggested by Taylor (1965) and
its subsequent fractionation in pyroxenes and Fe-Ti oxides are considered

to be insignificant relative to its fractionation in zircon.

c) YTTRIUM

Yttrium is very enriched in these rhyolites relative to most other rhyolites
for which data are available and ranges from 100 - 180 ppm. The general
trend within the rhyolites is one of enrichment with silica; Y in the
granophyres is 60 ppm lower than in the acid rhyolites and apparently fal.

on a trend decreasing with silica. The rhyolitic interbeds are depleted

by a factor of three.

The geochemistry of Yttrium is governed by its association with calcium
and medium-heavy rare earth elements (e.g. Dysprosium) in rock-forming

minerals. Y-minerals are rare; Ca-minerals poor in Y are: calcite, augitic
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clinopyroxene and plagioclase; those rich in Y are: hornblende, garnet and
apatite. Of the Ca - poor minerals, orthopyroxene and K-feldspar are rela-
tively rich in Y (Lambert and Holland, 1974). Zircon contains large

quantities of heavy rare earths and can contain up to 1.5% Y (Krasnobayev

et al., 1976).

The variation of Y is considered in greater detail in Section VIII.10 where
its variation is partly explained by fractionation of Y-rich apatite and

zircon and partly by variations in the source region.

d) STRONTIUM

Strontium falls off rapidly and regularly with silica from over 200 ppm

to 30 ppm. Some of the acid rhyolites are enriched relative to the grano-
phyres but the rhyolitc interbeds do not show the same depletion as in Y,
Zr and Nb. Both clinopyroxene and plagioclase have high partition coeffi-
cients for Sr and it is shown later than the observed variation can be

accounted for by the fractionation of a clinopyroxene-piagioclase mixture.

e) RUBIDIUM

Rubidium has a tight trend with 1ittle variation about a mean value of
approximately 120 ppm. The granophyres are enriched relative to the acid
rhyolites, especially the most silica-rich one. Most common roEk-forming
minerals have very low distribution coefficients for Rb and this is

compatible with the gradual enrichment with silica observed.

f) BARIUM, LANTHANUM, CERIUM AND NEODYMIUM

Ba, Ce and Nd show similar patterns and are depleted with increasinc silic
La shows less variation and a gradual enrichment with silica. The tuo
acid rhyolites have high contents of all four elements relative to the

granophyres. Some of the similarities observed may to some extent reflect
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the small number of analyses. Ba, similarly to Sr, is enriched in plagio-
clase and the variation in Ba can be explained by predominant plagioclase
fractionation. The 1ight lanthanides have moderately high distribution co-
efficients for apatite and hornblende, less so for clinopyroxene, plagio-

clase and zircon (Arth, 1976). The variation of these elements is consider

in more detail in Section VIII.1O.

With most of the trace element patterns there is some doubt as to the true
trend as the most evolved rhyolites are enriched relative to the grano-
phyres at the same silica level. It is difficult to envisage how fractione
crystallisation of a single magma-type can produce residual liquids both
enriched and depleted in certain trace elements; processes such as crystal
accumulation or contamination, or variations in the melting mechanism or
source chemistry may thus be involved in the creation of bimodal trace ele-

ment distributions.

The two samples of the rhyolitic interbeds have anomalous trace element °
abundances (except for Rb and Sr) and must be considered to have a separate
origin to the main group of rhyolites. Most of the trace elements analysed
are resistant to weathering, and the observed depletions may well reflect

the chemistry of the source.

VIII.5 Variation with stratigraphic height

Detailed mapping has enabled the flows to be correlated over large distances
and samples 30 km apart can be assigned to the same flow from field
evidence. Little or no vertical or lateral intraflow variation was observed

in the field in Swaziland; the southern Lebombo also shows chemical and

mineralogical homogeneity (Bristow, 1976).



Fig. VIII.2. Variation with stratigraphic height of selected elements.
Flow numbers are taken from the maps.
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The samples are divided into flows, and their chemical variation with height
plotted in Figure VIII.2. Flow XI is represented by seven samples and the
data give an indication of the intra-flow variation. Only the elements with
tight trends were used so that the small variation with height was not
obscured by analytical and petrogenetic noise. Apart from the basal flow
which is considerably more basic, the data form a gentle curve with the

most basic of the rhyolites in the middle of the succession.

VIII.6 Chemical 'fingerprinting' of acid flows

The chemical 'fingerprinting' of lava flows has been studied using various
discriminant analyses by Cann (1970), Pearce and Cann (1973) and Jack and
Carmichael (1969). These studies have been concerned with separating and
distinguishing rocks from different tectonic environments, or different
areas or eruptive centres within one tectonic setting. The problem in the
Lebombo is in distinguishing between flows which are part of the same frac-
tionation sequence to find a chemical method of verifying the field sub-
divisions or, in areas of inadequate field-mapping or exposure, to divide

the rocks into separate flow units.

The Zr/Nb ratio has been used by Erlank and Kable (1976) as an index to
interpret mantle differentiation processes. Both Zr and Nb have Tow
crystal-1iquid distribution coefficients in basic systems and hence, after
only small degrees of melting, the Zr/Nb ratio of the melt should be equal,
or nearly so, to that of the source. In the Swaziland rhyolites, however,
the presence of zircon as a discrete phase and the consequent fractionation
of Zr means that only the initial liquids may have a Zr/Nb ratio equivalent
to that of the source; the Zr/Nb ratios of liquids affected by zircon
fractionation will be indicative of the amount of that fractionation as

well as their source chemistry. Zr/Nb is relatively unaffected by weather-
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Fig. VIII.3. Zr/Nb-Y plot for the rhyolite data. Sample numbers are given.

Broken lines define approximate limits of composition for
each flow.
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ing and rocks too weathered to merit a chemical analysis may still be

usable in 'fingerprinting'

The use of Zr/Nb as a discriminant is shown in Figure VIII.3 where it is
plotted against Y. VYttrium was used as the other index principally because
there are a number of rocks which have only been analysed for the elements
Nb, Zr, Y, Sr and Rb,and is also relatively unaffected by weathering.

This plot can, ideally, discriminate between liquids formed from sources
with differing Zr/Nb or the rare earth characteristics, and also between
rocks on a crystal fractionation trend which have suffered differing amounts

of zircon fractionation.

On the Zr/Nb-Y plot the rhyolite analyses fall in a broad zone with negatiw-
slope. The rhyolitic interbeds with high Zr/Nb ratios and low Y contents
fall away from the bulk of the analyses. In nearly all cases samples from
the same flow occur in well-defined areas; the seven analyses from flow XI
give an indication of the precision of the discriminant. The interbedded
rhyolites fall into two groups, separated by their Y content. The flows
from the northern and southern areas fall in the same group, thus supportir
the tentative correlation based on field evidence, while the uppermost of
the interbedded flows (RC 62, 101) are more similar to samples from the
base of the rhyolite sequence proper (SK 13, MZ 6). The main body of rhyc-
lites form a small grouping of data points with a broad left-to-right divi-
sion into flow units. The basal flows at Cecil Mack Pass, Usutu Poort and
the Stegi area have significantly higher Zr/Nb ratios than the main group.
The granophyre dykes are indistinguishable from rhyolites whereas the granc
phyre bodies are lower in Zr/Nb and Y and may be more fractionated. Three,
or maybe four, of the rhyolites and one of the granophyre dykes are en-
riched in Y and have low Zr/Nb ratios; this enrichment in Y relative to Zr

is later shown to be a reflection of the source composition.
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The value of this 'fingerprinting', while supporting the field subdivision
of flows, is in identifying the principal groups of rocks and being able tc
distinguish between flows from different areas. The precision is, however,

insufficient to enable the flows to be subdivided purely on the basis of

Zr/Nb-Y,

VIII.7 Dolerite chemistry

The data for dolerites are unfortunately limited but, hopefully, representa-
tive of the dolerite swarm. Virtually all the basalt in Swaziland is deeply
weathered, except where baked by dolerite or granophyre intrusions, and
only the fresh dolerites were selected for analysis. The dolerites and
basalts are assumed to be cogenetic and the petrogenetic conclusions reached
for the dolerites will be assumed, in the absence of further data, to be

applicable to the basalts.

The major and minor element data for the Swaziland dolerites are summarized
on Figure VIII.4. A1l the rocks are quartz-tholeiites, containing between
1 and 6 per cent of normative quartz. Most of the variation diagrams show
linear trends: Ca0 and A1203 have positive correlations and Na,0, K20,

P,05 and the trace elements negative correlations with Mg0. Fe (total)
and TiO2 have kinked trends, both with maxima around 5.5% Mg0, possibly

representing the onset of ore fractionation.

Regression lines for the incompatible elements (i.e. K,0, P,0s, Zr, Nb, Y,
Rb and Ti0,) have intersections with Mg0 between 7.3 and 7.8 (Table
VIII.3). The order of the elements reflects the relative sizes of their
distribution coefficients and the amount in the extract. The maximum MgO
value for the extract to have positive values for all the trace elements

is 7.2% (for Rb). The values for the major elements at that Mg0 content



Fig. VIII.4. Variation diagrams for Swaziland dolerites. Best fit trend
lines are given where possible.
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Intersections of regression

TABLE VIII.3

Extract composition for doierites

Composition of extract

Element

lines with Mqg0

Rb
K20
Ir
Nb
P20s

Ti02

% Mg0
7.2
7.25
7.5
7.5
7.6
7.8
7.9

for 7-2% MqgO

Si02 50.0 %
Ti02 .8
A1203 15.6
MgO 7.2
Mnd .2
Cal 12.5
P20s 0.02
Na20 .2
K20 0.0
FeO (tot) 11.2
Total 99.1

Mineral composition of extract

a) Normative minerals

Q
Ab

An
D1
Hy
01
Mt
I

0.0

33.2

16.9
4.0
2.17
0.4

%

18.6}5]_8

23'7}40.6

} 2.57

b) Modal minerals
(calculated by Teast squares fitting)

Labradorite 49%
Clinopyroxene (CP 11) 44%
Ore (OR 11) 3%
Olivine (Fo 80) 3%

204
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are given in Table VIII.3 together with the calculated mineral composition
of the extract. The modal proportions of this calculated extract are con-
sistent with the observed mineralogy and it is concluded, on the basis of
the available data, that the chemical variation can be explained by frac-

tionation of an approximately 50:50 mixture of plagioclase and clinopyroxe

VIII.8 Petrogenesis : general

The Lebombo rhyolites have been shown to be a relatively coherent group;

the thickness of the succession, uniformity of rock-type and geochemical
features imply a similar origin for all the samples analysed (bar the two
rhyolitic interbeds). Any theories for their genesis must take into accourt
the intimate association between basalt and rhyolite, and the presence of

underlying continental crust.

Petrogenetic hypotheses to account for the rhyolites and their variation

can be classed into the following categories:
(1) Fractional crystallisation of a dacitic magma, the
latter produced by

(a) fractional crystallisation of a basaltic magma, or
(b) partial melting of basaltic source material, or

(c) partial melting of mantle source material;

(2) Varying degrees of partial melting of a basic parent;

(3) Partial melting of acid crustal materials, with or

without subsequent fractionation.



20¢

Direct derivation from the mantle will not be considered here as (a) it is
very unlikely that the quartz-bearing rhyolites were ever in equilibriunm
with a mantle assemblage (Stern et al., 1975), and (b) if they formed by
differentiation of a magma produced from the mantle the situation becomes

analogous to case 1(a), (b) or 2 above and need not be considered separate?:

as an origin direct from the mantle.

Of the three mechanisms outlined above, case 1 is considered the most
Tikely and will be discussed in detail in the following sections. Cases ¢
and 3 will be discussed in terms of the trace element data in Sections

VIII.13 and 14 respectively.

VIII.9 Major element modelling

(a) Method

A least-squares approximation method (after Bryan et al., 1969) has been
used to model the observed major element trends. A Fortran IV program
'Mixer' (written by A.R. Duncan and adopted to run at Oxford by P. Betton)

based on this method was used for the computation.

The objective of extract calculations is to determine whether an assumed
residual liquid might be derived from an assumed parent magma by removal
or addition of components which may be mineral phases or 'whole-rock'
components such as other magmas, wall-rock or xenolithic material. - The
variation of two, three or four components can be depicted graphically but
for multi-dimensional analysis where all components are considered simul-

taneously the least-squares method can be used.

The program works in the reverse way to Nature in that it mixes the residu

liquid and mineral phases (the extract) to approximate the starting (or



bulk) composition.
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The method is also suitable for the calculation of

moes, given the mineral and whole-rock compositions.

Consider a system of n oxides and k components where Xij is the concentra-

tion of the ith oxide in the jth component; y 1s the observed amount of the

ith oxide in the composition to be approximated and 91 the calculated

amount; bj is the estimated amount of component j required.

For each of the n oxides a linear equation can be written:

or in matrix notation

or

Y1
Y2

Yn

.V-i=

)

J =

X11

X21

nl

1,k

XB

X12

X22

X
n2

X b.

J

X23 . .

. X1k

. ka

n3 [ L] . Xnk

(1)

(2)

provided n > k a unique solution can be obtained by matrix inversion for B

and by substitution in equation (2) a vector y can be obtained which is the

least squares approximation of y such that the quantity;
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A

IR% = (y; = 9:)2

i

ne-~-1 3

1

the sum of the squares of the residuals, is minimised.

For the modelling involved in this work the vector equation (2) can be

rephrased as:

Liq Y = XxLigX +aA +bB + cC ...
calc
where:
Liq Y = parental magma (assumed and recalculated)
Liq Y = residual magma
X,a,b,c = proportions of components X,A,B,C ... such that

X+a+b+c... =1.

The number of oxides, n, in general is a maximum of 9 and the number of
components involved varies from four to eight depending on the conditiors

specified.

This method is only a simple mixing model and the results must be treated
subjectively. Magma variation will only be linear over small amounts of

fractionation; more extensive fractionation should be considerec as a

number of smaller steps.

The squared residuals are an indication of the goodness of fit of the dz:a
but the absolute values of the residuals are not necessarily an indicatic .
of the relative quality of fit as large absolute discrepancies in the val:
of Si0, may only be small relative errors, and small discrepancies ir

Mn0, P,0s, etc., may te large percentage errors. In general, for 9 oxides
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ZRZ values greater than 5 indicate an inadequate fit, and less than 1

indicate a good fit to the data. The sum of the percentage errors, Z%RZ,

is generally less than 100 for a good fit; an average relative deviation of

5% for 9 oxides would give a )%R2 of 225.

It must be remembered, however, that an excellent fit to the data means

that the observed variation is consistent with crystal fractionation but n¢

that that fractionation occurred.

(b) Results of the modelling

To assess the variation within the rhyolite sequence, three representative
whole-rock compositions were selected representative of the acid, basic and
intermediate groups of rhyolites respectively. Real rock compositions were
used rather than those calculated from regression lines because of the
difficulty of defining the fractionation trend towards the basic end of the
rhyolites. For the computation the data were normalised to the dependent

vector (i.e. the starting composition).

The extract minerals are assumed to be those present as phenocrysts in the
rocks. The phenocryst data (Table VIII.2) were chosen as being typical of
the phases present and were analysed in the freshest rocks available. The
analyses are thought to resemble as closely as possible the actual fraction-

ating phenocrysts.

The modelling is considered in two halves:

1) Basic rhyolite (RC 40) to intermediate rhyolite (RC 52).
The best fitting solution is summarised in Table VIII.4.
Using pure magnetite and quartz as part of the extract a good

fit can be obtained. Inspection of the data, however, reveals
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that 6% quartz needs to be added if, in the fractionation
sequence, RC 52 is derived from RC 40. The variation diagrams
(Diagram 5) show that, relative to RC 52, RC 40 is enriched

in Al1,03 and K,0 and it seems doubtful that the two rocks

are related by simple crystal fractionation.

2) Intermediate (RC 52) to acid rhyolite (RC 73).

A good fit is obtained between RC 52 and RC 73 using an
average feldspar composition from RC 52. Plagioclase, clino-
pyroxene and ore (titanomagnetite) are the main phases frac-
tionating, being extracted in the ratio 7:2:1. Quartz and
magnetite are present in minor amounts, to produce an iron
and silica balance. The computation was repeated using the
most basic of the main rhyolite group: RC 65 (Table VIII.4).
The fit of the data is good though with a discrepancy in
A1,0;3 which may be due to the plagioclase composition used;
the fit may be also improved by altering the weighting of

the data.

The various mixing models employed show that the observed variation within
the main group of rhyolites can be approximated by crystal fractionation of
a mixture of 65% plagioclase, 15% clinopyroxene and 20% ore, magnetite and
quartz (values averaged over the whole fractionation range). The inter-
bedded dacites can not be interpreted in a similar fashion and contain K,0

and A1,03 in excess of that required by the crystal fractionation model.
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TABLE VIII.4

1. Fractionation of basic to intermediate rhyolite (RC 40 - RC 52).

RC 40 RC 40
observed calculated
Si02 66.78 66.37 % components % of
Ti02 0.75 0.70 extract
A1203 13.31 13.05 RC 52 96.8 0
FeO* 5.78 5.78
MnO 0.14 0.16 PL 36 3.5 50
Mg0 0.64 0.58 CP 36 2.1 30
Ca0 2.48 2.61 OR 36 1.2 18
Na20 3.78 3.54 QZ -5.6
K20 4.33 4.26 MT -0.8
IR? = 0.32
Y4R? = 460

2. Fractionation of intermediate to acid rhyolite (RC 52 - RC 73).

RC 52 RC 52
observed calculated
Si0z 70.98 71.20 % components % of
Ti0z 0.52 0.54 extract
A1,03 12.58 13.13 RC 73 75.5 0
FeO* 5.4] 5.41]
MnO 0.13 0.12 PL 55 15.9 60
Mg0 0.36 0.38 CP 55 4.8 18
Cal 2.08 2.03 OR 55 2.4 0
Naz0 3.41 3.41 MT 1.1 4
KoO 4.37 4.21 QZ 2.1 8
JR2 = 0.38

143

JuR2
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VIII.10 Trace element modelling

(a) Introduction

Detailed treatments of the theory of trace element partitioning have been
presented by McIntire (1963), Banno and Matusi (1973), Wood and Fraser (1976)

and 0'Nions and Powell (1977) and only a brief summary of relevant aspects

is attempted here.

Theoretical models for trace element behaviour assume that trace elements
form dilute solid solutions and behave in accordance with Henry's Law. This
assumption is invalid, however, where a trace element is a stoichiometric
constituent of a phase (e.g. zirconium in zirconj. The assumption of equi-

1ibrium, or near equilibrium, conditions is also made.

At equilibrium the chemical potential, u, of component i in phase o equals

that of i in B:
W¢ =8 (1)

Expressed in terms of the activity, a, and the standard state chemical

potential, uo, this becomes:

UO? + RT Tn af = u°§ + RT 1n a% | (2)
or
R oo, 0B
a5 O B
L = exp (3)
a RT
%

This expression is a constant at given P,T and composition. Expressing the
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activity in terms of the activity coefficient, y, and the concentration, ¢

B B
vi - G
— =K (4)
S o
Yo, Y

Henry's Law states that, for dilute solutions, the activity of a component
is directly proportional to its concentration and hence, the activity co-
efficient is independent of concentration and is a constant at given

pressure and temperature. Equation (4) can thus be restated:

¢ 5
i=4=@m (5)
C:  ky¥

1 1

where D?/B 1s the distribution coefficient for i between phases a and B.

In practice, many trace elements are present in abundances in excess of the
Henry's Law region and distribution coefficients are composition, as well ac
pressure and temperature, dependent. Within a given fractionation sequenc:
however, the pressure and temperature cannot be expected to vary greatly

and for moderate amounts of fractionation the variation in D should be

small.

Much of the composition and P,T dependence of distribution coefficients can
be eliminated by considering pairs of similar elements (e.q. Dgés/Dgﬁe) as
the activity coefficents for the two elements will be similar and cancel
out of equation 4. McIntire (1963) discussed these compound distribution
coefficients in detail; their potential usefulness 1is outweighed by the

difficulty of their use in partial melting and crystallisation equations.



(b) Theoretical models for trace element behaviour

(1) Partial Melting

Quantitative models for trace element distribution during partial melt-
ing have been devised by Gast (1968), Shaw (1970) and Hertogen and Gijbels

(1976) and summarised by Arth (1976). Three basic mechanisms are proposed:

1) Batch melting: continuous equilibration between liquid and solid
until the removal of melt from residual solid;

2) Fractional melting: continuous removal of melt from solid;

3) Integrated fractional melting: continuous removal of melt followed

by collection and homogenisation in a single magﬁa reservoir,

The three models produce similar results for small degrees of meiting but nc
for larger amounts. Models (2) and (3) require the extraction of infinitesi-
mal increments of melt, a process thought by Arth (1976) to be unlikely in a

geological context. Only batch melting will be considered here.

BATCH EQUILIBRIUM MELTING

For partial melting where the liquid remains in equilibrium with the solid
until it is removed, for a given element (Shaw, 1970):

L
c. (6)

'¢® 0%+ F(1-P)

where CL concentration of element in the liquid;

c® = initial concentration of element in solid;

F fraction of melting;

p° = bulk partition coefficient in a multiphase system. For

an n phase assemblage:
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0% = 5 M DV

A

where DJ/] = crystal/liquid distribution coefficient for phase j:

and X3 = initial weight fraction of j in the solid;
I N IS 74

and P "j='l’np'D

where pJ = fraction of liquid contributed by phase j.

In the unlikely, but easily modelled, situation where modal melting takes
p]acg and the percentage of each phase in the solid does not change during

melting, P = D° and equation 6 becomes:

c® 0%+ F(1-09

1£ 0% or F + 0, then C5é° > or-l— respectively.
F 0

(ii) Fractional Crystallisation

EQUILIBRIUM FRACTIONAL CRYSTALLISATION

For equilibrium fractional crystallisation the whole of the solid portion
is kept in equilibrium with the melt and

ct 1

® F + D°(1-F)

(Arth, 1976) (8)

where F fraction of liquid remaining;

bulk distribution coefficient for solid phases;

()}
o
it

c® = jnitial concentration of element in liquid;

CL concentration in differential liquid.

This equation is analogous to the batch melting model considered above.
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RAYLEIGH FRACTIONAL CRYSTALLISATION

In Rayleigh fractional crystallisation, only the outer part of the crystals

is kept in equilibrium with the melt and

L 0
C D™ -1
A (%)
symbols as for equation (8).
¢t
For both the above models, as D +-O,—3-+-—
C F.

More complex models involving cyclical crystallisation and replenishment

have been proposed by 0'Hara (1977).

(iii) Discussion

A1l the theoretical models outlined above assume that the bulk distr
bution coefficient remains constant - i.e. both the distribution coef<i-
cients and the amounts of the phases involved are constant. In all cases
the maximum possible enrichment occurs when D = 0; enrichment in excess of

this implies non-equilibrium or open system processes.

The values employed for dist%ibution coefficients are critical for the
successful application of these theoretical equations. Several techniques
have been used to measure phenocryst/liquid partition coefficients includinc
microprobe studies of doped experimental systems, the use of radioactive
tracers and the measurement of phenocryst-groundmass compositions in vol-
canic rocks. Major problems include the zonation of natural crystals and

the doping of experimental systems in excess of the Henry's Law region.



TABLE VIII.5

Average crygta1/1iquid distribution coefficients for minerals in basic,
intermediate and acid rock types (from compilation by Arth (1976))

Sr
Ba
Ce
Nd

La*

Basic Rocks

Augite

Rb 0.031
Sr 0.12

Ba 0.026
Ce 0.15
Nd 0.31
Dy 0.68
Laf 0.1

Rhyolitic Rocks

Hornble

0.29
.46
.42
.20
.33
.64
.15

OO O O O O o

Intermediate Rocks

nde Plagioclase

0.071
1.83
0.23
0.12
0.081
0.055
0.15

Plagioclase

0.048
2.84
0.36
0.24
0.17
0.086
0.3

Plagiociase Clinopyroxene Hornblende K-feldspar Apatite Zircon

0.041
4.4
0.308
0.27
0.21
0.064
0.3

0.032
0.516
0.131
0.50
1.11
1.93
0.3

0.014
0.022
0.044
1.52
4.26
13.0
0.8

0.34
3.87
6.12
0.044
0.025
0.006
0.06

*Data for La extrapolated from Ce and Nd

34.7 2.64
57.1 2.20
50.7 45.7
33 3
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Rb. Sr, Ba and the rare earth elements are the best documented trace
elements for distribution coefficients and the values used in this study

are taken from the compilation by Arth (1976) and given in Table VIII.5.

(c) Application of trace element models

Consider a pair of trace elements, A and B, involved in Rayleigh fractiona-

tion. From equation (9) it follows that for A:

) F(DA - 1)

=ol|xr

and similarly for B

() (gp]
VWO | r
|

Hence:

L
log CA - Tog CR = (DA - 1) log F

and:

L
log Cg = Tog cg = (Dg - 1) Tog F.

By dividing and eliminating F

L 0
log Cy - Tog Cp _ Dy - 1

L 0 -
Tog Cz - Tog G Dg - 1



D

-1
L
or Tog Cp = A log ¢t + constant (1C
D, - 1 8
B
o Bp-1
where constant = log CA - log Cg
Dy - 1
B

Thus, on a plot of log Ck against log CE a mechanism of Rayleigh fractiona-

Dp - 1 The ratio DCA !

-1 Dy - 1

tion will produce a straight line of gradient “A

Dg

B
can now be determined and if either D is known the other can be calculated
relative to it for that fractionation sequence. A straight line plot of data
on a log-scale 1is compatible with Rayleigh fractionation and incompatible

with equilibrium crystallisation, partial melting or mixing models.

Allegre et al., (1977) adopted a similar technique but used an element with
D= 0 to calculate F directly. In these acid rocks, however, none of the
elements is wholly incompatibie and a slightly more complex model is justi-

fied.

There are no aphyric rocks present in Swaziland and, in the absence of
groundmass analyses, whole rock compositions have been used for the model-
ing. The percentage of phenocrysts is fairly constant (15-25%) and it is
hoped that the effects of any crystal accumulation will be small and
constant over the whole suite. Where closed-system equilibrium crystalli:

tion has taken place the whole-rock composition will be representative of

a liquid composition.

Rb and Ba are plotted against Sr in Figure VIII.5. In both cases the data

can be approximated to a straight 1ine and are thus consistent with Rayleic



Fig. VIII.5.

Log-plot of Rb and Ba against Sr.

(a) Rb vs. Sr.

The solid 1line is a best fit line through all the data,
with the exception of the most basic, high Sr rocks. The
dotted 1ine represents a grouping of data oblique to the main
trend; the freshest samples fall on the solid line and this
secondary trend is not thought to be significant. _The trend
is contoured for Rayleigh fractionation assuming DRb = 0.03,
from an arbitrary starting point of Sr = 200, Rb =" 100.

(b) Ba vs. Sr.

An analogous plot to Rb vs. Sr. The most basic rhyolites
fall below the Tine and belong to a more basic fractionation
sequence; the most evolved sample may have suffered Ba deple-
tion by fractionation of potassium feldspar.

(Symbolis for all figures:

squares = granophyre; solid circles
interbedded rhyolites; open circles

rhyolites; triangles =
rhyoiitic interbeds)
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fractionation. The high Rb and Ba points are ignored and also the most

basic, highest Sr, points which may belong to a more basic fractionation
trend. The Rb-Sr plot shows some scatter, partly due to the presence of
weathered samples; the freshest rocks, defining the Ba-Sr trend, all fall

or near the Rb-Sr line and the secondary trend in Rb-Sr (marked by broken

line) s not thought significant.

Published distribution coefficients are summarised in Table VIII.S5. DRb

remains low and fairly constant irrespective of composition whereas DSr is
more variable and Dglag increases from 1.83 to 4.4 between acid and basic

rocks. Published values for DBa are also fairly constant.

Using the relationship formulated in equation 10, the data can be tested for
self-consistency assuming a Rayleigh fractionation model. The distribution
coefficient data for Rb seem the most reliable; taking the extract composi-
tion calculated from the major element data and the average distribution
coefficient data from Table VIII.5 a value of 0.03 can be calculated for
ng, the bulk distribution coefficient for Rb. The gradient in Figure
VIII.5(a) is -0.4304 and, relative to ng = 0.03, Dgr = 3.25. This value
is slightly higher than that calculated from published data (= 2.9) but a
value for Dglag of 4.9, within experimental error, would produce a bulk
coefficient of 3.25. Probe data on feldspars from these rocks (Betton,
pers. comm.) give values for Sr in plagioclase of 120 - 800 ppm which,

when compared with whole-rock analyses, give an average distribution co-
efficient of 4. Similarly, Dga can be calculated to equal 1.9; published
data give a value of 0.22 but the feldspars contain 1500 - 3000 ppm Ba

(Betton, pers. comm.) and the value of Dglag = 2.9 required to give a DGE

= 1.9 (assuming Dggx = 0.13) is compatible with the probe analyses.

Using the internally consistent bulk distribution coefficients above, the



222

Rb-Sr plot has been contoured with the amount of crystallisation relative
to an arbitrary starting composition of Sr = 200 ppm, Rb = 110 ppm. Thirty
percent fractionation is sufficient to account for the variation in the
main body of analyses and 55% for the most evolved composition. The major
element data give values of 22% and 30% in the two cases. For the main
group of rhyolites, therefore, the major element and trace element data ar-
in reasonable agreement, but for RC 73 the trace element enrichment is in
excess of that predicted by the major elements and eutectic crystallisatic
may have taken place to enrich the trace elements without greatly affectin
the major elements. For Ba-Sr the same contours of F will apply; RC 73
falls below the main trend and may have suffered late-stage fractionation c*

a Ba-rich phase such as alkali-feldspar.

Y, Nb, La, Ce and Nd have been plotted against Sr (being the trace element
with greatest variance) in Figure VIII.6. If the most basic points are
ignored for belonging to a more basic fractionation trend, and the most
enriched rocks for belonging to a different trend, the data, in general
define reasonable straight 1ines. The gradients of these lines and the

calculated distribution coefficents are shown in Table VIII.6.

The diagram for Yttrium shows some scatter but two possible trends can be
drawn: (1) represents a general enrichment of Y from the basic to the most
evolved rocks; (2) shows the depletion of Y in the granophyres relative to
the main group of rhyolites. The first of these corresponds to a negative
value for D$ and represents an enrichment of Y relative to Sr greater than
that possible by Rayleigh fractionation from a single magma. The few rocks
showing these enrichments do not seem to be cumulus enriched and the ancmaly

is interpreted as enrichment of Y in the source, reflected in the derived

magmas.



Dots = rhyolites; squares = granophyres; triangles = interbedded

rhyolites; open circles = rhyolitic interbeds.
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Y vs. Sr. A plot with no well-pronounced trends. Line
(1) is an approximate trend of Y enrichment; (2) is a
trend corresponding to the Y depletion observed in the
granophyres. The dashed line represents tne maximum en-
richment of Y possible by Rayleigh fracticnation.

A better defined trend for Nb. The group of three more
basic points (high Sr) and the most Nb-rich rocks pro-zbl
do not belong to the same fractionation trend.



Fig. VIII.6 (c - e) Plots for La, Ce and Nd vs. Sr. All three define
reasonable straight lines if the most basic and most
enriched points are excluded. See text for further
discussion.
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TABLE VIII.6

Calculated bulk distribution coefficients

Element Gradient of element/Sr plot D° D°

(D, = 0.03) (Dgy = 0.1)

Rb -0.4304 (D3, = 3.25) (D3, = 3.1)
Ba 0.399 1.90 1.83
Y(1) -0.764 -0.72 -0.60
Y(2) 0.258 1.58 1.54
Nb 0.266 1.60 1.56
La -0.050 0.89 0.90
Ce 0.154 1.35 1.32

Nd 0.247 1.56 1.52
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The second of the calculated Y coefficients and those for La, Ce, Nd and

Nb are all greatly in excess of those predicted from published data. The
rare earth elements and Yttrium generally have appreciable crystal/liquid
partition coefficients (Table VIII.5); bulk distribution coefficients, calcu-
lated from the published data, are an order of magnitude less than those ca’
culated for the rhyolites. The presence of accessory phases with high

contents of REE may provide a mechanism for the REE fractionation.

Apatite is one of the main accessory phases in the Swaziland rhyolites: the
extract at about 60% Si0, contains 0.4% P,05 or 1% apatite. It contains

600 - 3GCO ppm Yttrium (Lambert and Holland, 1974) and up to 2000 ppm of
each of the 1ight lanthanides La, Ce and Nd (Nagasawa, 1970). Yttrium shows
little correlation with Ca0 (Figure VIII.7a) and the trends of Lambert and
Holland (1974) are not applicable to these Y-rich rocks. Phosphorus shows

a better correlation with Y (Figure VIII.7b) with a well-defined central
group of data points showing depletion of Y and P,0s5. Seven of the points
are richer in Y but low in ons; if apatite is the main phase containing
Yttrium, it is not clear why the rocks richest in Yttrium are poor in phos-

phorus.

Zircon is the other principal accessory in the rhyolites: the extract con-
tains 2000 ppm or 0.4% zircon. The behaviour of Zr with respect to Sr is
shown in Figure VIII.8a. The solid line is a best-fit to the data and from
it an apparent Dgr could be calculated (it is only an apparent distribution
because Zr is a stoichiometric constituent of zircon and the normal petro-
genetic equations are inapplicable); the dotted Tine shows the expected
gradient for Dgr = 0, a situation presumably present before the crystallisa-
tion of zircon. The Zr/Y plot (Figure VIII.8b) is characterised by two
parallel trends. The interbedded dacites form a cluster with positive

gradient and are 100 ppm richer in Zr than the main group of rhyolites. Tht



Fig. VIII.7 (a) Ca0 vs. Y Ca0 shows little correlation with Y and the
fractionation of Y does not seem to be controlled by Ca-
containing phases.

(b) P05 vs. Y. The data points can be divided into three
groups: a central group showing positive correlation bet-
ween P,05 and Y; a group rich in P,0s; and a group rich in
Y. The behaviour of Y seems largely independent of the
steady depletion in P,05.

Dots = rhyolites; squares = granophyres; triangles = interbedded

"""" rhyo11tes; open circles = rhyolitic-interbeds— — ————— — =7~
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Fig. VIII.8 (a) The variation of Zr with Sr for the rhyolites. The solid
line represents a best fit to the data and from it an
apparent distribution coefficient can be calculated. The
dotted 1ine represents the enrichment for DZr = 0.

(b) A plot of Zr vs. Y shows two sub-parallel trends: that in
the interbedded rhyolites; and that in the main group.
The most basic of the main group fall at the top of the
group of interbedded flows; the most acid flows fall on
the high Y side of the main group. The coherence between

the two elements is good; the fractionation of Zr and Y
seem to be related.

Dots = rhyolites; squares = granophyres; triangles = interbedded

"~—rhyolites; open circles = rhyolitic-interbeds " - === ~—-
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initial trend is one of enrichment in both Zr and Y; this is followed by
rapid depletion in Zr as zircon begins to precipitate. The final trend is
a linear depletion of both Y and Zr. The separation of the enrichment and
depletion trends may be due to initial fractionation of Y-poor zircon. The
Y content of zircons is variable, ranging from 5000 to 14,000 ppm (Krasno-
bayev et al., 1976), and often has a broad positive correlation with 510,
though some massifs studied by Krasnobayev et al. (op. cit.) showed in-
versions in this trend. The amount of Y required in the extract to explair
the variation diagrams is 2C0 ppm, representing a D$ of 1.57. 0f the
crystallising minerals, only zircon, apatite, and clinopyroxene contain
any Yttrium; these will contribute to the extract as much as 60, 30 ard

30 ppm respectively (there are maximum values calculated from the available
concentration data for apatite and zircon and from partition coefficient
data for clinopyroxene assuming Dgpx = Dgﬁx

120 ppm). The covariance of Y and Zr, however, indicates that the fractior

= 2 and a Ticuid composition of

ation of Y in zircon is the dominant factor and the presence of Y in
apatite and clinopyroxene is of secondary importance. The extract for Y
calculated above is 50% tco low; in the absence of furthgr data, it is not
known whether the necessary increase is caused by higher concentrations of

Y in zircon or the other phases.

Niobijum shows a similar trend to Zr (Figures VIII.6b, 8a) and the substitu-
tion of Nb in zircon is expected to be of greatest importance for the

chemistry of the extract. If all the Nb fractionated in zircon, it would

imply a concentration in zircon of 2.5% Nb.

The variation in La, Ce and Nd poses some of the same problems as that in
Y, in that the calculated bulk distribution coefficients are higher than
predicted. A further problem is that there is fractionation between the

light rare earths not predicted by the distribution coefficient data.
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Fig. VIII.9 (a)

(b)

Dots

The variation of La/Ce with Si0,. The data define a clean
trend of increasing La/Ce with Si0,. The variation is too
rational to be explained by mobility of La or anomalies in
Ce due to oxidation to Ce“t.

La vs. Ce. The data fall into three groups (discounting
the rhyolitic interbeds) separated by their La abundances.
The central group defines a linear trend of increasing La
and decreasing Ce with fractionation; the acid rhyolites
are enriched almost twofold and the two 'trachyandesitic'
flows are depleted in La relative to the middle group.

Most petrogenetic processes produce little variation in La/
Ce ratio; the observed variation here may be produced by
the combination of an unusual fractionation trend depleting
Ce, and a second process, for example partial melting of
more basic material, which produces magmas with different
abundances of La and Ce but a constant La/Ce ratio.

(La and Ce data normalised to chondrites)

rhyolites; squares = granophyres; triangles = interbedded

rhyolites; open circles = rhyolitic interbeds.



2

W

2

1.5}

50 60




oo
Jo
Qv

] 4 L{ i | i L T 1 L 4 ﬂ
2l (CSMa),
18}
O
O ]
16F -
A
° A o B
14} o » . 4
12 ® 4
1 ) 1 1 | 1 f e n O/OSIIOZA l
50 60 70
\J T T I ¥ T 1 4 ] T
- N
o
Ce,, . |
n ;y!’
A < [
:Q !
200F ‘/E!k 4
ol
O
100} -
- N
5 J
- O -
- Nd, |
50 100 200

Fig. VIII.10 a,b.

Analogous figures to Figure 9 for Ce and Nd.
The Ce/Nd ratio remains constant. By compa-
rison with Figure 9, it seems that La is
behaving in a rational but anomalous fashion.
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The La/Ce ratio has a good correlation with 5i0, (Figure VIII.%a); this
is also shown in Figure VIII.9 where the main group of rhyolites and
granophyres forms a small group with negative slope. Samples 128 and 6 are
poorer, and 92 and 74 are richer in La and Ce than the central group.
Available distribution coefficient data for La and Ce are similar and most

petrogenetic processes produce trends with equal enrichment or depletion in

La and Ce.

Ce and Nd berave very similarly (Figure 10a, b) and the Ce/Nd ratio is
scarcely affected by fractionation. The anomalous behaviour, therefore, is

that of La, with a Tow D°® relative to the other elements.

Weaver et al. (1972) reported anomalies in La and Ce abundances in Ethopien
pantellerites attributed to vapour phase activity but the variation in the
Swaziland rocks seems too uniform to be explained by a fairly random process

1ike hydrothermal leaching or differential oxidation.

One of the main problems is finding a mineral which will fractionate La
relative to Ce to the extent that La is enriched during differentiation
(Dfa = 0.87) and Ce depleted (DZ, = 1.3). The light REE content of zircor
increases relative to the heavy REE with the K,0 content of the magma; La
and Ce abundances range from 200 - 4000 ppm (600 - 8000 times chondrite),
and the La/Ce ratios from 2 - 4 (1.6 to 0.9 times chondrite) (Krasnobayev
et al., 1976). The maximum concentrations of Ce and Nd in apatite are 200C

and 1200 ppm (2000 times chondrite) respectively (Nagasawa, 1970) and a

value for La can be extrapolated from these data (approximately 7C0 ppm,

2000 times chondrite).

The concentrations of these elements expected in the extract can be calcu-

lated from the available data (Table VIII.7). The extract is too poor in



TABLE VIII.7

Extract composition for La, Ce and Nd

Phase % in

extract
Plagicclase 65
Clinopyroxene 15
Apatite 1
Zircon 0.4
Total

D*

0.3
0.5
700
4000

Amount required in extract

by variable diagrams

La
Contribution
to extract
20
8
7
16

51
100

D*

0.27
1.1
2000
4000

Ce
Contribution
to extract
35
33
20
16

104

300

D* : distribution coefficient or concentration for each ph

D*

0.2]
1.67
1200
4000

ase,

from Arth (1970), Nagasawa (1970), Krasnobayev et al. (1976).

23°

Nd
Contributior
to extract
14
25
12
16

67
180

Data

The contribution to extract is calculated from distribution coeffi-

cient data assuming the liquid compositions to be: La = 100; Ce = 200;

Nd = 100.
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Ce and Nd by a factor of three and in La by a factor of two to explain the
observed variation. It may be possible that zircon, or zircon and apatite
between them, are enriched in the rare earth elements, or that the

published distribution coefficients are gross underestimates, but, without

further data, only speculation is possible.

The La/Ce plot (Figure VIII.9%) produces good discrimination between the
central group of rhyolites and the more basic and acid ones. The main
fractionation produces an increase in La/Ce ratio with silica and it is
apparent that samples 92 and 74 cannot belong to the same fractionation
sequence. The samples provide a continuous variation in the La/Ce ratio
but are discontinuous in their La and Ce abundances. There seem to be two
processes operating: one enriches La and Ce with constant, or nearly cons-
tant La/Ce ratio, while the other fractionates the La/Ce ratio with Tittle
variation in absolute abundance. The variation within the main group is
compatible with fractional crystallisation; the enrichment trend may
reflect the source chemistry and/or the partial melting event producing the

rhyolite magma.

The production of acid melts and the relative importance of partial melting

and crystallisation are considered in Section VIII.13.

(d) Summary of trace element models

The variation of Rb, Sr and Ba can be approximated by a simple Rayleigh
fractionation model with a plagioclase/clinopyroxene extract consistent
with the major element trends. Distribution coefficients derived from

the whole-rock data are slightly higher than those published but are compa-
tible with the phenocryst chemistry. The variation of Nb, La, Ce, Nd and

Y can also be explained by this simple model but the derived bulk distribu-

tion coefficients are in excess of those published or expected. Anomalously
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high distribution coefficients or enrichment of the minor elements in the
accessory phase zircon and apatite need to be involved to explain the

ocbserved variation.

Several of the samples are enriched in Y, La, Ce and Nd to an extent not
possible by normal fractional crystallisation. At the high silica end

of the variation diagrams the principal fractionation is defined by the
granophyre analyses; the acid rhyolites fall above these trends and can nct
be formed by crystal fractionation from the same magma. Possible causes
for this enrichment include crystal accumulation, formation on a partial
melting rather than crystallisation trend and formation from enriched sourc

regions. For further discussion see Section VIII.13.

VIII.11 Density considerations

For a fractional crystallisation model to be possible there needs to be a

reasonable settling rate for the phenocrysts in the magma.

The settling rate of a solid sphere in a liquid is governed by Stokes's

2
V = 1 Aegd
18 v

where V = settling rate;
Ap = density differnece between solid and medium;
g = gravitational acceleration;

d = diameter of a sphere;

pu = viscosity of liquid.

The density of a silicate melt can be calculated from its chemical composi-
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tion and the data on partial molar volumes given by Bottinga and Weill (1970).
Calculations for RC 74 and 40, representing extremes in composition, both
give a density of 2.37 and this value is taken as representative of the
density of a rhyolitic liquid. Densities for plagioclase (= 2.6) and clino-

pyroxene (3.2) are taken from Deer et al. (1966).

Viscosities can be calculated from the data of Bottinga and Weill (1972) but
are critically dependent on the water content. In the following calculations
the viscosity of the rhyolite liquid is assumed to be 10° poise; this is the
value obtained by Bottinga and Weill (1972) for an anhydrous granite 1iquid
at 1200°C. For comparison, settling rates are calculated for a basalt of

viscosity 103 poise.

For a crystal of diameter 5 mm in a liquid of viscosity 10° poise the Stokec¢

Law equation can be reduced to:

V=1.4x10"x a cm/s

where Ap 1is the density difference.

3 x 10 3cm/s

Thus for plagioclase (2p = 0.23) V

or V = 1000 cm/y;

1.2 x 10 “cm/s

and for clinopyroxene (2p =0) V

3,600 cm/y.

or V

For a basalt of density 2.6 g/cm3 and viscosity 103 poise the rate for

clinopyroxene, V = 0.01 cm/s.

These settling rates for phenocyrsts in rhyolitic liquids are slow, but, witn

geologically reasonable times, appreciable fractionation can occur. Fractiore
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tion of all phases, but especially zircon and apatite, will be aided by the
formation of glomeroporphyritic aggregates, thus increasing their effective
diameter. For zircon and apatite, their large densities are more than out-
weighed by their small size and only as inclusions in the major phases will

they fractionate efficiently.

VIII.12 Aeolian differentiation

Certain crystal-rich ignimbrites have been interpreted by Walker (1972) as
having suffered aeolian differentiation. The process envisaged is one of
winnowing, whereby the lighter pumice fraction is selectively removed during
the eruption. If this process is important, it implies that whole-rock

analyses of ignimbrites may not be representative of the eruptive magma.

If the eruption represents the discharge of a single magma, the pumice frac-
tion can be regarded as the liquid component and the crystals, the phenocry<:

in equilibrium with it.

Two models for aeolian differentiation are considerec, both involving a magr
which undergoes Rayleigh fractionation before being modified by removal of

the liquid fraction.

Model 1

The magma undergoes 50% Rayleigh fractionation with complete removal of the
fractionating phases. Prior to the eruption 30% of equilibrium crystallisa-

tion takes place- the resulting liquid, with the equilibrium phenocrysts, is

erupted.

After 50% Rayleigh fractionation the concentration of a trace element in the

liquid is given by :



240

¢ =0.501) (for 0 = 1)

If at this point equilibrium crystallisation starts, the melt composition vi:

evolve:

ct 1
- = where C 1is defined above.
C F + D(1-F)

The composition of the solid, C , in equilibrium with this melt is:

C _ |
C F + D(1-F)

Figure VIII.11 shows the path of the evolving magma and solid compositions
for the trace elements Rb and Sr. If, after 30% of equilibrium crystallisa-
tion the magma is erupted and the liquid partly removed, the bulk compositicr

of the resulting rock will lie on curve E.

Model 2
The magma undergoes Rayleigh fractionation but keeps the crystals in sus-

pension until the time of eruption. The crystals have only their margins

equilibrated and are perfectly zoned.

The melt composition is given by:
CL = FD.-l (CO = ])

and the compositions of the margins of the crystals by:

¢ = pFP-]
The composition of the bulk crystalline extract can be calculated by a mass

balance equation:
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Fig. VIII.11.

Theoretical models for aeolian differentiation.

Model 1 A magma undergoes 50% Rayleigh fractionation
with complete removal of the phenocrysts; the melt
evoives along A and the solids in equilibrium along B.
Prior to eruption 30% equilibrium crystallisation
occurs, the compositions of the magma and solids given
by C and D respectively. If the magma is erupted and
loses the melt fraction through winnowing, the final
bulk composition will fall on E which is a mixing
curve of the solid and liquid compositions after 30%
equilibrium crystallisation.

Model 2  The magma undergoes 50% Rayleigh fractiona-
tion, but the crystals remain in the magma, becoming
perfectly zoned. The Tiquid evolves along A; M
represents the bulk solid composition. After eruption
of the melt and a proportion of the crystals, and
after winnowing, the bulk composition will fall on N.

In both these models the effects of incorporating
crystals into the final melt composition is to produce
trends effectively coincident with the fractionation

trends, at least for small degrees of crystal concen-
tration.

The curves are drawn to be analogous to those in
Fig. VIII.5.
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¢Sx (1-F) + ¢t xF =1
and hence
s 1-Fle 4 g0
1-F 1-F

Curves M and N (Figure VIII.11) show respectively the variation of the bulk

solid composition and the bulk composition of the system after melt removal.

The effect of aeolian differentiation on the whole-rock composition is
appreciable, even for small amounts of melt removal, but up to 50% of the
melt can be removed before the effects are distinguishable from the Rayleic-
fractionation trend. The result of this process is to produce scatter abou*
the fractionation curves which is probably no greater than the natural
'noise’. The Swaziland rhyoiites rarely contain more than 25% phenocrysts;
the small amount of aeolian differentiation permissible will not be notice-

able on whole-rock variation diagrams.

A further consequence of aeolian differentiation is that, for a given magma ,
there will be a correiation between bulk composition and pherocryst content.
This correlation is not apparent in the Swaziland ignimbrites (Figure VI.1)

and it must be concluded that aeolian differentiation has not appreciably

modified the chemistry of these rocks.

The calculations performed here have analogies with models for magma chamber

evolution, where the liquid removed, rather than the residue, becomes

important.
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VIII.13 Production of acid magmas

In the previous sections the modification of an assumed primary acid magma
was discussed without reference to a source region. The observed chemical
variation was shown to be approximately consistent with crystal fractiona-
tion of a dacitic melt with 60 - 65% Si0, assuming an extract of the pheno-

crysts present in the rocks in their approximate modal proportions. In this

Section the derivation of dacitic magmas is discussed.

As mentioned previously there are three principal ways of producing dacitic
magmas:
(1) Fractional crystallisation of basaltic magma;
(2) Partial melting of basalts or gabbros;
(3) Partial melting of acid crustal material:
a) Precambrian basement;
b) Solidified acid differentiates of

basic magma.

The intrinsic difference between partial melting and fractional crystallisa-
tion is in the nature of the equilibrating solid phases: in ideal partial
melting the 1iquid remains in equilibrium with the source, and the trace
element chemistry of the melt is controlled by the residual mineralogical
assemblage irrespective of the composition of the melt; in fractional crys-
tallisation the solid phases form in equilibrium with the melt and change ir
composition as the melt composition changes. Changes of melt composition
during fractional crystallisation can always be expressed in terms of a
stoichiometric mineral phase or phases; during partial meiting the melt
increments may be also controiled by changes in solid solution and, as a

result, inexpressible in terms of an actual mineral assemblage (cf. Helz,

1976).
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The least-squares mixing program was used in an attempt to model the differ-
entiation of a basic magma using major element data. The most basic
rhyolite (RC 128) was used as an approximation of the "primary" dacitic

magma, and an average dolerite (RC 111) of the source region.

The results of the mixing are.given in Table VIII.8a. The extract approxi-
mates the source composition modally, though enriched in the ore phases.

The major part of the squared residuals is due to a 1Y% discrepancy in Al,0;:
this may be caused by the use of a plagioclase composition that is too
albitic or sub-aluminous. The compositions of the plagioclase and clino-
pyroxene present in RC 111 have been used in the calculation. They are
possibly slightly more evolved than the initial fractionating phenocrysts -
may approximate the average phenocryst composition taken over the whole

fractionation range.

The next stage of fractionation, from RC 128 to RC 40 ( a more typical
dacite), is best modelled using an andesinic plagioclase and basic pyroxene
analyses (Table VIII.8b). The better fit of these basic phenocrysts suggests
either a closer similarity of the pyroxenes in the basic rocks to those
fractionating in the basic rhyolite or, because the relationship between the
two rocks is a partial melting trend, the melt increments may correspond to
these mineral compositions. The mixing model for major elements is compa-
tible with both fractional crystallisation and partial meiting if the resi-

dual solid, or cumulate, corresponds to the extract minerals.

Trace element data, because of the relatively simple laws governing trace

element behaviour, can provide more precise estimates of partial melting and

fractionation than major element data.

The amount of differentiation necessary to produce RC 128 (basic dacite)
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B.

Fractionation of basaltic magma (

TABLE VIII.S8
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RC 111) to produce a basic rhyolite

(RC 128). (Phenocryst compositions from Table 2)

RC 111
observed

Si02 49.35
Ti02 2.68
A1203 13.07
Fe0 14.15
MnO 0.23
Mg0 5.72
Ca0 10.05
Na20 2.23
K20 0.63

RC 111
calculated

49.38
2.72
12.01
14.15
0.22
5.85
10.21
2.38
0.63

YRZ =1.18
Y4RZ = 152

% components % of
extract

RC 128 15% 0

PL 11 36 43

CP 1 39 46

OR N 4.5 5.4

MT 4.6 5.5

Fractionation of basic rhyolite (RC 128) to produce RC 40.

RC 128
observed
Si02 61.36
Ti02 1.43
A1203 12.94
Fel 8.09
MnO 0.18
Mg0 1.30
Ca0 3.74
Na20 3.31
K20 3.48

RC 128
calculated

61.48
1.47
12.86
8.09
0.15
1.36
3.48
3.57
3.59

WR? =0.17
J%R2 = 373

% components % of
extract
RC 40 81 0

Andesine* 7.7 45.3

CP 1 5.8 34.2
OR M 1.68 9.9

MT 1.74 10.2

* analysis from Deer, Howie ar:
Zussman (1966)
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Fractionation of basic rhyolite (RC 65) to acid rhyolite (RC 73).

Si02
Ti0,
A1203
FeO*
Mg0
Ca0
Na,0
K20

RC 65

observed

68.29
0.57
12.46
6.96
0.30
2.07
3.79
4.41

RC

65

calculated

68.
.57
.74
.96
.30
.01
.57
.24

S W NN O O w O

Y%R2

29

1.71
174

% components % of
RC 73 75.4  ©xtract
PL 55 18.4 67
CP 55 3.61 13.2
OR 55 2.6 9.4
MT 2.7 10
QZ -1.2

* Total iron as Fe0

246a
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TABLE VIII.9

A. Trace element enrichment between RC 111 and RC 128

Calculated %
differentiation

Element Concentration Enrichment D° Rayleigh Partial
RC 111 RC 128 factor estimated fractionation melting

Rb 10 90 9.0 0.03 10 8
Sr 240 244 1.0 0.9 - -
Nb 12 65 5.4 0 18 18
Ir 200 900 4.5 0 22 22
Y 35 90 2.6 - 0.3 25 12
Ba 125 1100 8.8 0.1 11 1
La 16 70 44 0.2 15

Ce 26 180 7.0 0.1 12

Nd 12 90 7.5 0.2 8 -

% predicted from major elements = 15

B. Source composition for 15% fractionation

Element RC 128 Raylieigh fractionation Partial melting RC 11"
enrichment source comp. enrichment source comp.

Rb 90 6.3 14 5.7 15 1C
Sr 244 1.2 203 1.09 223 240
Nb 65 6.7 9.7 6.7 9.7 12
Ir 900 6.7 134 6.7 134 200
Y 90 3.8 24 2.5 36 35
Ba 1100 5.5 200 4.25 259 125
La 70 4.6 15 3.1 22.6 16
Ce 180 5.5 33 4.25 42 26
Nd 90 4.6 20 3.1 29 12
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from RC 111 (dolerite) can be calculated from the trace element data; if
the enrichment factors and distribution coefficients are known, the amount
of fractionation or partial melting can be determined and compared with that
calculated from the major element data (Table VIII.%9a). Conversely, the
amount of differentiation calculated from the major elements can be used to
estimate enrichment factors and hence the source composition relative to an

assumed derived 1iquid (Table VIII.9b).

The agreement of major and trace element models is reasonable; the data in
Table VIII.9 show that, for the assumed fractionation model, the distribu-
tion coefficients for Sr and Zr may be too low and those for Ba, Ce and Nd
too high. The Rayleigh fractionation model is slightly more consistent
with the data than a partial melting model but the uncertainties in the

distribution coefficients do not enable the two models to be distinguished.

Figure VIII.12 shows the variation of Rb/Sr with Rb for fractional crystal-
lisation and partial melting. The source composition is taken as unity for
both Rb/Sr and Rb; the values of Rb/Sr and Rb are thus equivalent to the
enrichment factor relative to the source. The fractional crystallisation
models are calculated in three steps: 85 or 20% fractionation of basic
phenocrysts from a basic magma to form a dacitic melt; 25% crystallisation
of intermediate phenocrysts (or, at least, those with dacitic distributicn
coefficients) and a final stezce of fractionation of rhyolitic phenocrysts.

is assumed to remain constant throughout the fractionation; Dglag

0
DR
varies from 1.8 in the basic rocks to nearly 5 in the acid rocks and causes

the rapid enrichment in Rb/Sr. The phenocryst modes in the extract are

taken from the various least-squares mixing data.

The partial melting and fractional crystallisation models produce a similar

range of Rb/Sr ratios but, because the phenocryst compositions change with



249

*AS pue gy 03 3oadsad yjLm alqgeysitnburlsiput
ade sossa%04d oM} ayy buijsw jerjded jo
sjunowe ajedspow 404 “ewbew juaded pawnsse
ue 4o burjsw (erjded pue uotjesi|

~103SAUD |euoL}d®RU} JOJ S3AUND pasodwi
-43dns y3im sjutod ejep 31L[0Ayd syl

buLmoys 2| a4nbL4 03 weuabeip snobo|euy

“€1°IIIA "Bi4

(*A1aAL3oadsau
suolqtsodwod 213 1|0AY4 pue
dL3Loep ‘alseq uL Gz°g ‘¢

4§ nmov

‘L6°0 = °Q ‘€0°0 =
‘paystnbutLisip aq jouued
904N0S JLseq e JO uotjest|lel
-SA42 |euoL}oRU} pue Hutj |aw
[etyded 404 S|opow OM3}

ayl °s3sAuoousyd o13L10Ay4
JO UOL3RUOLIDRUS U3YFUNY pue
S3sA4o0uayd aL3Loep JO uolLly
-esiL|[e3sAud 462 Aq pamo| |04
SL juaJed oLseq e wodj uoLje
-uotyioeds ybLa|hey 40 bury|aw
letjded [eLLUl “| = 4S

‘L = QY 924n0S e 404 bulysuw
[eraaed pue uoLjest||e1SAud
[eUOL}DRUA} UO4 SDAUND | BPOR

*ZL°ITIAN “BL4



2

t L T
Q-l
Q
Ko
c
-
- '_.: -
® o
= ¢, &
- h .g*m‘ \% .
e gt
©
c
1 A ] 1 N 4 I [ N 1 i 4 1 i 1
© I © ) < ™ oN < o 9 © N v« o o
= - - - - - - - - o o) o o & o & ©

150

100

0



2¢

the melt composition, the crystallisation model produces liquids relatively
enriched in Rb/Sr in the late stages of fractionation. While the equili-
brating solids remain basaltic the two processes are indistinguishable
except for extreme degrees of differentiation. The rhyolite data, relative
to an assumed source chemistry (RB = 10, Rb/Sr = 0.04), fall between the

two examples of crystallisation models and seem to be produced initially by

a 10% extract from the source. The rhyolite data are shown in Figure VIII.13

with fractional crystallisation trends superimposed (cf. Figure VIII.5a).

The mineralogy of the source critically affects the bulk distribution
coefficients and hence the composition of derived liquids. The presence of
amphibole in the source is considered in Figure VIII.14. Two simple models
for differentiation, Rayleigh fractionation and batch equilibrium melting
are considered for a hornblende-rich and a 'normal' clinopyroxene-plagio-
clase source. A few data for the most basic rhyolites are plotted relative
to a source with K/Rb = 500 and Rb = 10 ppm. They fall in a cluster arounc
the anhydrous melting curve and have too high a K/Rb ratio to be produced
from a source with residual amphibole. The anhydrous crystal fractionaticr
curve produces a higher and nearly constant K/Rb ratio but, in the absence
of reliable distribution coefficient data, crystal fractionation can not :

entirely ruled out.

At water pressures of greater than 2 kb, the stability limit of amphibole

is greater than that of plagioclase (at 5 kb with PH20 = .6 PtotaT . horr -
blende-out = 1025°C, plagioclase-out = 925°C; at 8 kb : hornblende-out =
1060°C, plagioclase-out = 880°C (data for 1921 Kilauea tholeiite from
Holloway and Burnham {1972}) and the compositions of the early liquids will
be controlled by the breakdown of plagioclase; only when all the plagioclas~

has melted does amphibole start contributing to the melt (Helz, 1976). The

effort of this non-modal melting on the trace element chemistry is shown tv
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the dotted 1ine in Fiqure VIII.14 which represents the melting of a source
with 60% amphibole and 40% plagioclase where the first 40% of melting is

assumed to be entirely plagioclase.

This early melting of plagioclase produces melts which, while being
siliceous, are rich in Ca0 and A1,0, with high normative feldspar contents
(Helz, 1976; Holloway and Burnham, 1972); melts formed with residual amphi-
bole are also corundum-normative (Holloway and Burnham, 1972). The Swazi-
land rhyolites are poor in Ca0 and A1203 relative to these water-saturated
melts (Figure VIII.15) and, in the light of the trace element data in
Figure VIII.14, it seems unlikely that they were derived from a source con-

taining amphibole.

There is a lack of experimental data on the melting relationships of anhy-
drous basalts with reference to melt compositions. Many basalts show
cotectic, or near cotectic, crystallisation of clinopyroxene and plagioclase.
Partial melting of such an assemblage, apart from an initial quartz-rich
fraction, should be nearly modal; the calculated mode (by least squares)

for RC 111 is: 49% plagioclase, 41% clinopyroxene and 10% ore; and with

15% melt (Table VIII.8): 39% plagioclase, 39% clinopyroxene, 9% ore and

15% melt (RC 128). The contributions of the phases to the melt are thus:
plagioclase: 80%, clinopyroxene: 15%, ore: 5%. Taking this non-modal
melting into account makes a negligible difference to the partial melting

curves in Figures VIII.12 and 14.

Several of the more evolved rhyolites, but not the granophyres, have trac:
element contents in excess of those possible by simple crystal fractiona-
tion from a single parent. These enriched flows, apart from being more

silica-rich, are similar to the rest of the rhyolites and appear from the

major element data to 1ie on the same fracticnation trends. They are
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Fig. VIII.15

Comparison of the rhyolite compositions with those produced
from partial melts of wet basalt. Cross-hatched area and
large symbols represent the compositions of the Swaziland
rhyolites; solid squares from Holloway and Burnham (1972);
open symbols from Helz (1976): circles = Kilauea tholeiite
(QFM); sauares = Kilauea tholeiite (HM); triangles = Picture
Gorge tholeiite. All experimental data on glasses is
recalculated anhydrous.
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enriched in the rare earth elements, Nb and Y, less so in Zr and depleted
in Rb relative to the granophyres at the same silica level. They are not
appreciably enriched in zircon or apatite and these high trace element

contents seem to be primary features related either to the process of deri-

vation or to the chemistry of the source.

It is possible to produce these enrichments by partially melting, rather than
crystallising, the dacitic source. Small degrees of partial melting of a
basaltic source would produce melts too enriched in Rb relative to Rb/Sr
(Figure VIII.12). The composition of a partial melt is controlled by the
residual mineralogical assemblages if the dacitic source contained no
residual zircon the derived melts would be enriched in those elements,
normally partitioned into zircon, relative to the liquids, precipitating

zircon, formed on the fractionation trend.

The acid rhyolites are enriched in Ce, Nd and Y by a factor of 1.5 relative
to the basic rhyolites, and in La by a factor of 2.5. Rhyolites with less
than 68% Si0, do not contain any zircon; 50% melting of one of these can
occur without noticeably affecting the Rb/Sr systematics (Figure VIII.13)
but would produce enrichments of about 1.5 (for a D = 0.2), sufficient to

account for the variation in Ce, Nd and Y but not La.

The enrichments are, however, not all consistent with the partial melting
model, even allowing for later fractionation. The Rb-Sr systematics place
a close constraint on the amount of remelting possible. The major element
chemistry and the one Sr-isotope analysis available for the acid rhyolites
(RC 74) indicate that these acid rhyolites are genetically related to the
rest; their trace element abundances suggest a partial melting trend, but

some of the anomaly may be due to the chemistry of the source.
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VIII.14 Role of volatiles

The rhyolites are interpreted as ignimbritic in origin and volatiles must
have played an important part in their emplacement, if not in their magmatic
evolution. Constraints are placed on the composition of the fluid phase by
the absence of hydrous phenocrysts in the rhyolite- the enrichment of Y anc
the K/Rb relationships also argue against the presence of residual amphibole

in the source.

It is unlikely, however, that the rhyolite source was anhydrous; water, if
not in amphibole, may be concentrated along grain boundaries and in alter-
ation products: chlorite, serpentine and clay minerals. Small amounts of
water will lower the Tiquidus and facilitate melting. At low pressures the
hornblende stability curve has a positive P/T slope (Stern et al., 1975) an:
it may be possible to melt a water-saturated basalt at 5 kb and 1100°C wher

hornblende is not stable.

Carbon dioxide has a small but finite solubility in granitic magmas at
crustal pressures (Holloway, 1976). The presence of CO, in a granitic
magma will have a small effect on the liquidus temperatures owing to its

small solubility; the major effect will be in the reduction of the activity

of water.

One of the major arguments against water in rhyolitic magma has been that
the water-saturated solidus has a negative slope (Burnham, 1S67) and hence
H,0-water saturated acid liquids will crystallise before reaching the sur-
face. Addition of CO, will Tower 34,0 and may result in positive P-T paths

for the solidus; Burnham and Davies (1974) have shown that the granite

solidus can have a positive slope for Hy0:C0, < 0.4.

Little more than this can be said about the role of volatiles. Phenocryst
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studies may be able to provide estimates of magma temperature and details
of small scale chemical variation attributable to vapour phase changes.
Many of the quartz phenocrysts contain inclusions; many of these are glass

or solid and few fluid inclusions have been seen.

Fumarolic pervasive breccias and tuffisite veins are found within the
rhyolites though there is no evidence for fumarolic mineral deposits. Tazi-

eff (1970) has argued that CO, is important in ignimbrite eruptions, drawing

analogies with air-C0, density currents,
The evidence from the rhyolites is for the presence of a volatile phase but,

in general, against the presence of water. A high proportion of CO, in the

gas phase can expiain many of the features observed.

VIII.15 Production of melts from acid crustal materials

It has been shown in the preceding sections that the variation in the rhye
lites can largely be explained by fractional crystallisation of a dacitic
magma. This magma has a composition compatible with differentiation of a
basaltic source but the underlying Archaean granitic crust also provides a

potential source region.

Sr-isotope considerations indicate that the source region for the main body
of rhyolites can not have had an Rb/Sr ratio of greater than 0.03 (cf.
Chapter VII). The most basic rhyolite has an Rb/Sr ratio of 0.36, ten times
this; 25% melting of a granitic source will produce an enrichment in Rb of
3.7 and in Sr of 0.37 representing a tenfold increase in Rb/Sr. As RC 128

(the most basic dacite) has 88 ppm Rb and 244 ppm Sr, this implies a source

composition of 24 ppm Rb and 650 ppm Sr.
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TABLE VIII.10

Comparison of Karroo rhyolites with
Archaean basement rocks

Element
RC 128 RC 42 Tonalite

Rb 88 95 39
Sr 244 158 670
Ba 1091 500 500
La 67 28 16
Ce 177 64 20
K 3.5 3.4 1.7
R /.. 0.36 0.6 0.05

Tonalite analysis from Condie and Hunter (1976)
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Trace element analyses of the Swaziland Archaean rocks (Condie and Hunter,
1976) show that many of the samples with the required low Rb/Sr ratio are
very depleted in Rb, and the other incompatible elements, and are hence
unlikely source materials. Analyses from the Granodiorite Suite and of the
tonalite diapirs have approximately the right Rb-Sr chemistry (Table VIII.T10)
but are depleted in the rare earths (Tb = ~6 chondrite). Data on Y, Zr anc

Nb are unavailable.

In contrast, the rhyolitic interbeds have high 87Sr/86Sr ratios and low
abundances of La, Ce and Nd, and are therefore expected to be similar to a
melt derived from a crust with the above characteristics. It is considered
that, although the main group of rhyolite may possibly be differentiates of
Precambrian crustal materials, the composition of the source required to

produce them is atypical of the surface crustal rocks.

VIII.16 Geochemical Provinces

Cox, Macdonald and Hornung (1967) were ablie to demonstrate that the Karroo
basalts are divisible into two provinces: a northern province covering the
Rhodesian localities: Nuanetsi, Victoria Falls, Nyamandhliovu, Wankie ard

Featherstone; and a Southern province consisting of the basalts of Lesotho
and Swaziland and the South African dolerites. They concluded that relati:

to the southern province, the northern province shows:

1. Absolute enrichment in K, Ti, P, Ba, Sr and Zr by

factors of approximately 2-4.
2. Probable enrichment by a similar amount in Nt and Y.
3. A ratio of Ni/Mg twice that of the Karroo dolerites

and Lesotho basalts but the same as the Swaziland

basalts.



A1,04
K>0
Ti0,
P,0sg
Ba

Sr
Lr

Y

Nb

TABLE VIII.11

Comparison of Northern and Southern Karroo provinces

Basalts

Zululand!

14-17
0.2-1.0
1.0-1.6
0.1-0.5
100-500
100-400
100-200

20-35

2-8

Rhyolites

A1,04
K>0
Ti0,
P20s
Ba

Sr

Lr

Nb

Swaziland?

11-15
0.2-1.0
1.5-2.5
0.1-0.5
100-200
200-300
100-250

20-45

5-12

7-12
0.5-3.0
2-3.5
0.3-0.6
800-1200
600-1200
250-450
30-50
12-30

Zululand + Swazilandl»2

12-13
4.5
0.4-0.6
0.1-0.2
1100-1400
100-200
700-1200
100-150
60-80

Major elements in %; trace elements in ppm.

1. Bristow (1976);
et al. (unpub. data);

2. This study;

3. Jamieson (1969); 4.

5. MWeaver (unpub. data).

Nuanetsi
Lower Basalts3

Upper basalts“

13-17
0.5-3.5
0.5-3.5
0.1-0.6

Nuanetsi>

13-16
5.0
0.2-0.4

0-0.1
1000-3000
30-100
300-700
40-100
70-110

Erlank
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4. Slightly reduced ratios of Ca0/Mg0 and A1,0,/Mg0."

Further data are now available on the Nuanetsi rhyolites (Weaver, unpub,
data, 1976), Swaziland rhyolites and dolerites (this study), Nuanetsi
Upper basalts, Zululand rhyolites and basalts (Erlank et al., unpub. data,
19775 Bristow, 1976), and data on the Kruger Park localities will soon be

forthcoming from the Cape Town research group.

It has been shown in this Chapter that there is an intimate relationship
between the basalts and rhyolites in Swaziland; possible crustal remelts

also exist and reinforce the argument that the majority of the rhyolites

are consanguineous with the basalts. For the province model to be realistic,
therefore, the rhyolites shouid differ in the two provinces but also

reflect the differences observed in the basaits.

The province argument is clouded by the presence of chemical variation
within each group. In particular the Nuanetsi basalts fall into two group:
the Tower Mg-rich group and the tholeiitic Upper basalts. The Mg-rich
group have positive MgO-incompatible element correlations and at 15% MgO
can contain up to 2.5% K;9. The Upper basalts show more normal negative
Mg0-incompatible element correlations. Viewed as a whole, therefore, the
Nuanetsi basalts show an increase of, e.g. K50 with Mg0 for Mg0 values
greater than about 7% and an increase in K,0 with fractionation (i.e. with

falling Mg0) for Mg0 values less than 7%. The scatter in both groups is

large - about 1% K,0 absolute.

The original northern province was based on analyses of the Tower basalts;
the new upper basalt analyses do not have the same extremes in chemistry

and are more comparable with the basalts in the central and southern Lebombo.

Relative to the lower basalts, the upper basalts are equally rich in K,0,
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enriched in A1,0; and slightly depleted in Ti0, and P,05. The main differ-
ence between the Nuanetsi upper basalts and the southern province basalts is
in K,0; the differences in P,05 and Ti0, between the two provinces are much

less marked when the upper basalts are considered (Table VIII.11).

The various data available on the rhyolites show that, in general terms, the
two provinces are sti1] recognisable- the Nuanetsi rhyolites are richer in
A1,03, K0, Rb, Ba and Nb than the southern rhyolites but poorer in Ti0,,
P20s, Sr, Zr and Y. The behaviour of these last five elements and A1,05 is
thus opposite to the generalised features originally proposed to distinguish
the provinces. Erlank et al. (pers. comm., 1977) reported that a gradual
increase of Sr with decreasing latitude is observed in the rhyolites over
the length of the Lebombo exposed in South Africa. It is not known whether
these data have been normaiised or whether the geographical variation sinp v
represents an increase in basicity going north. It is also not known when
the Sr-enrichment observed in the Kruger Park inverts to the Sr-depleted
rhyolites in Nuanetsi. The succession in Swaziland js the thickest observe
and shows the most variation; the more acidic and quartz-phyric flows are

only found in Swaziland.

The cross-over relationships observed for some elements, i.e. where the
northern lower basalts are richer and the rhyolites poorer in an element
than the southern province rocks, imply that the petrogenetic processes
proposed for the southern Lebombo may not be simply applicable to the
northern province. The rhyolites are, except for a short stretch near the
Limpopo where the Cretaceous overlaps on to the basalts, continuous from
Swaziland to Nuanetsi.and it seems illogical to propose a completely
different origin for the rhyolites of the two areas. Part of the problem
lies in the difficulty of deciding, in suites with a large variation, the

true nature of the parental material. The basalts in Nuanetsi show
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considerable variation in major and minor elements and in initial Sr-isotcpe
ratios (Manton, 1968; Norry, 1977) which is attributable to an inhomogeneo.
source region; this scatter is also present in the rhyolites and the data cc
not define the clear trends found in Swaziland, If the cross-over relatior-
ships are real, it implies that for the Nuanetsi rhyolites the residue is
relatively rich in Ti0, P05, Sr, Zr and Y and poor in Al,03; and hence is
probably controlled by the residual mineralogy of the source (e.g. amphibol«
The upper basalts bear the same relationship to the lower basalts that the
rhyolites do; it may be that the 'cross-over' occurs within the basalts and
the ultimate source for the rhyolites may show the same depletions as the
rhyolites. Trace element data on the upper basalts would keep to clarify

the issue.

A further possibility is that, in spite of the continuous nature of the
rhyolite outcrop between Swaziland and Nuanetsi, the Nuanetsi rhyolites
have a greater crustal contribution than those of the southern Lebombo.
There would then be no reason to expect similarities between the rhyolites
and basalts of Nuanetsi or between the rhyolites of the two areas. The
parallel enrichment in K,0 in the basalts and rhyolites of the two pro-

vinces may then be coincidental.

The absence of data from the area immediately to the south of Nuanetsi
prevents any conclusions being drawn on the nature of the boundary between

the two provinces. The data available indicate a discontinuous variation

between the provinces.

VIII.17 Conclusions

Analysis of the chemical variations observed in the rhyolites shows that

most of the samples belong to a single trend which can be explained by
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crystal fractionation of an original dacitic magma. The more basic, inter-
bedded rhyolites do not appear to belong to the same trend, or relate to it
by fractional crystallisation, and are probably produced by differing
degrees of partial melting of the original parental material. The most
acid of the rhyolites are enriched in several of the trace elements to an
extent not possible by crystal fractionation of the original dacitic magme :
they are probably produced by partial melting of a previously, and hence
enriched, source region. The uniformity of most of the flows may be due

to similarities in the source region chemistry and in the processes of melt
extraction; or, given the presence of a magma reservoir, the compositions
of the melt decrements may be buffered, the compositional variations

smoothed out by large-scale homogenisation within the magma chamber.

The primary dacitic magma is probably formed by differentiation of basaltic
material, either magmatic or previously solidified; other acid flows, within
the basalts have a very different chemistry and are probably derived from
acid crustal materials. Trace element considerations indicate that the
source, for the former flows, cannot have contained large amounts of amphi-
bole or garnet; these and the major element data are compatible with an
origin from a clinopyroxene-plagioclase source. The process of differentie-
tion may be either fractional crystallisation or partial melting; both

are compatible with the data.

One of the most striking features of the Lebombo-Nuanetsi Province is the
pronounced bimodality of rock-types with a scarcity of rocks with silica
contents between 55 and 60 percent (see Cox, 1972). This silica gap is a
prominent feature of many volcanic terrains and has yet to be satisfactorily
explained. If the acid rocks are derived by partial melting of either the
basic material or acid crustal materials, a discontinuity in the

distribution of magma types will be expected. If the acid magmas have
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evolved by fractional crystallisation of the basic magma however, a
centinuum of compositions will be available for sampling and eruption and
the problem becomes one-of suppression of the intermediate magmas. For
example, in the Aden volcano, Hi1l (1974) postulated eruptive cycles
characterised by initial periods of energetic basic volcanism succeeded by
periods of quiet crystal fractionation. When the magmas were largely
solidified, the volatile pressure had increased to the point where explosive
eruption of the acid magmas could take place; intermediate magmas, althOUgh

present, were not erupted except in unusual circumstances until the later

stages of Caldera formation.

This is a plausible example of an eruptive mechanism which discriminate
strongly against intermediate magmas. It is however debatable whether such
a mechanism can be plausibly extended to a structure as large as the

Lebombo.

The Swaziland data by themse1ves_do not su?port any simple expTanation.
They can more readily be exp1a1néd by the partial meiting model as it can
produce the variations observed in the motre basic rhyolites and, given a
fractionated source, result in the enrichments present in the acid
rhyolite. It may be possible to elaborate further on this point when the

data from the whole Karroo province have been synthesised, but it is outside

the scope of the present work.

The geographical variation, resulting in the identification of a northern
and a southern province, does not seem to be simply explicable in terms of
regular variation in source chemistry. The rhyolites of the two areas have

differences which are not mirrored in the basalts and their genetic relation-

ship is uncertain.

The geophysical, tectonic and thermal problems of generating large volumes

of acid and basic magmas are discussed in the next chapter.



268

CHAPTER IX

SYNTHESIS
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IX SYNTHESIS

The Lebombo contains large and approximately equal thicknesses of rhyolite
and basalt, the rhyolite overlying the basalt with a modicum of interbedding
Apart from a few isolated flows which have characteristics of an origin by
crustal anatexis, the chemistry of the rhyolites seems to be intimately
related to that of the basalts; the more basic interbedded acid flows and
some of the most acid rocks have compositions suggestive of an origin by
partial melting of basaltic material; the rest of the rhyolites have a compo-
sition compatible with fractional crystallisation of a dacitic magma which
may itself have been produced by partial melting of solidified basalt or
fractional crystallisation of basaltic magma. An origin for the main group
of rhyolites by crustal fusion is probably ruled out by the relationships in
the granite system (Figure IX.I) and by the low initial strontium isotope

ratios of the rhyolites.

The eruption of the rhyolites as ignimbrites required the presence of a sub-
stantial fluid phase, if only at the time of eruption. The absence of
hydrous phases and the agreement of the rhyolite compositions with the dry
granite minimum (Figure IX.1) indicate that water cannot have played a sig-
nificant part in the evolution of the rhyolite magma. The effect of large
amounts of carbon dioxide in the fluid phase would be to reduce the activit:
of water whilst maintaining the total fluid pressure. Mac-as formed under
conditidns of a mixed H,0-CO, vapour phase however will be enriched in H,0

relative to CO, because of the former's greater solubility in silicate melts.

The presence of a dry, or CO,-rich, vapour phase is also compatible with the
inferred mineralogy for the source. Trace element data indicate that the
rhyolites were derived from a basaltic source with residual clinopyroxene

and plagioclase; they are incompatible with a source containing amphibole or
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garnet. The assemblage clinopyroxene plus plagioclase is stable over a wide
range of pressure and temperature if dry; garnet is developed at high
pressures, and amphibole in the presence of water. If the basalt is under-
saturated with water, a three-phase assemblage, clinopyroxene, plagioclase
and amphibole, may be developed. Under these conditions amphibole will melt

incongruently to form clinopyroxene plus liquid and therefore will not be a

residual phase after appreciable degrees of melting.

Approximately ten per cent rhyolite can be generated from a basaltic source.
The rhyolite succession in Swaziland is 5 km thick and at least 50 km in
width, making a volume within Swaziland of about 30,000 cubic kilometres;
the volume of parental basalt must be therefore approximately 300,000 cu. kr. .
implying, if exactly underlying the rhyolites, a vertical thickness of some
50 km. No fissures or other potential sources for the ignimbrites have been
identified and it is probable that they lie to the east of the present
rhyolite outcrop, buried by the monoclinal flexuring. The residual basalt

in the source would therefore also lie to the east of the Lebombo.

The mechanisms for generating acidic magma from previously solidified basal
can be parsimoniously restricted to two principal modes: the melting of

previously erupted material, and the melting of basic material intruded at

Tow crustal levels.

The melting of previously erupted material is a potential mechanism for
producing continuous evolution of magma: as the superincumbent loading in-
creases, the base of the volcanic pile is depressed into the zone of melting:
the ensuing magma erupts on to the surface, and aids the continuing depres-
sion. For rhyolite magmas however it is not a plausible model because of
the need to process ten units of source material for one of rhyolite. The

process is only likely to be significant for the uppermost lavas of the suc-



cession where the base has been depressed by some 15 km.

The meltingof deep-level basalt is energetically inefficient, requiring the
production, intrusion, solidification and remelting of basalt; it cannot be
envisaged to be responsible for the whole rhyolite succession but may pro-

duce the few, volumetrically unimportant, flows which have the characteristics

of partial melting.

The production of acidic magmas from basaltic ones by fractional crystallisa-
tion is more efficient, though the problem of the suppression of the basic
and intermediate members of the continuous process remains. A1l the rhyolite
flows seem to be the results of explosive eruptions; the critical factor
determining the eruption of magmas may be the volatile pressure; only after
extensive crystallisation is the volatile pressure sufficient for eruption to

take place.

There is a correlation of chemistry with height in the succession, with the
most basic rhyolites in the middle. The percentage of fractionation may be
proportional to the rate of eruption; the most basic rhyolites correspondinc

to the peak of magmatic activity.

The problems remaining are those of energy and space: the source of the
heat required and the disposal of the third of a million cubic kilometres o-
basalt left over from the production of rhyolitic magma. The Lebombo
originated as a flexure along a continental margin relatec to the break-up
of Gondwanaland in the late-Karroo. Crustal extension has implicatiors of
crustal thinning (Cox, 1970) and gravity data suggest that the continental
crust beneath the Lebombo may have been thinned (Darracott, 1974). Exten-
sion and upwarping of the base of the crust can produce steep thermal

gradients and induced melting. The separation of two continental masses



provides a space for the large volume of residual basalt magma.

The environment of crustal attenuation and extension can provide the

energy required for large amounts of magma. The initial phase of the Karroc
magmatism is a basaltic one, with high-magnesia lavas found in Nuanetsi and
in the northern part of the Kruger Park. The Lesotho and Lebombo basalts
seem to be contemporaneous and probably represent part of the same initial
magmatic cycle. The sudden production of acid magmas after an outburst of
basic magma, discounting the interbedded flows which are of minor volumetric
importance, requires a change in tectonics in order to stop or slow down

the rate of basalt extrusion and to allow acid magmas to develop. The
argument about rate of eruption may also apply here; by slowing the crustal
extension the rate of eruption may be reduced sufficiently for more exten-
sive fractional crystallisation to take place. The rhyolites are broadly
compatible with evolution from a dacitic magma; a high level magma chamber
may deveiop to store the rising basic magma, fractionate and erupt when the

volatile pressure reaches a critical value.

A further constraint is that of the strontium isotopes: the rhyolites have

a low and fairly constant 87Sr/86Sr ratio (0.704); the basalts have
generally higher and more varied values (0.704-0.708) (Eriank, unpub. data).
This isotopic variation suggests the rhyolites evolved from a relatively
unradiogenic, but uniform source; the basalts from one similar but more
variable. It may be compatible with the tectonic model discussed, if the
later magmatism, producing the acid volcanics was produced from a more
primitive part of the mantle; the implication being that the initial basic
magmas were derived from the upper portion of the mantle, with relatively
high Rb/Sr and 875r/86Syr ratios, upwelling of more primitive low Rb/Sr

mantle producing magmas with less radiogenic isotopic chemistry.
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In summary, a model is proposed to account for the major volcanic and tec-
tonic features of the Lebombo volcanics. It is broadly similar to the
volcanic cycle of Cox (1972) though his main tenet was that the rhyolites
were derived from the crust. A crustal origin is unlikely for the majority
of the rhyolites in Swaziland but still may be possible for those in

Nuanetsi which are all interbedded with basalt.

It is proposed that the rise of a large magma body beneath Nuanetsi began &
initial phase of volcanism with the eruption of nephelinites and high-
magnesia basalts. Volcanism subsequently spread to other areas, producing
large volumes of uniform basalt, with occasional acid flows produced by
crustal anatexis. The peak or culmination of this phase occurred soon
after the beginning, succeeded by a slow decline in the basalt liquidus
temperatures (Cox, 1972). The next phase of volcanic activity produced
rhyolitic magma exclusively, mainly as differentiates from basic magma, with
a small percentage of melts derived from previously solidified basalt or
gabbro. The rate of eruption reached a maximum towards the middle of this
phase with the eruption of the most basic differentiates. The end of this
period of acid volcanism was marked by the intrusion of granophyre bodies,
some of which are very differentiated. The cycle is repeated on a smaller
scale with the extrusion of the upper basalts and their intercalated
rhyolites (Little Lebombo). The Cooyana and Bumbeni complexes of Zululand

may also be related to this final episode of Karroo volcanism.
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APPENDIX A ANALYTICAL TECHNIQUES

A 1 SAMPLE PREPARATION

Care was taken to ensure that the samples collected were as fresh as

possible and free from major veins or fracture surfaces. Weathered sur-
faces were trimmed in the field. The samples were split to match-box size
in a hydraulic splitter, the weathered material being discarded. After
jaw-crushing the material was ground for a few seconds in a tungsten-
carbide mill and reduced to a fine powder after 10 minutes in an agate

mill.

A 2 MAJOR ELEMENT ANALYSIS

Preparation of beads

Major elements, with the exception of sodium and ferrous iron, were deter-

mined by X-ray fluorescence spectrometry of fusion beads. The method has
been fully described by Carter (1976) and Cogper (1975) and is based on

the methods of Norrish and Hutton (1969), and Harvey et ai. (1973).

Fusion beads were prepared using Spectroflux 105 (Johnson Matthey Ltd.), a
mixture of 47% Lithium tetraborate, 37% Lithium carbonate and 16% Lanthanum
oxide. 2.5g flux and 0.48g rock powder were used to give a flux:irock ratio

of 5.3:1. The bead was pressed in an aluminium platten. The weight loss on

fusion was determined.

X.R.F. analysis

Machine settings for the analysis of fusion beads are listed in Table A 1.
Calibration lines for each element were constructed using the U.S.G.S.
standards: G-2, GSP-1, AGV-1, BCR-1, W-1, PCC-1 and DIS-1, with the values

of Flanagan (1973). A monitor standard was run alternately with the

samples to correct for drift.
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The data were reduced using a computer program written by S.W. Richardson
(XRFOCT76 or XRFNOVA) which corrected the data for dead time, weight loss
on fusion, interelement effects and mass absorption effects using the co-

efficients of Norrish and Hutton (1969).

Results

The average relative deviation is about 1.3% for most elements, with TiOZ,
MnO, Ca0 and KZO significantly better. Approximately one quarter of the
samples were run in duplicate. Inter laboratory comparison with the

Departrient of Geochemistry, Cape Town, is shown in Table A 2.

Analysis of sodium and iron

Sodiun was analysed by Atomic Absorption Spectrometry on a Perkin-Elmer 306.

Sample solutions were prepared by dissolving rock powders in HF and HClOu.
Standard solutions were prepared from B.D.H. 1000 ppm aqueous standards with
additional Sr to suppress the preferential ionisation of Na. The reproduci-
bility of analyses was poor; the analyses are only accurate to ¥ 0.2% Na

absoclute.

Ferrous iron was determined by the Ammonium metavanzdate method of Wilson

(1955). Duplicates gave a relative deviation of 2%.
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TABLE A 2

Comparison of major element data with those obtained from the Department of
Geochenmistry, University of Cape Town

RC-3 RC 36 RC 73 RC 73 RC 131 RC 131 RC 113 RC 113
Oxford U.C.T. Oxford U.C.T. Oxford U.C.T. Oxford U.C.T.
Si0, 67.13 69.23 75.60 77.28 69.54 70.87 50.14 50.90
Alzo3 13.45  13.24  12.05 11.89 12.55 12.71  12.43  12.50
Ti0, 0.78 0.77 0.17 0.16 0.56 0.54 2.42 2.k2

FeZO3 3.93 6.31* 1.61 1.864* 2.05 5.71* 3.45 17.00*

MgO 0.6  0.59 0.09 0.133 0.49 0.43 5.12 5.06
Cal 2.6 2.50 0.36  0.41  2.02 2.06 9,37  9.31
K,0 k.73  L4.68 5.30 5.18 L.70 4.66 0.67  0.65
¥MnO 0.1k 0.13 0.03 0.03 0.12 0.12 0.24 0.2h
P,0¢ 0.21 0.23 0.03 0.03 0.12 0.13 0.35 0.36
Na,0 3.0 3.8  3.46  3.07 3.30 3.05 2.39 2.22
FeO 2.32  0.00* 0.31  0.0*  3.43  0.0* 12.50  0.0*
Vol 1,28 0.97 1.10 0.913 1.08  0.52  1.61  0.45

Total 100.49 401.84 99.81 100.96 99.97 100.8 100.58 101.12



TABLE A 2 (Continued)

RC 121 RC 121

Oxford U.C.T.
Sio2 50.11 50.40
Alao3 14.86 14,80
Ti0, 1.53 1.52
Fezo3 3.31 13.37*
Mgo 6.47 6.27
Ca0 11.62 11.71
xao 0.22 0.24
MnO 0.20 0.20
P205 00.16 0.17
NaZO 2.43 2.18
FeO 9.329 0.0*
Vol 1 051"’ OOB79
Total 101.83 101.23

*A1l iron as Feao3



296

A 3 TRACE ELEMENT ANALYSIS

Two groups of trace elements have been analysed: Nb, Zr, ¥, Sr and Rb, and

Ba, La, Ce and Nd.

(1) No-Rb

The five elements Nb, Zr, ¥, Sr and Rb have adjacent Ka pesks and after
corrections for background and interferences can be analysed precisely and
accurately. A computer program, XRFNB, was modified from one written by

A. Duncan to process the data., The machine settings are listed in Table A ~

/‘.

Background correcticn

The five peaks fall on a gently curving, near-linear background. Background
blanks (the U.S.G.S. peridotites PCC~1 and DTS-1 and specpure Si02) were
used to define the curvature and background factors have been calculated
from them. The background is not completely resolved between the Nb and Y
peaks, two backgrounds were measured on the low-angle side of Nb Ka and three
others: between Y and Sr, and Sr and Rb, and beyond Rb. The final back-

ground is taken 30 beyond Rb to avoid a number of U, Th and Pb peaks.

Because the first three peaks are not bracketed by backg:ound measurements,
three background factors are calculated for each of the peaks Nb, Zr and Y.
The background factors are calculated using B1 and B3, B2 and B3, and B1 an-
34 respectively. These background factors and those for > and Sr are cal-

culated from the simple relationship
F = P/Ba + By
where: F = background factorj

P = counts from the blank at the peak of the elemeit concerned;

Ba’ Bb = the two relevant backgrcund measurements.



Interference factors

To correct for the overlap of RbKB on YKa , SrKB on ZrKae
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and YKB on I'bKa

pure dunites spiked with approximately 2000 ppm Rb, Sr and Y respectively

were used as interference standards. The contributions of the interfering

KB peaks to the Ka peaks were calculated as a function of the interfering

elements Ka peak; the SrKB contribution to the ZrXa peak was approximately

7% of the SrKe peak.

Calibratiorn

The data from Flanagan (1973) for the U.S.G.S. standards were not found to

produce reasonable calibration lines; the values quoted by Willis et al.

(1672) for Nb, Zr and Y and those from Pankhurst and O'Nions (1973) for Rb

and Sr were used (Table A 4).

TARBLE A &
Nb Zr Y
G-1 21.7 21.9 11.9
W=1 6.8 95.1 20.3
GSP-1 25.4 543 25.4
BCR-1 11.3 192 33.4

Sr
249
192
223
332

Rb
210
21.3
25k
47.3

Table A 5 shows the inter-lab companion between the Oxford and Cape Town

analyses.
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TABIE A 3

Machine conditions for Nb-Rb run

2 e Element Counting Interference Total counts
time(s). on GSP-1
29.30 Bg . 100 73508
29.80 Bg 100 68491
30.36  Nb Ke 200 Y KB 163869
32.01 Zr Ko 100 Sr Kp 14352
33.81 Y Kee 100 Rb K3 91047
34.78 Bg 100 55250
35.77 Sr Ka 100 ~ None 158743
37.03 Bg 100 26284
37.91 Rb Ka 100 None 143563
41,08 Bg 100 16670

W tube; 90 kv, 20 mA; Lif21o crystal; Scintillation counter; Fine collimato:

Full - peak P.H.A. window.

Precision and accuracy

Relative standard -Counting error Det. limit Estimated

deviation (%) (ppm) (ppm) accuracy %
Nb 0.7 0.35 1 2
Zr 0.2 1.2 1 2
Y 0.5 0.5 1 2
Sr 0.5 0.6 1 2
Rb 0.5 0.6 1 2

Values for precision above calculated from 24 analyses of RC 12 (Nb = 75;

Zr = 930; Y = 1303 Sr = 160; Rb = 130).



TABLE A 5

2

Comparison of Oxford and U.C.T. analyses (U.C.T. determ: -a‘ions firet)

RC 36

RC 73

RC113

RC121

RC131

Mass absorption correction

Nb
80
78

77
74

10

10

74
(&

ar
1025

1059

237
2k

197

202

97
98

319
830

95

82
88

42
Ll

23
2l

109

117

Sr

188
193

3k

221

234

201

203

122

124

]b

139
1Ly

The molybdenum Compton scatter peak was used as an estimate of the mass ab-

sorption coefficient.

There is significant interference of Y on the scatter

peak (Figure A 1); this can be almost completely avoided by measuring on the

side of the peak.

Compton peak and hence halve the measured mass absorption coefficient.

culated values for the U.S.G.S5. standards were used for calibration.

The addition of 2000 ppm Y is sufficient to double the

Cal-

The

peak was counted till 400,000 counts had been accumulated, thus obviating

the need for a dead-time correction.
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Fig. A. 1 The effect of Y on the Mo Compton Scatter peak. (a) shows the
relative positions of the interfering peaks; (b) shows how the
count rate (or time taken to accumulate 400,000 counts) is
dependent on the Y content at the two 26 positions. By mea-

suring the Compton peak at 29.80 the Y interference can be
minimised.
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Computatim

A Fortran program, XRFNB, was used to reduce the raw data. The input data
consisted of four groups of data: count data on the background blanks; count
data on interference standards; count data, mass absorption coefficients

and concentration values for the calibration standards; and finally count
and mass absorption coefficient data on the unknown. No correction for drif=*
Yas made; one sample was run after every five unknowns as a check for drift.
After three days the count rate on the Zr peak of RC 12 had changed by 0.2%;

no drift of 2 © angles was detected.

Ba, La, Ce and Nd

The elements Ba, La, Ce and Nd were analysed by X.R.F. using a blank peri-
dotite for background correction and the background as an estimate of mess
absorption. The analyses have an accuracy of 10% relative, but a precision,
measured from duplicates, of about 2% relative. Machine conditions are

listed in Table A 5. The data were reduced on a hand calculator.

TABLE A 5

Analysis of Ba, La, Ce and Nd : Machine conditions

28 Element Counting time(s) Comments
109.85  Bg 100
111.74 Ce Hﬁ1 100 No correction made for
112.79 Nd BX1 . 100 mutual overlap of Ce and Nd
11 .27  Balf, 100
117.56  Bg 100
119.72  la If% 100

W tube; 70 KV, 28 mA; Flow Counter; Lif,,, crystal; fine collimator,

vacuum Olle
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La, Ce and Nd values normalised to chondrite values of Nekamwa (1974): 0.3

0.265, 0.630 respectively.

A 4 POTASSIUM-ARGCN

Potassium and argon-isotope analyses were done at the Institute of Geolori-
Sciences, London, using a flame photometer and an A.E.I. MS 6 mass spectr.

meter respectively.

Argon analysis

A 40-80 mesh fraction was sieved from whole-rock jaw-crus.ed aggregate. I
was washed repeatedly in deionised water in an ultrasonic bath until 211
adhering dust had been removed. The sample was then split, half being

finely ground for K20 determinations.

The argon samples were loaded in Mo crucibles and baked and evacuated over-

night. A 3_8Ar spike was added from a calibrated gas burette and the argon

extracted by R.F. induction heating. The argon was cleaned by liquid
nitrogen cold fingers, titanium sponges and a zirconia getting-pump. The
argon was equilibrated into the mass spectrometer and measured by manual

peak-switching. The data were reduced in a Hewlett-Packard desk calculator.

Potassium

Potassium was analysed by flame photometer with solutions prepared by the
dissolution of rock powder in HF. An internal Lithium standard was used.
The precision was about 2%; systematic errors were corrected by normalising
the data to the accepted‘}alue for the U.S.G.S. standard :Ck-1. Selected

samples were checked by A.A. and reproducibility of better than 3% was

obtained.
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APPENDIX B

Major and trace element analyses and calculated C.I.P.W. normative minerals

TABLE B 1 : Major element analyses : R.W. Cleverly and K.G. Cox

Trace element analyses : R.W. Cleverly

TABLE B 2 : Trace element analyses : R.W. Cleverly

Rock Types

R = rhyolite

IR = interbedded rhyolite
RI = rhyolitic interbed
G = granophyre

D = dolerite

B = basalt

Major elements in weight percent.

Trace elements in parts per million.

* = duplicate analysis

*+ - triplicate analysis
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TABLE B 2

Trace element analyses of rhyolites and baszlts

Sample Rock Nb Zr Y Sr Rb
name type o

RC 37 IR 62 908 91 229 92
RC 39 IR 75 1037 102 167 125
RC 71 B 3 118 27 282 16
RC 79 R 81 1159 123 151 126
kC 101 IR 77 1106 111 148 118
RC 126 B 7 140 29 232 11.3
RC 127 G 72 1055 117 173 100
RC 133 R 72 855 151 128 122
SK 13 R &0 1213 110 175 127
SK 1k IR 8o 1017 98 127 124
SK 20 G 79 €59 135 108 141
SK 25 IR 36 1103 102 155 110
SK 31 IR 76 1033 o 151 129
SK 32 IR 80 1171 101 210 116
Md 26 B 5 120 2k 262 15
MW 50 R 65 886 9 132 72
MW 51 R 80 1241 139 156 114
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APPENDIX C

Sample descriptions and localities

Latitude and longitude are given for all the samples which have been analyse:

All the samples are marked on the maps except RC 65, 66 (Cecil Mack Pass),

and RC 119, 120, and 121 (West of Nsoko).

Modal analyses are given for the majority of the samples analysed. These are
based on point counts of a single, randomly cut thin-section. An average of
1,500 points were counted per section. In the modal analyses a cross indi-

cates the presence of a mineral, a dash the absence of a particular mineral.
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