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The Preliminary Report of African Studies

lntroduction

This report covers work done in Africa from
the Association for African Studies, Nagoya
University and some related work done from

the Department of Earth Sciences, Nagoya

Dr. Suwa described and discussed chromian
phlogopite found from the Bushveld anorthosite layer and did also contact metamorphic rocks at the north-eastern Bushveld

University during the periods I975 and 1976.

contact aureole with Mr.Suzuki. Dr.
Miyakawa described granitoid gneiss of Ma-

During the periods 1975 and 1976, some geologists of Nagoya University have performed
continuously their field surveys in East Africa
as follows.

I975 --- K. Suwa, T. Nureki, Y.'Saka,
K. Yairi, Y. Yusa (Kenya and
Malawi)
1975•1976 -- M.Fujita, S.Miyazaki(Kenya)
1976•1977 -- H.Inoue(Keyna)
In this report, Dr. Suwa discussed the geological and petrological situations of three

groups of Precambrian anorthosites and des-'
cribed their characteristic petrographical features. Dr. Nureki and his co-workers surveyed

Machakos area and discussed tectonic evolution of the Mozambique belt.
Mr.Yairi discussed fault pattern of the Eastern

Rift of Tanzania and lake-floor topography
of Lake Malawi in relation to rift-faulting.
He also discussed post-Karroo rift-faulting in

northern Malawi with Dr.Saka. Dr.Saka
surveyed and discussed Karroo System in
Livingstonia and Karonga districts of northern Malawi mainly with Mr. Yairi.

chakos area with Dr. Suwa. Dr. Aoki described and discussed peridotite nodules from

Samburu district with Dr.Suwa. Mr.Fujita
surveyed northern half area of the Yatta
Plateau and found some interesting evidences.
Dr. Shiida described phonolite at the summit

of Uhuru Peak, Mt.Kilimanjaro with Mr.
Hoshino. Mr.Miyazaki described and discussed vermiculite-like mineral found from
Machakos area.

Dr. Ito and his co-workers performed palaeomagnetic studies on Precambrian and Cretaceous kimberlites in South Africa.

Field works were much facilitated by the
Office of the President, Kenya; the Mines and

Geological Department, Ministry of Natural
Resources, Kenya; the Department of Geol-

ogy, University of Nairobi, Kenya; the
Geological Survey Department, Ministry of
Agriculture and Natural Resources, Malawi;
and the Department of Surveys of the Malawi
Government. To all of them I express my
sincere thanks for the most esteemed and
invaluable assistance.

2
These works were supported mainly by the

This report

grant-in-aid for Scientific Research of the
Ministry of Educatjon, Science and Culture

Suwa.

of Japanese Government and by the Japan
Society for the Promotion of Science, for
which I would like to record my sincere
thanks.

has been edited by Dr. Kanenori

'

ISAO

MATSUZAWA
Director

March, 1977
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Precambrian AnQrthosites and their plagioclases

(Abstract, 1977)

Kanenori SUWA
Department of Earth Sciences, Faculty of Science, Nagoya

University

Introduction

Precambrian anorthosites can be divided
into three varieties: Group I Bushveld type,

appearance of this anorthosite body. The first

Fiskenaesset type anorthosites. The emplace-

is igneous crystallization and a liquid of
anorthositic composition has been generated
from basic material near the boundary be-

ment of Precambrian anorthosites may be

tween lower crust and upper mantle. The

divided into four periods: 3,500Å}200 m.y.
(Group M),2,200Å}300 m.y. (Group I), 1,500Å}

composition of the plagioclase is governed by
the P, T condition of crystallization and is

300m.y. (Group ll), and 1,200Å}200m.y.

from andesine to labradorite. The second
event is deformation and metamorphism.
This anorthosite may be reactivated body

Group II Adirondack type, and Group III

(Group I).
Their plagioclases have respective petrographical characteristics exhibiting their dif-

mobilized partially during the later orogenic

ferent petrogeneses. In addition to chemical
and X-ray propertjes, the twinning patterns
and petrofabrics of plagioclases are examined
to clarify their petrogeneses. The petrofabric
diagrams for plagioclases on their a-, b- and
c-axes can be produced.

cycle to form structure similar to mantled

Group I anorthosite occurs as layers within
stratified intrusions developed under stable
cratogenic conditions. The composition of the
plagioclase is governed by its position in the

sequence and is from labradorite to bytownite. Composition plane (OIO) is developed subparallel to the cumulate plane in
adcumulate layers, whereas it is subperpendicular in heteradcumulate layers. Plagioclase
grains are twinned after the albite-Carlsbad,
Carlsbad, pericline, and albite laws. First two

laws reach 439o. Textural and twinning
patterns indicate the igneous origin of this
anorthosite.

Group II anorthosite occurs as large independent intrusion with domed roofs. Two
major events are recognized for the textural
2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 3-12, 1977.

gneiss dome. Initial protoclastic texture is re-

placed by porphyroclastic texture and in turn
emerges as equigranular granoblastic texture.
In granoblastic anorthosite, plagioclase grains

are mainly twinned after the albite and
pericline laws, and petrofabrics of c-axis and

composition plane (OIO) show some regularity.

Group III anorthosite forms layered stratiform sheets occurring as conformable layers

in granitic gneiss of the oldest Archaean
craton. In this anorthosite, the plagioclase is

remarkably calcic, ranging from An 80 to An
96. Textural appearance of plagioclases is
considered to be originally similar to that of
plagioclases in Group I anorthosite, but at
present it is similar to that of Group II
anothosite as a result of regional metamo-rphism and recrystallization. The pericline law

is predominant and reaches 649o and this
twinning pattern clearly differs from that of
Group I and II anorthosites.

4
Examination of Plagioclase
An 55L Pericline

A. Twinning having the composition plane
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On the basis of optical data of low- and
high- temperature plagioclases, the devised
optical method of determining the twinning
law having the composition plane (OIO) was
proposed and many diagrams necessary for
the determination of the twinning laws were
constructed in previous paper (Suwa et al.,
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1974).

The experimental procedures necessary for
the determination of twinning laws, petrofabrics of a- and c-axes consist in measuring
the extinction angle, X'A trace of (OIO), in
the zone perpendicular to (OIO) in adjoining
twinning lamellae, and recording the variation
in the extinction angles. Plagioclase twinned
after the albite law produces symmetrical
extinction angles, whereas plagioclase twinned

after other laws gives rise to asymmetrical
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An 90L Pericline Twin

Plagioclases of Group I, II and III anortho-

sites are of low-temperature form of An 75,
55, and 90, respectively. The twinning laws

having composition plane (OIO) and the
orientations of the a- and c-axes can be easily

determined in accordance with the procedure
described in the paper to which reference has
been made.

The principle and the practical examples
were described in detail in a previous paper
(Suwa et al., 1974).
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Fig. 1.

diagrams for plagioclase have been made
only on the composition plane (OIO). The

Variation curves of extinction angles, X'A trace of
the rhombic section. in the zone perpendicular to the
rhombic section in adjoining twinning lamellae in
the low-temperature plagioclases (An 55, 75, and 90)

petrofabric diagrams for plagioclases on their

twinned after the pericline law.

Up to now, so far as I know, petrofabric

5
a- and c-axes can be produced as shown in
Figs.5c and 5b.

in the Transvaal System dated at 2,050 m.y.

B. Twinning having the rhombic section as
composition plane

site belonging to the upper part of the Critical

The position of the rhombjc sectjon differs
appreciably from (OO1) for compositions near

white anorthosite layers(plagioclase adcumulate layers) and black chromite-rich layers

the end-members of the plagioclase group.
For compositions of about 20-809o An the
angle between both planes is less than 100;
at about 409o An both planes coincide.

layers). A sample shows the adcumulate layer
to consist of bytownite with small amounts
of clinopyroxene, orthopyroxene, chromite

When we rotate a plagioclase grain around
an axis perpendicular to the rhombic section

the extinction angle (6) varies with the
rotation angle e. Fig. 1 shows the variation
curves of extinction angles, X'A trace of the
rhombic section, in the zone perpendicular to

the rhombic section in adjoining pericline
twinning lamellae for the low-temperature
plagioclases An 55, 75, and 90. Fig. 1 can be
produced by using of the revised crystallographic angles a, P, and 7 for the low-temperature plagioclases.

Asymmetrical extinction angles are observed in the plagioclases twinned after the

pericline law. The experimental procedure
necessary for the determination of the b-axis
consists in measuring the extinction angle in
the zone perpendicular to the rhombic section
in adjoining twinning lamellae, and recording

the variation in the extinction angle. The
orientation of the b-axis can be readily
determined by using Fig. 1.
The petrofabric diagram for plagioclases on
their b-axis also can be produced as shown in
Fig. 5e.

Group I Anorthosite (Bushveld Complex)
As a typical example of Group I anorthosite, I investigated plagioclase grains from
the Bushveld Complex, which is an intrusion

At Dwars River Bridge, Bushveld, anortho-

Zone occurs as spectacular alternation of

(chromite-plagioclase heteradcumulate

and chromian phlogopite, and the heteradcumulate layer to consist of bytownite
and chromite with small amounts of clinopyroxene, orthopyroxene and chromian
phlogopite (Specimen No. KS-70030818a).
(Suwa, 1977b).
Zonal structure is found frequently in the
plagioclase grains. The chemical composition
of bytownite in the adcumulate layer deter-

mined by means of EPMA is An 74.3
(71.0-77.0), Ab 24.6 (22.C}-27.6), Or 1.1
(O.6-1.4). The chemical composition of bytownite in the heteradcumulate layer varies
considerably: the bytownite in narrow zone
(O.O05-O.02 mm in width) surrounding the
chromjte crystal is more calcic than the
bytownite in other main parts. The bytownite
in contact directly with chromite is of com-

position An 79.1 (75.1-86.8), Ab 20.6
(13.2-24.4), Or O.3 (O.O-O.5), and the bytownite in main parts is of composition An
72.7 (69.2-79.2), Ab 26.8 (20.6-30.1), Or
O.5 (O.2-O.7). Chemical, X-ray, and optical

data indicate that the bytownite in the
adcumulate layers is of the low-temperature
form.
Plagioclase grains in the adcumulate layers,
so far observed, are twinned according to the
albite-Carlsbad law (28146 = 60.9%), pericline
law (11146 = 23.99o), and albite law (7146 =

15.29o), and those in the heteradcumulate

6
layer are twinned according to the pericline

and Carlsbad law (3!53 = 5.79o).

law (20153 = 37.79o), albite law (18153 =

Fig. 3 shows the patterns of characteristic
twinning laws in the plagioclases of anortho-

34.0%), albite-Carlsbad Iaw (12!53 = 22.69o),

sites. These patterns are used in Figs. 2, 4 and
6.

As shown in Fig. 2, plagioclase grains in the

adcumulate layers are developed with their
composition plane (OIO) subparallel to the
cumulate plane, whereas those in the heterad-

cumulate layers are developed with their
composition plane (OIO) subperpendicular to
the cumulate plane. Grain sizes of the plagioclases in both layers are obviously different:
plagioclase in the adcumulate layers is of 1-2
mm in length and that in the heteradcumulate
layers is of 5-6 mm in length. The grain size
of chromite in the heteradcumulate layers is
O.02-O.4 mm in diameter.

-

Fig. 2.

Group l Bushveld type anorthosite, Dwars River
Bridge, Bushveld Complex {upper part of the Critical

Zone). Specimen No. KS-70030818a. Thin-section
prepared perpendicularly to the layering.

Group ll Anorthosite (Quebec)
As a typical example of Group II anorthosite, I investigated plagioclase grains from

2

1

5

4

5

6

;

the Quebec anorthosite.
Anorthosite at La Tuque, Quebec Province,
Canada, shows beautiful equigranular aggregates of plagioclase grains indicating the re-

crystallization during emplacement of the
anorthosite. The principal mineral of the
L

albite twin

2 Carlsbad twin
5l albite-Carlsbad twin
4: pericline twin

51 aibite twin
61 pericline twin
Fig. 3.
Characteristic twinning Iaws in plagioclases of
anorthosites.

anorthosite is labradorite with minor amounts
of hornblende, biotite, and opaque minerals

(Specimen No. KS-72081 705).
The chemical composition of the labradorite

determined by means of EPMA is An 55.0
(53.5-56.5), Ab 43.5 (42.0-44.5), Or- 1.5

(1.0-2.0) and is considered to be homogeneous from the low value of the homogeneity index. Chemical, X-ray, and optical
data indicate that the labradorite is of lowtemperature form.
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1 mm
5a
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Group 11 Adirondack type anorthosite. La Tuque,

N

Quebec Province, Canada. Specimen No.
KS-72081705. Thin-section prepared in the hori-

oQ

zontal plane at the outcrop.

Parallel arrangement of the composition plane (OIO)

oo

of the plagioclase grains is distinct and is show.n also

o

in Fig. 5a (N. north; S, south; E, east; W, west; B,
biotite; H, hornblende}.
w

E
(<;ij

Plagioclase grains in the anorthosite, so far

s

observed, are polysyntheticaily twinned according to the albite law (1321204 = 64.79o)
and the pericline law (701204 = 34.39o) with

N

0e@

rare amounts of the albite-Carlsbad law
(1!204 = O.59o) and the Carlsbad law (11204 =
O.59o).

The thin-section examined was made in the
horizontal plane of the outcrop. As shown in
Figs. 4 and 5, plagioclase grains are developed

with the composition plane (OIO) subparallel
to the direction of N600E on the horizontal

plane, and the petrofabric pattern of the
c-axis is nearly vertical to the horizontal
plane.

5b

o
w

E
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Group M Anorthosite (Fiskenaesset)

N

oas

As a typical example of Group III anorthosite, I investigated plagioclase grains from
the Fiskenaesset Complex, West Greenland.

[i(iiSl

Anorthosite examined is from Zone 6 of

o
E

W

the Fiskenaesset Complex, in which Group III
anorthosite forms extensive layered stratiform
sheets with major units of anorthosite, am-

o@S

O$ o5d

phibolite, peridotite, and chromitite occurring

as conformable layers in granitic gneisses
(Windley etal., 1973). The principal mineral

of the anorthosite is anorthite with small

amounts of hornblende (Specimen No. GGU132016).

N

The chemical composition of the plagioclase determined by means of EPMA is An
90.6, Ab 9.4, Or O.O (Windley and Smith,
1974). Chemical, X-ray, and optical data

o

@D
w

o

o

a

indicate that the anorthite is of low-temperature form.
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Plagioclase grains in the anorthosite, so far

observed, are polysynthetically twinned, ex-

clusively according to the pericline law
(70!109 = 64.2%) and the albite law (39!109
= 35.8%). None is twinned after other laws.
Whereas the pericline law may occur by itself,
the albite law, however, is always found the
combination with the pericline law.

To clarify the distinction between the
pericline and acline laws, I constructed a

diagram showing the variation curves of
extinction angles, X'A trace of (OOI), in
the zone perpendicular to (OOI) in adjoining
acline twinning lamellae for low-temperature

anorthite (An 90). No acline law, however,
was found.

nic activity was restricted as a result of
widespread stabilization and extension of the
cratons. Of considerable interest is the fact

that the time of the basic igneous activity
coincides with `lows' in the histograms of
isotopic ages of granitic and metamorphic

rocks formed in mobile belts (Dearnley,
1966).

Group II Adirondack type anorthosite
bodies are limited to Precambrian terrains and

they take the form of large intrusions with
domed roofs and may reach batholithic proportions. Post-emplacement deformation and
metamorphism have occurred in many of the
Group II anorthosites. Charnockites, syenites,

monzonites, mangerites and iron-titanium
Discussion

oxide concentrations are associated with the
Group II anorthosites. Isotope age dating on

A. Geological environment of emplacement

Group II anorthosites invariably confirms

of anorthosites

Group I Bushveld type anorthosite occurs
as layers within stratified basic sheets and
lopoliths, which are developed under stable
cratogenic conditions. Anorthosite layers
occur in the Critical, Main, and Upper Zones
in the Bushveld Complex and in the Anortho-

their Precambrian age of 1,500Å}300 m.y.

Recent studies of the Adirondack anorthosite and of some other masses in the Grenville
province suggest that these are reactivated
bodies which were partially mobilized during
the Grenville cycle to form structures similar
to mantled gneiss domes.

site Zone of the Stillwater Complex. No
anorthosite layer occur in the lower zone
consisting of ultramafic rocks.

Group III anorthosite forms extensive
layered stratiform sheets with major units of

anorthosite, amphibolite, peridotite, and
There are two Precambrian events forming
the basic igneous episodes of the cratons - an
earlier episode dating at 2,200Å}300 m.y. and

a later dating 1,200Å}200 m:y. The former
examples are Scourie dyke, Nipissing diabase,

Stillwater Complex, Great Dyke, Bushveld
Complex and others, and the latter are Post-

chromitite occurring as conformable layers in
granitic gneisses. Group III calcic anorthosite

occurs in the oldest parts of the Archaean
craton and is noted for remarkable strati-graphic regularity and persistence along the
strike for tens of kilometres. The early
Archaean Group III anorthosite has suffered

Jotnian diabases, Gardar dyke swarm,

the orogenic effects of one or more periods of

Keweenawan basalts, Duluth gabbro, Buko-

regional metamorphism and deformation,

ban basalt and others. These episodes appear
to coincide with periods during which oroge-

lized tectonic pods and slices.

with the result that it now occurs as recrystal-
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B. Texture of plagioclase grains of anorthosites

In Group I anorthosite, the composition of
the plagioclase is strictly governed by its
position in the sequence and the plagioclase is
generally more calcic, ranging from labrador-

ite to bytownite. Plagioclase grains in the

adcumulate layers are developed with the
composition plane (OIO) subparallel to the
cumulate plane, whereas those in the heterad-

cumulate layers are developed with the composition plane (OIO) subperpendicular to the

cumulate plane. In the adcumulate layers,
plagioclase primocrystals crystallizing from

the main liquid accumulate first on the
cumulate plane and act as seeds for later
crystal growth, in which process diffusion
between the main and pore space liquids plays
an important role, and the resultant crystals

are 1-2 mm in length. In the heteradcumulate layers, after the crystallization of chromite, plagioclase begins to crystallize from the

the textural appearance of the Lac Rouvray
anorthosite mass by Kehlenbeck (1972). The
first is igneous crystallization which terminated with consolidation of the anorthosite
mass from its magma. This was followed by
the second event, the deformation and metamorphism of this igneous rock. Initial heterogeneity of plagioclase grain size in the proto-clastic texture is replaced by a strong bimodal

grain size distribution in the porphyroclastic
and augen textures, which in turn emerges as
nearly equigranular granoblastic texture in the
gneissic meta-anorthosite.

The anorthosite at La Tuque, Quebec
Province, shows beautiful equigranular aggregates of plagioclase grains indicating the re-

crystallization during emplacement of the
anorthosite and it seems to have reached the

final stage of deformation and metamorphism. Some regularities are recognized on
the petrofabrics of c-axis and (OIO) plane.
In Group III anorthosite, the plagioclase is

pore space liquid and develops to a larger

remarkably calcic with most samples lying in

crystals 5-6 mm in length, during this process
supercooling may be playing a role.

the range of An 80 to An 96. Textural

In Group II anorthosite, the principal
mineral is plagioclase ranging from An 35 to
An 60. Group ll anorthosite is distinguished

from Group I anorthosite by its greater
homogeneity of composition and very coarsegrained texture. Group II anorthosite becomes emplaced in the plutonic environment,

and has been affected to varying degrees
during successive deformation and metamorphism. Generation of a liquid of anorthositic
composition, with water as an essential component, from basic material under high pres-

sure and relatively moderate temperatures
near the boundary between lower crust and
upper mantle, has been experimentally confirmed.

Two major events have been recognized for

appearance of plagioclases in Group III anorthosite is considered to be originally similar
to that of plagioclases in Group I anorthosite,

but at present that of plagioclases in Group
III anorthosite is similar to that of plagioclases in Group II anorthosite as a result of
regional metamorphism and recrystallization.

C. Twinning pattern ofplagioclase grains of
anorthosites

In the Group I anorthosite, plagioclase
grains in the adcumulate layers are twinned
after the albite-Carlsbad, periciine, and albite

laws, and those in the heteradcumulate layers
are twinned after the pericline, albite, albite-

Carlsbad, and Carlsbad laws. Frequency percentage of the albite-Carlsbad and Carlsbad

11
laws in both layers reaches 439o in together.

predominate over the albite and pericline iaws

This twinning pattern of the plagioclases
clearly indicates the igneous origin of the
Complex and there is no sign of any metamorphic effect in the later periods (Suwa, 1975).

in the megacrysts from some samples. This
twinning pattern obviously corresponds to the

textural appearance of Group II anorthosite
recognized by Kehlenbeck (1972).
In the Group III anorthosite, plagioclase
grains are polysynthetically twinned, ex-

In the Group II anorthosite, plagioclase
grains are polysynthetically twinned after the
aibite and pericline laws with rare amounts of

clusively according to the pericline law and
the combination of pericline and albite laws.
The pericline law is predominant and reaches
64.29o and this twinning pattern clearly dif-

the albite-Carlsbad and Carlsbad laws. Fre-

quency percentage of the latter two laws
reaches only 19o in together. Theplagioclase
grains twinned after the latter two laws are

fers from that of Group I and II anorthosites.

considered to be relict plagioclase grains from
the igneous anorthosite. This twinning pattern

The frequency percentages of the composi-

tion plane (OIO) in Group I, II, and III

of the plagioclases of Group II anorthosite
clearly differs from that of Group I anorthosite. The Carlsbad and albite-Carlsbad laws

anorthosites are 69%, 669o and 369o, respectively.

the composition plane (OIO) of plagioclase in

Table 1 Frequency percentages of

and metamorphic rocks

vanous tgneous

AnO-24

An25-49

GroupIanorthosite(1)
Plutonicrocks(2)

Volcanicrocks(phenocryst)(2)

Volcanicrocks(groundmass)(2)

An75-100

An50-74
69
73

91

77

80
100

77

80

83

91

94

89

Groupffanorthosite(i)

66

GroupManorthosite(i)

36

Granulite(3)

62

69

Charnockite(4)

63

64

Schistandgneiss(2)

75

75

33

Hornfels(2)

77

76

65

Paragneiss(5)

89

87

73

Amphibolite(5)
Crystallineschist(6)

88
100
(1) This Paper
(2) Gorai (1951)

(3) Suwa (1966)

(4) Naidu (1954)
(5) Suwa (1956)
(6) Tobi (1961)
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Table 1 shows the frequency percentages of
the composition plane (OIO) in various ig-

As shown in Table 1, the frequency percentage of composition plane (OIO) is very

neous and metamorphic rocks. In volcanic

low in calcic plagioclase in Group III anortho-

rocks, this frequency percentage is high and
its variation with An 9o is very slight. In
plutonic rocks and Group I anorthosite, the

able that much pericline twinning results from

frequency percentage is higher and it decreases slightly with increase of An %. In
Group II and III anorthosites, granulite, and
charnockite, the frequency percentage is mod-

erate and it decreases especially in calcic
plagioclase.

site and metamorphic rocks. It seems reasonmechanical deformation.

Acknowledgements-The rock samples from
the Fiskenaesset Complex were sent by
courtesy of the Geological Survey of
Greenland and Dr.B.F.Windley of the
University of Leicester, to whom I express

my deep gratitude.

References
Dearnley, R. {1966} : Orogenic fold-belts and a hypothesis of earth evolution. In : L. H. Ahrens, F. Press, S. K.
Runcorn, and H. C. Urey (Editors}, Physics and Chemistry of the Earth, 7, 1-1 14, Pergamon,
Gorai, M. (1951) : Petrological studies on plagioclase twins. Am. A/finer., 36, 884-901.
Kehlenbeck, M. M. (1972> : Deformation textures in the Lac Rouvray anorthosite mass. Canad. Jour. Earth Sci.,

9, 1087-1098.
Naidu, P. R. J. (1954) : Minerals of charnockites from lndia. SchvLteiz. Miner. Petrog. Aifitt. 34, 203-280.

Suwa, K. (1956) : Plagioclase twinning in Ryoke metamorphic rocks from the Mitsue-mura area, Kii peninsula,
central Japan. Jour. Earth Sci. Atagoya Univ.. 4, 91-122.
Suwa, K. (1966) : On plagioclases in metamorphic rocks from LUtzow-Holmbukta area, East Antarctica. Proc.

Japan Acad.. 42, 1175-1180.
Suwa, K. {1975) : Plagioclases in anorthosites. Ist Prelim Rep. Afr. Studies, Atagoya Univ.. 55-59.
Suwa, K. (1977a> : Precambrian anorthosites and their plagioclases. Precambrian Research. 5 (in press)•

Suwa, K. (1977b} : Chromian phlogopite in the Bushveld anorthosite,South Africa. 2nd Pre/im. Rep. Afr.
Studies, Nagoya Univ.. 133-138.
Suwa, K., Mizutani, S. and Tsuzuki, Y. (1974) : Proposed optical method of determining the twinning laws of
plagioclase. Mem. GeoL Soc. Japan, 11,167-250.
Tobi, A. C. {1961) : Pattern of plagioclase twinning as asignificant rock property. Proc. KoninkL NederL Akad.
van Vltetenschap., 64, ser. B, 576-581.

Windley, B. F., Herd, R. K. and Bowden, A. A. {1973) : Ttre Fiskenaesset Complex, West Greenland, Part 1.
GrÅënlands Geo/. Under Bull.. 106, 80pp.
Windley, B. F. and Smith, J. V. (1974) : The Fiskenaesset Complex, West Greenland, Part 2. GrÅën/ands Geo/.

Under. Bu/L.108, 54pp.

13

Tectonic Evolution of
South-east

the Mozambique Belt in
of Machakos, Kenya

Area

Terukazu NUREKI*, Kanenori SUWA*", Katsumi BIYAJIMA"**,
and Yasuhisa YUSA**"""
Yukiyasu SAKA"**"
*
**
***
****
*****

Department of Geological Science, College of Liberal Arts, Okayama
Department of Earth Sciences, Faculty of Science, Nagoya University

University

Idemitsu Oil Development Company
Institute of Earth Science, School of Education, Waseda University
Power Reactor and Nuclear Fuel Development Corporation

Introduction

The geology of the southern Machakos
district in Kenya was first reported by B.H.

BAKER in 1954, who studied mainly the
Basement rocks in an extended area including

the area now we concern. The geology of
the north Machakos-Thika area was also stu-

died and reported by Fairburn in 1963.
Recently, Biyaji'ma et al. (1975) and Biyajima

studied the geology of an area around Mbooni
Hill, where Biyajima (1976) was in charge of

the petrography of the Precambrian basement rocks and especially of garnet mineralogy.

In 1975 we could work with the aim
of knowing the structural details of the
Basement rocks in the area bounded by the
latitudes 1030'S and 1045'S and by the longi-

tudes 37020'E and 37030'E. Mbooni (Tututha) Hill is located in the eastern half and
Kalama Hilli) is located in the western half

plane cleavage, complicated folds shown by
felsic veins or boudins and so on are the characteristic structures in the Kalama Hill area.

Baker considered that Mbooni Hill is
composed of granitized paragneisses and
migmatites, which were deformed and metamorphosed by only one metamorphic event.
His opinions were supported by Fairburn
who studied the granitized paragneisses and
migmatites in the north Machakos-Thika area.
While, Biyajima etal. (1975) proposed that
the granitoid gneisses in the Mbooni Hill

area may correspond to "mantled gneiss
dome" of Eskola (1948). Later, Biyaji'ma
(1976) modified his opinion because no positive evidence for a mantled gneiss dome can

be found.
Their opinions appear to be partly correct
but to be misleading in some points especially

in interpreting the Mozambiquian metamor-

structure is not found in the Kalama Hill area.

phism in the southern Machakos district. The
metamorphic history of the district seems to
be more complex than the pioneers have considered. In this preliminary report, we are
going to take up some structural evidences to
believe that at least two sequences of meta-

Drag folds, folds accompanied by the axial

morphic events would be lapped over.

of the worked area.
After our geological survey we found that a
conspicuous dome structure seems to be localized in the Mbooni Hill area, and such dome

1) The name Kalama Hill is now used for convenience' sake to represent the mountain land just on the
east-side of a road running from Makaveti to Iiuni, the southern-most part of Kalama Hill being named Iiuni

Hill as shown in the Sheet 16212 (Machakos) on scale of 1:50,OOO.
2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 13-38, 1977.
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General geology
The area south-east of Machakos is occupied by the Precambrian rocks which are represented by paragneisses, granitoid gneisses
and other metamorphosed intrusives. These
rocks have been considered to be of Archaean
age, but now they are considered to be of
late Proterozoic.

biotite quartzo-feldspathic gneiss, hornblende-biotite quartzo-feldspathic gneiss
and hornblende quartzo-feldspathic gneiss;
rarely accompanied by garnet.
d. Granitoid gneisses (orthogneisses of acid
compositions):
two-mica granitoid gneiss and muscovite

granitoid gneiss; often accompanied by
garnet.
e. Basic gneisses (orthogneisses of basic compositions):

l. Precambrian roeks
A greater part of the foliated paragneisses

must be quartzo-feldspathic or psammitic
rocks in origin. They have many petrographical characters of the granitoid gneisses, excepting faintly foliated nature of the Jatter.

It is, however, not always possible to distinguish clearly the quartzo-feldspathic paragneisses from the granitoid gneisses, because

there are many transitional rock types between the two groups. On the other hand,
some of the clearly foliated gneisses are de-

duced to be orthogneisses which are igneous
rocks in origin.

The petrography of all rocks has not been
fu11y examined at present. For convenience
the Precambrian basement rocks will be classi-

fied into the following headings:
Foliated rocks:
a. Psammitic gneisses (=highly quartzo-feldspathic gneisses):

two-mica gneiss and biotite gneiss; often

accompanied by garnet.
b. Pelitic gneisses:
kyanite - staurolite - garnet - biotite gneiss,

kyanite-staurolite-garnet-two mica gneiss,
kyanite-garnet-two mica gneiss, two micagarnet gneiss and muscovite-garnet gneiss;

often aluminous.
c. Semi-pelitic gneisses (or orthogneisses of

intermediate compositions):

hornblende-plagioclase gneiss, hornblendebiotite-plagioclase gneiss and biotite-plagio-

clase gneiss; often accompanied by garnet.
Faintly foliated rocks:

Granitoid gneisses (orthogneisses of acid
compositions):
biotite granitoid gneiss; often accompanied
by garnet.
Unfoliated rocks:
biotite granite, two-mica pegmatite, biotitekyanite pegmatite and biotite apli'te.

As itemized above, a larger amount of the
foliated rocks is deduced to be stratified
sedimentary rocks and others are perhaps to
be igneous rocks in origin. The name "semi-

pelite" was first used by Baker (1954).
Among the foliated rocks, however, the semipelitic gneisses are fairly variable in petrogra-

phic characters and possibly in their origin.
The senior of us considers that a great deal
of the semi-pelitic gneisses is derived from

igneous rocks of intermediate compositions.
There are so many rock types in the studied
area that, at least at the state of knowledge,
it is difficult to decide the areal distributions

of each gneiss. The names of gneisses which
will be used in this report are:
Foliated rocks: psammitic gneisses, pelitic
gneisses, semi-pelitic gneisses and basic
gnelsses.
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Fairly foliated rock: granitoid gneiss.

Psammitic gneisses

They are commonly fine-grained and more
clearly foliated than the granitoid gneiss.
Thin seams rich in mafics are often traceable

within a few centimetres. The felsic seams
are variable in thickness and straightly extended in'general. Some mafic seams show
minor folds with or without the axial plane
cleavage which is in many cases in parallel to
the foliation of the psammitic gneisses.

gneiss will be treated collectively under the
name pelitic gneisses. They are characteristi-

cally rich in muscovite and totally greycoloured. They are in general coarser than
the psammitic gneisses. The pelitic gneisses
are rather limited into a few localities in
distribution (Fig. 2). The foliation surfaces
are clearly traceable in many outcrops, but

they are often folded and cleaved as the
results of complicated folding.
Garnet rarely attains to a few centimetres
in diameter. Under the microscope, staurolite, kyanite and quartz appear to coexist

There are two kinds of psammitic gneisses,

stably. All the pelitic gneisses are accompa-

one being the biotite gneiss and the other
the two-mica gneiss. They are related in

nied by garnet, biotite, plagioclase and quartz,

mode of occurrence but differ fairly in mineral assemblage from one another. The biotite
gneiss is mainly composed of biotite, plagioclase, microcline and quartz, and it is often
rich in calcite, sphene and ilmenite. Garnet

Microcline is found in most pelitic gneisses.

is found as accessories. Plagioclase and micro-

cline are equivalent in amount, or sometimes

though biotite is very variable in amount.

Semi-pelitic gneisses

Biotite quartzo-feldspathic gneiss, hornblende-biotite quartzo-feldspathic gneiss and
hornblende quartzo-feldspathic gneiss are in-

the former prevails than the latter. Some-

cluded in this category, the hornblende-

times leucocratic seams rich in calcite are included in the biotite gneiss. Ilmenite occurs

biotite quartzo-feldspathic gneiss being the
most common of all. The semi-pelitic gneisses

commonly in the core of grains of sphene.
The two-mica gneiss is composed of biotite,

are commonly medium-grained. The foliated

muscovite, plagioclase, microcline, quartz and

the psammitic and pelitic gneisses. In some
exposures we can find folds on small to moderate scale, but in others not. Most ofthe
semi-pelitic gneisses are deduced to be orthogneiss in appearance but some have an appearance of paragneisses.

often of garnet. Sphene and opaqueminerals
are not uncommon. Biotite is always larger

in amount than muscovite and microcline

'

more prevails than plagioclase. Calcite is
lacking in the two-mica gneiss.

Pelitic gneisses

In this report, kyanite--staurolite-garnetbiotite gneiss, kyanite-staurolite-garnet-two
mica gneiss, kyanite-garnet-two mica gneiss,

two mica-garnet gneiss and muscovite-garnet

structure is not so distinct as compared with

Quartz is very common in all rock types.
, the microscope, they are lacking in
Under
muscovite and have much microcline which
often prevails than plagioclase in amount.
Sphene and opaque minerals are always found
as accessories. Garnet can rarely be found.
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Basic gneisses

Most of the basic gneisses are supposed to
be intrusive rocks in origin; i.e., they would
possibly be sills which were sub-concordantly
intruded into the stratified or foliated rocks.
The foliated structure is characterized by par-

allel arrangement of such mafic minerals as
hornblende and!or biotite. The basic gneisses
are lacking in microcline and always accompanied by epidote and plagioclase. Quartz is
found in small amount or perfectly lacking.
Hornblede is the most common mafic mineral found to the naked eye, though the amount
is varied by addition of biotite. Some ofthe
basic gneisses seem to be totally composed of
biotite to the naked eye. Garnet is often
{ in the hornbledeassociated with hornblende

The granitoid gneiss is buff to dirty cream

in colour, homogeneous and medium-grained.
Biotite, microcline, plagioclase and quartz are

the essential constituents of the granitoid
gneiss. Muscovite is rather rare in amount.
Garnet is often found, and hornblende and
clinopyroxene are rarely contained. Small
amounts of zircon, sphene, allanite and epidote are ubiquitous. The granitoid gneiss is

sometimes accompanied by microcline-perthite and!or microciine-antiperthite which
develop to a porphyroblastic crystal. Microcline and plagioclase are nearly equivalent in

amount, but the former sometimes prevails.
Plagioclase has often sodic rim. Myrmekite
can be rarely found.

biotite-quartz-plagioclase gneiss. Actinolite-

plagioclase-quartz-epidote gneiss rarely occurs.

Granitoid gneiss
Some of the granitoid gneisses are clearly

2. Distribution andproposedstratigraphy of
the gneisses

In the area south-east of Machakos, the
original rocks and their petrographic characters of the gneisses are so complicated that

foliated and found asjust like a stratified bed

it is not easy to establish a reliable stratigra-

in the column of the psammitic gneisses, but
this type of the granitoid gneisses seems to

phy of them. It seems at a glance, however,
to be an indisputable fact that most of the

be localized in occurrence. The granitoid

rock units are piled up "conformably" on
another. We now intend to propose an ex-

gneiss with which we are going to concern in
this report is a biotite granitoid gneiss and
always shows a faintly foliated nature.

ample of the stratigraphy of gneisses in the
area concerned.
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The gneisses in the studied area are roughly divided into two stratigraphic formations;

one is represented by the granitoid gneiss
and the other by the psammitic gneisses. The
semi-pelitic gneisses are subsequent in areal
distribution.

The Mbooni Hill area is a type locality of

other paragneisses.

The origin of the granitoid gneiss has been
considered by some workers to be granitized
psammitic gneisses as referred above. However, their opinions seem to be problematic.
We would like to propose another origin of
the granitoid gneiss by the following reasons.

the granitoid gneiss (Fig. 2). The upper strati-

At the first, the last metamorphism would

graphic formations which appear to be laid
on the granitoid gneiss are represented by
the psammitic gneisses and the pelitic gneisses. We can find another isolated horizon

not be attained to such a high grade condition

of the granitoid gneiss which is inserted into

the psammitic gneisses at the southern part
of the Mbooni Hill area.

At the lowland between Mbooni Hill and
Kalama Hill there has been found a horizon

)

of the pelitic gneisses which are perhaps alter-

nated with the psammitic gneisses. The basic
gneisses have been often found to occur in or
near the horizon of the pelitic gneisses. They

are deduced to be subconcordant sheet-like
bodies in origin.

The semi-pelitic gneisses prevail in the
southern part, near the southern extreme, of
the studied area (Fig.2). Another horizon of
the semi-pelitic gneisses has been found to
occur in the mountain land around Iiuni Hill
which is the southern part of the Kalama
Hill area. The semi-pelitic gneisses here are
often intercalated by the psammitic gneisses.
The basic gneisses also occur in or near the
semi-pelitic gneisses.

The granitoid gneiss is considered to be
orthogneiss, and the senior of us wants to
emphasize that most of the semi-pelitic gnei-

sses show in many cases some features which
are deduced to be orthogneiss. But, structural as well as stratigraphic features appear,

at least on scale of outcrops or of handspecimens, to be in concordant with the

as that under which a granitic melt was produced. In fact, there is no migmatite in the

studied area. At the second, the granitoid
gneiss has many petrographic features as a
layered intrusive mass in origin. At the third,

quartz and pegmatite veins and basic dykes
are actually lacking in the granitoid gneiss
mass, while they are found to occur in many
localities outside of the granitoid gneiss mass.
These evidences may suggest an intrusive ori- '

gin of the granitoid mass, which would be
intruded into the surrounding gneisses after

an emplacement of the basic dykes. The
granitoid rock would have suffered a metamorphism later and transformed to the granitoid gneiss.

The psammitjc gneisses in the Mbooni Hill
area are extended to the Kalama Hill area
beyond the lowland between the two Hill
areas. In the Kalama Hill area, however, the

next stratigraphic horizon lower than the
psammitic gneisses is mainly occupied by the
semi-pelitic gneisses, the fact being clearly
shown at the south of the Kalama Hill area.
Geological survey around KalarnLa Hill is now
being done by Mr.Inoue and will be performed by the second of us and his colleagues in
this l977.

The senior of us considers as follows: if
the semi-pelitic gneisses are sedimentary rocks
in origin, it becomes difficult to explain the

fact that the Mbooni Hill area is actually
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lacking in the semi-pelitic gneisses. If it is

allowed to regard both the granitoid gneiss
and the semi-pelitic gneisses as orthogneisses,

the stratigraphy of gneisses in the studied
area becomes fairly simple; that is, we have

only one sedimentary formation which is
mainly composed of psammitic rocks alternated with subordinate pelitic layers in ori-

gin. The senior of us believes that most of
the semi-pelitic gneisses may not be sediments but layered intrusives in origin.

The total thickness of the Precambiran

centra! part. To the south of Mbooni Hill,
however, the dome structure becomes complicated even in the psammitic gneisses.

Near the western and southern margins of
the Mbooni Hill area, the foliation of gneisses

becomes inclined at moderate to high angles
as shown in Fig. 2, and here appears a zone
of steeply dipping foliations. Fig.4 shows
the limits of the zone of steeply dipping foliations; the zone is now called by us "Kakalia-

Mwea monocline". The monocline runs

gneisses which are cropped out on the surface

through the lowland between the two Hill

of the studied area would be more than
1500m but less than 2000m, including the

areas.

granitoid gneiss and the semi-pelitic gneisses,

Going westward over the Kakalia-Mwea
monocline, the gneisses in the Kalama Hill
area show gently folded structures which may

3. Struetures
A simplified structural map of the southern

not be a simple dome structure. The foliation
of gneisses always inclines northward at low

Machakos district is shown in Fig. 1 which
is characterized by several dome structures
composed of granitoid gneisses. The studied
area south-east of Machakos is represented

angles. The northern part of the Kalama

by two domes to the north of the Opete
dome.

and synclines, they forming an anticlinorium.

Hill area appears to be a hemi-dome structure, but the central and southern parts of
the Hill area include some gentle anticlines
Thus the Kalama Hill area forms an anticli-

norium but does not a dome.
The general trends of the foliation of
gneisses in the studied area are shown in
Fig.2. As have been emphasized by Baker
(1954) and Biyaji'ma (1976), the gneisses
around Mbooni Hill appear to form a gentle

In area along the Kaiti river, to the south
of the Kalama Hill area, the foliation of the
semi-pelitic gneisses and psammitic gneisses
becomes to show a gentle anticline on alarger
sclae than that found at Iiuni Hill; that is,

dome structure, as often represented by exfoliation pavements which are in parallel to

the anticlinorium in the Kalama Hill area

the foliation of gneisses. Figs.3A and B
show the geological map and the geological
profiles of the south-eastern part of the
Machakos area complied by Biyajima (1976).
At the northern margin of the Mbooni Hill
area, the dome structure is clearly shown by
the foliation of psammitic gneisses, but it is
complicated within the granitoid gneiss at the

changes gradually into an anticline, leaving
the axes of folds as they were. It is yet un-

known whether the anticline may represent
the northern wing ofa dome or northern crested part of an anticline which has to be found
in the area to the south of the studied area.

We expect that the anticline may belong to
the northern wing of the Opete dome which
is already found by Baker (Fig.1).
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According to Fig.I, the Kakalia-Mwea
monocline is not a special structure which is

localized only in the studied area but we

have a few examples in the southern
Machakos district. A similar structure in the

area south-east of the Opete dome has been

reported by Baker (1954) who called it
the Masokani monocline, which has been
traced by him more than 15km from Kioo
to the south. Another example will be found

at the east of Machakos where Fairburn
(1963) has found a zone of steeply dipping
foliations, though in his case he has interpreted the structure as a syncline accompanied by steeply closed wings.

It is conceived that the Kakalia-Mwea
monocline is one of structural zones which
would be locally developed between the antiform structures. These structures seem to be
of very significant in the southern Machakos
district.

1. The folded area and the Kakalia-Mwea
tectonlc zone
Boudinage and folds on every scale are
often found to occur in the western half of
the studied area. The scope ofan area where
such structural features have been found is
shown in Fig. 4 under the name of "Folded
area". The folded area encloses a larger part

of the Kakalia-Mwea monocline and the
Kalama Hill area. The eastern limit of the
folded area runs mostly inside of the Kakalia-

Mwea monocline, except the northern part
of the studied area where the eastern limit

goes outside the monocline (Fig.4). The
western limit of the folded area is more extended to the western outside of the studied
area.

The Kakalia-Mwea monocline itself can be
regarded as a fold-zone on a larger scale.
The monocline is characterized by the foliation of gneisses which is inclined at angles

higher than 40 degrees. Here, 40 degrees
Structural characters of the gneisses

As shown in a former paragraph, structures
of the area south-east of Machakos are cha-

racterized by two antiforms and a zone of
steeply dipping foliations, here called the
Kakalia-Mwea monocline, which is placed
between the two antiforms. In the antiform
area, i. e. the Mbooni Hill area and the Kalama
Hill area, the foliation of paragneisses is generally inclined at low angles, but the angles

become gradually steeper, at more than 40
degrees, in the Kakalia-Mwea monocline.
In the Kalama Hill area and the KakaliaMwea monocline, folds on small scale which
are accompanied by the axial plane cleavage
are locally developed, some of the cleavage
being inclined steeply but others being flat
or inclined at low angles. The descriptions
of the fold-structures will be followed in this
paragraph.

are only artificially given because the-foliation is usually inclined at angles lower than

40 degrees in the studied area (Fig. 2). As

shown in Fig.4, the monocline is running

roughly straight in NNW-SSE direction
through the lowland between Mbooni (Tututha) Hill and Kalama Hill.
At the south of the Mbooni Hill area, however, the eastern limit of the Kakalia-Mwea

monocline abruptly turns from NNW-SSE to
ENE-WSW, as if it enclosed the Mbooni Hill
area. Then, the monoclinal nature of the
monocline disappears near the curve and
gradually changes into a synclinal structure.
Looking well at Fig. 4, the western limit of

the monocline does not run straight, and at
the southern extreme it seems to disappear
after coming across an area of flat-lying

foliations. Thus, the Kakalia-Mwea monocline seems to disappear at the southern ex-
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folded area. The Kakalia-Mwea monocline and the zone of hlgh angie cleavage are
closely related to occur, here called as a whole "Kakalia-Mwea tectonic zone".
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treme of the studied area. The northern ex-

treme of the monocline must be extended
outside the studied area.

Minor folds are found to occur in a Iot of
localities, most of them being accompanied
by the axial plane cleavage. The axial plane
cleavage develops often into shear-fractures,

along which a short displacement is recognizable. The axial plane is in many localities
in parallel or subparallel to the foliation of
gneisses, but in the other localities it is cutting the foliation at high angles.

As shown in Fig. 4, there will be found a
limited area where the axial plane of minor
folds is usually inclined at angles more than
40 degrees. Again, 40 degrees are only artificially given by judging from the general

2. Boudinage
In the folded area, there are a lot of exposures where the boudinage is often found.

The boudins are found in every exposure
where the gneisses, regardless of psammitic
or pelitic, are intruded by quartz veins or
pegmatite veins. These veins are commonly
folded and torn into many boudins.

The gneisses which are accompanied by
quartz and pegmatite veins have been called
the migmatite by Baker (1954) and Fairburn
(1963). Baker (p.1O) had clearly shown some

sketches of "boudins" as examples representing the migmatite. The gneisses which
have been called "migmatite" by them have

inclinations of the axial plane of minor folds

mineral assemblages of the middle grade now.
Unfortunately, there have been found no relic

in the studied area. The limited area can be
regarded as a structural zone which is called

mineral-assemblages which may suggest that

now "Zone of high angle cleavage".

or would attain to a physical condition ot
melting. The quartz and pegmatite boudins
were perhaps originally "veins", and it is
questionable to call them the migmatite.

Of course, the zone of high angle cleavage
is included inside of the folded area. Ac-

cording to Fig.4 the Kakalia-Mwea monocline and the zone of high angle cleavage

the host gneisses would be ever melted in part

Figs.5A and B are sketches of folded

occur closely to one another. The southern
half of the Kakalia-Mwea monocline is en-

quartz veins and boudins. The foliation of
the psammitic gneisses, which is in paral-

closed in the zone of high angle cleavage, but
conversely the northern half of the latter is

lel to the axial plane cleavage, is steeply in-

enclosed in the former: it is conceived that

the zone of high angle cleavage. They give

the Kakalia-Mwea monocline and the zone of
high angle cleavage form en masse a tectonic

some impression of ptygmatic veins. The

zone in the folded area. The tectonic zone is

the foliation surfaces. The quartz veins are

now called "Kakalia-Mwea tectonic zone".

clearly torn into boudins in which many

Thus, the areal limits of the Kakalia-Mwea
monocline, of the zone of high angle cleavage

clined; that is, these boudins were found in

axial plane of the relic folds is in parallel to

cracks are cutting across the long edges of
boudins. A displacement along the foliation

must be deduced.

and of the folded area do not overiap strictly
with each other, the fact being of significant
for the origin of these variable structures and,

is also found in the zone of high angle

accordingly, for the metamorphic history of
the area south-east of Machakos.

cleavage. This is an example of pegmatite
boudins which are in general characterized

Typical boudins are found in Fig. 5C which
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NW of Kakalia. D: the foliation is inclined at 120 to N;Iocality: a riverside of the Kaiti

river; about 3.5km to WSW of Makongo.

by surrounding, not completely but in part,

black bands rich in biotite. The form of
boudins, conjugate fracture-systems in the
boudins, and a displacement along the fractures are all indicators to be typical boudins.

A folded black seam rich in biotite (left
upper) may suggest a fold-system which is
accompanied by the axial plane cleavage par-

gneisses. Forms of folds and of boudins
are, however, not simple but complicated.
Thus, most of the boudins are accompanied by folds, the axial plane of which isalways in parallel to the foliation of the gneiss-

es and also, in many cases, to a surface of
displacement.

allel to the foliation.

The boudinage is also often found in the
gneisses outside of the zone of high angle
cleavage, an example being shown in Fig.5D.

3. Folds, aecompanied by the axial plane
cleavage

Fig.5D shows folded pegmatite veins and

the folded area. The axial plane of folds is
generally cleaved, but the axial plane cleavage is not always visible to the naked eye.
The axial plane which is inclined at angles
higher than 40 degrees is characteristically

boudins found in the semi-pelitic gneisses.
The black bands rich in biotite are also found

just as in Fig.5C, and the axial plane of
these folds is in parallel to the foliation of

Many styles of foid have been found in
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Shear folds, with the axial plane inclined at high angles {in the zone of high angle
cteavage). A: pelitic gneiss at the northern part of the Makongo Forest. B: pelitic/
psammitic gneisses at a riverside of the Mukuyu river, a branch of the Mwea river,about

4km to SES of Kali.

limited to occur within the zone of high
angle cleavage. In the folded area outside

Folds in Fig. 7A are sharply cleaved and
apparently sheared along the foliation of

of the zone, the axial plane is usually inclined at angles lower less than 40 degrees.

gneisses, now the folds developing to a tectonic melange. The foliation is inclined at
a low angle. The structure in Fig, 7A is di-

Two types of fold are shown in Figs. 6A
and B as examples common in the pelitic
gneisses in the zone of high angle cleavage.
They are found in area outside of the Kakalia-

Mwea monocline. The wave-length ofthem
is always shorter than 50cm, commonly from

a few centimetres to 10cm. The folds in
Fig. 6A are found in the pelitic gneiss which

is accompanied by kyanite, staurolite and
garnet. The rock is strongly cleaved and
sheared along the axial plane which stands
nearly vertically. The shear folds in Fig.6B

have longer wave-length than those in Fig.
6A, and the axial plane stands also steeply
but is not clearly cleaved in appearance.

Figs. 7A and B are examples to show the
other types of fold in the pelitic gneisses,
which are found in exposures outside of the
zone of high angle cleavage.

vided into two parts; one is characterized
by straight foliation but the other by a lot
of relic folds. The former part is quartzofeldspathic or psammitic gneiss in character,
but the latter is characterized by frequent
alternation of pelitic gneiss layers with
quartzo-feldspathic gneiss layers. The relic
folds are represented only by the quartzofeldspathic gneiss layers which are, in their in-

terior, alternated by attenuated black seams
rich in biotite. The original axial plane of the
relic folds is now lost by a later shearing, however, it is deduced to be nearly in parallel to

the general foliation along which shear move-

ment would take place.
In Fig.7B, the axial plane is inclined at
a low angle and in parallel to the gneral
foliation. The axial plane cleavage is clearly
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Shear folds, with the axial plane parallel to the foliation {outside of the zone
angle cleavage). A: pelitic/psammitic gneisses; the foliation is inclined at 31

locality: a riverside of the Syuuni river, about 3.5km to E of Makaveti. B:
gneiss, with garnet spots; locality: apart about 10m to S from A.

of high
o

to N;

pelitic

B
Fig. 8

A: Shear folds in semi-pelitic gneiss which is inserted between psammitic gneiss layers,

The axial plane is intersected with the foliation of the surrounding psammitic gneiss
at a moderate angle, but no folds have been found to occur in the psammitic gneiss;
Iocality: a riverside of the Syuuni river, about 1.5km to SES of Makaveti (outside of
the Kakalia-Mwea tectonic zone}. B: intrafotial fold in semi-pelitic gneiss at an exposure
very near A. The axial plane is parallel to the foliation of the surrounding gneiss which

is inclined at 130 to NW.
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found to the naked eye, but shearing along
the plane is scarcely recognized. Such exa-

rnples as shown in Figs.7A and B are not
uncommon over the folded area, especially
in localities outside of the Kakalia-Mwea
monocline.

4. Folded basic dykes
Origin of the basic gneisses in the studied
area is not always easy to decide, some having

an appearance of dyke but others appearing
just like a tuffaceous beds. In this paragraph,
some sheet-like dykes only will be described.

In addition, Figs. 8A and B pr'esent the
other types of fold in localities outside of
the zone of high angle cleavage. The folds
in Fig.8A are found in semi-pelitic gneiss
layers which are alternated with the psammitic gneiss. In this exposure, only the semi-

Now we have three examples of folded basic
dykes, all of which are found in an extended

pelitic layers are folded with the axial plane

figures are intruded into a semi-pelitic gneiss.

which is inclined at moderate angles and
crosses the foliation of the surrounding

The semi-pelitic gneiss is light coloured and

exposure cropped out about 200m along a
riverside near Kiatuni, at the western part
of the Kalama Hill area. They are shown in
Figs. 9A, B and C. All basic dykes in these

psammitic gneiss. The folation of the

accompanied by epidote, hornblende and felsic minerals. The dykes are black in colour

psammitic gneiss is inclined at a low angle

and rich in biotite.

and runs straightly. In Fig. 8B, a semi-pelitic

gneiss layer is inserted between the pelitic
gneiss layers. The foliation of the pelitic

gneiss appears to be straight and shows no
fold. On the other hand, one of the quartzofeldspathic gneiss layers in the semi-pelitic
gneiss shows intrafolial folds, the axial plane

The walls of two sheet-like dykes in Fig.
9A are cutting at low angles the foliation of
the surroundjng semi-pelitic gneiss. Within

the dykes, relic (?) texture which is just
like a chilled margin is recognized by changing grain-size of biotite fiakes. The foliation

of which is in parallel to the foliation of the

of the basic dykes is not clearly found. The
surrounding semi-pelitic gneiss does not show

semi-pelitic gneiss but not cleaved. Another

any fold structure but includes many small

quartzo-feldspathic gneiss layer is not folded
and appears to have no genetic relation to the

quartzose boudins.'

intrafolial folds.

A basic dyke in Fig. 9B includes an island
of the semi-pelitic gneiss. The intrusion

Conclusively, the shear folds are commonly found and the flexure folds are actually
lacking in the folded area. The origin of
these folds is considered to be complicated.
It is, however, a general tendency to show
that the foliation surfaces of the gneisses took
a role of shear surfaces along which displace-

ment had taken place during a metamorphism, though the distance of displacement
is variable from place to place. Thus, some
folds would be completed by plural tectonic
movements but others free from a later movement.

boundaries of the dyke are cutting the foliation of the wall rock at low angles, though
the boundaries are now folded with the axial
plane parallel to the surrounding foliation.
The foliation of the basic dyke is not clear.

Fig.9C shows an example of a folded
dyke. A relatively thick seam of the semipelitic gneiss which is now isoiated in the
basic dyke clearly represents a fold style, the

shear folds. The foliation of the basic dyke
is roughly parallel to the axial plane of the
fold, and in addition, it appears to be paral-
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Fig. 9

Folded basic dykes. Three photographs were taken from a long continuous exposure,
a riverside of a branch of the Wamui river, about 1.5km to SE of Kiatuni {outside of the

Kakali-Mwea tectonic zone).
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lel to a shear zone which is found near the

Geometrical relations of the structural ele-

upper wing of the folded seam. The axial

ments

plane of the isolated semi-pelitic gneiss does

not develop to a cleavage in appearance.
The foliation of the semj-pelitic gneiss runs
straight at the upper side of the folded dyke,

but it curves round the crest of the dyke at
the left side of the figure. We can find no
axial plane cleavage in the surrounding semipelitic gneiss.

This example of the folded dyke may suggest at least three phases of event; the first

phase is an intrusion of the dyke, the second
is a folding, and the last is a shearjng move-

ment.

The structural features in the studied area
may be characterized by the following three
structural units: they are,

a: structures of the Mbooni Hill area where

,

an area of the eastern outside of the
Kakalia-Mwea tectonic zone is included,
b:structures of the Kakalia-Mwea tectonic
zone, and
c: structures of the Kalama Hill area, where

an area' of the western outside of the
Kakalia-Mwea tectonic zone is included.
Roughly speaking, the Kakalia-Mwea tectonic
zone and the Kalama Hill area are the two
main structural units in the folded area.

5. Lineations and axes of folds

The lineation has been commonly found
in the paragneisses, regardless of presence or
absence of fold structures. Even in the psam-

mitic gneisses which are lying flat with
straight foliation, the lineation is often sharp-

ly found. The pelitic gneisses generally present more distinct lineation than that in the

psammitic gneisses. The lineation is most
frequently measurable in exposures inside of
the zone of high angle cleavage.

Perhaps the linear elements would result
from various origins, because there have been

found many styles of fold in the studied
area. Some of the lineation result from intersection of the planar elements such as
foliation, cleavage, original bedding and so
on, but others may represent axes of minor
crenulat'ion. Some axes of folds correspond
to the crest of a drag fold, but others are

1. Structures of the Mbooni Hill area and
the Kalama Hill area
As shown in Fig. 2, the Mbooni Hill area
is composed mainly of the granitoid gneiss
and the psammitic gneisses. The foliation of
the gneisses shows gentle waves but, as a

whole, represents a dome structure on a
larger sclae. T-poles of the foliation surfaces
of the gneisses are plotted in Fig. 1OA; again,

the dome structure is clearly represented in

the figure. There are several points which
are representing the N-S strike and high dipping angles. They were measured at the east-

ern margin of the Mbooni Hill area. The
lineation has been very difficult to detect
either on exfoliated exposures or on fresh
surfaces of the gneisses.

The structures of the Kalama Hill area
are shown in Fig.1OB in which rr-poles ofthe

axes of folds which are accompanied by

foliation of gneisses and poles of the lineation

axial plane cleavage. The regional trend of
the linear elements and their geometrical relations to the planar elements will be discussed in the next paragraph.

are plotted together. Except two T-poles,
the foliation surfaces are inclined at low
angles toward the north. Distribution of
the 7-poles suggests the presence of gentle
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T-pole diagram and 6-diagram for the foliation of gneisses in the

Kakalia-Mwea monociine(lower hemisphere projection). A: Tpoles of the foliation; solid circles: data were collected at the
lowland between the Hiil areas (36-poles); open circles with dots:
data were collected at the southern part of the Mbooni Hill area
{18poles>. B: l3-diagram for the foliation (random sampling of

24-planes); conc.entration: 10<-8-6s4-2-10/o. The liPmaximum
is trending
N30 E and pitching at 20 .
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anticlinorium with northerly pitching axes.
The lineation is also pitching at low angles,
but the trend is variable from WSW, through
W, to NNE. The poles appear to be arranged
along a great circle; however, we have no
definite answer which will make clear a tectonic meaning of the great circle. One of

Fig. 11A is a T-diagram for the foliation
of gneisses in the Kakalia-Mwea monocline.
In this figure the foliation surfaces which
were measured at the south of the Mbooni

the alternative ideas may be that the lineation

Kalama Hill area are clearly different from
those in the Mbooni Hill area.

crowded in a limited area in Fig. 11A, but
the other T-poles are distributed along a
great circle. The latter fact may suggest the
presence of a fold-system which appears to
be the other structure than the monocline,
but more positive evidences will be required
to explain the fold-system.

2. Structures of the Kakalia-Mwea tectonic

A 6-diagram for the foliation surfaces
which were measured at the lowland shows

would be a remnant structure which was
imprinted in the gneisses before formation of

the anticlinorium in the Kalama Hill area.

Thus, the macroscopic structures in the

zone
The Kakalia-Mwea tectonic zone runs
through the lowland between the mountainous areas: the Mbooni Hill area and the
Kalama Hill area. The scope of the tectonic
zone is not shown directly in Fig. 4, because
the zone has no sharp tectonic boundaries
but is gradational into structures of the surrounding gneisses.

As described in a foregoing paragraph, the
eastern limit of the Kakalia-Mwea inonocline

changes its trend from NNW-SSE to ENEWSW at the south of the Mbooni Hill area.
The trend of the western limit of the monocline seems, on the other hand, to go nearly

straight by keeping the NNW-SSE trend. It
has not been known whether the monocline
curves its general trend from NNW-SSE to
ENE-WSW or goes straight by keeping its

trend in NNW-SSE. Supposing that the

Hill area are plotted by different marks from

those measured at the lowland. The T-poles

which were collected at the lowland are

a complete great circle girdle with one con-

spicuous maximum concentration (6-maximum in Fig. 1IB). The 6--maximum pitches
to N300W at 2e degrees, and the monoclinestructure is suggested in the figure.

In the folded area the foliation surfaces

,

are often in parallel to the axial plane cleav-

age. Fig.12A shows a T-diagram for the
axial plane cleavage in the zone of high angle
cleavage, many foliation surfaces being plotted on the figure for the cleavage surfaces.

Fig.12B is a 6-diagram for the axial plane
cleavage in the zone of high angle cleavage.
The concentration of the 6--axes is conspicuous in Fig.12B but a complete girdle does not

appear. The 6-maximum pitches to N340W
at 22 degrees; it is very close to the 6-maxi-

mum in Fig.1IB.
The lineation and axes of folds in the

latter is the case, the monocline is expected

folded area are plotted together in Fig.13,in

to disappear soon at the outside of the

studied area. Then, ENE-WSW trend may

which the 6-maximum areas for the foliation
(Fig.11B) and those for the cleavage (Fig.

belong to the other structure than to•the
monocline.

metrical relation of the linear elements to

12B) are also reproduced to show a geo-
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A composite diagram for the linear elements and the 6maximum areas, data being collected at the folded area
(lower hemisphere projection>. The 6-maximum area are
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the planar elements. It is deduced that no
trouble will be caused in regarding all the
linear elements as one linear element. In
Fig.13, hll the 6-maximum areas are found

Of interesting are the structures of the
Kakalia-Mwea tectonic zone which are charac-

terized by development of the boudinage,
high dip-angles of the foliation and the axial

very near to each other, and most of the linear elements are distributed in and near the

plane cleavage. After geometrical examina-

6-maximum areas. It is suggested by Fig.13
that the Kakalia-Mwea monocline would be
developed at the same time as the zone of

zone would possibly be completed during a
tectonic event Iater than that during which

high angle cleavage; that is, the Kakalia-Mwea

tectonic zone would be completed during
one tectonic event or perhaps during one
metamorphism. In addition, it is deduced
that the folds in the Kalama Hill area would

have a different origin from those in the
tectomc zone.
The position of the Kakalia-Mwea tectonic
zone is sandwiched between the Mbooni Hill
area and the Kalama Hill area. Originating
in difference of some mechanical characters
of rocks, the tectonic zone would have been
strongly compressed by competent blocks of
the both sides during a tectonic event.

Tectonic evolution of the area south-east of

Machakos
Based on the structural characters, the

tions of the structural elements, the tectonic

an anticlinorium of the Kalama Hill area
was formed.
In his study on the Machakos area, Baker
(1954) considered one sequence of events
that resulted in the regional metamorphism
and granitization; however, such complicated
fold-structures as pointed out in the foregoing

paragraphs can not be explained by one sequence of events. While, Biyajjma et. al.

(1975) and Biyajima (1976) proposed two

sequences of metamorphic events. Two
phases of geosynclinal sedimentation prior to

each metamorphic event are considered. The
interpretation by Biyajima et al. (1975) is
based on their proposal for "mangled gneiss
dome" of the Mbooni Hill area and the inter'
pretation by Biyajjma (1976) is based on his
propesal for two different directions of tectonic compression during the metamorphism.
The two phases of sedimentation are, how-

studied area can be divided into three units,

ever, difficult to prove at the state of know-

i.e. the Mbooni Hill area, the Kakalia-Mwea

ledge. Provided that the two sedimentary
phases could be considered in the Machakos
area, they would be a supracrustal event

tectonic zone and the Kalama Hill area, which

are arranged in order from the east to the
west. Many folds on every scale have been
found in the last two units.
The Mbooni Hill area shows a dome structure, but the Kalama Hill area shows an anti-

clinorium which may correspond to the
northern wing of the Opete dome. The geometrical relations between the structural ele-

ments in the Kalama Hill area can hardly be
explained by a single tectonic event.

which possibly took place at a far upper hori-

zon than that of the paragneisses cropped
out in the studied area.
Especially, the senior of us would like to
propese a metamorphic history of the studied area, the proposition being summarized
in Table 1. The chronologic ages of these

geologic events in Table 1 have not been
clarified. It has been believed however that
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Tablel Proposed metamorphic history of the
south-east
Sedimentation

Mozambique belt in area

of Machakos, Kenya.
Igneousactivity

Folding

Metamorphism

Granitoidminor
intrusives

Secondfolding
(Kakalia-Mwea
tectoniczone)

Second
]metamorphism

(mediumgrade)

Quartz-and
pegmatite-veins

Granitoidrocks

Firstfolding
](formationof

domes)

Basicdykes

First
]metamorphism
((?)Boundaryofmedium!high

Intermediate
rocks

Psammiticand

grade)

("semi-pelitic")

peliticrocks

?

?

.

.

the Archaean (or early Proterozoic ?)rocks
in the studied area were regionally metamor-

upwelling of the paragneisses occurred.

phosed during the Mozambiquian orogeny.

rocks which now fill the core of the Mbooni
Hill area may correspond to one of the latekinematic igneous activities, when the surrounding rocks were kept fairly plastic yet.

The first metamorphism would have taken place after the intrusion of basic dykes

into the surroundings. The metamorphism
was accompanied by the first folding. Most
of fold structures found in the Kalama Hill

area, and perhaps some of those in the
Kakalia-Mwea tectonic zone, appear to be
originated from the first folding. Folds
accompanied by the axial plane cleavage were

Emplacement of the layered granitoid

Then, the Mbooni Hill area appears to be
risen to a level upper than the Kalama HM
area where the rocks were possibly left with-

out conspicuous updoming. Aprimitive form
of the Kakalia-Mwea monocline would appear
during the late-kinematic phase. Quartz and
pegmatite veins represent the postkinematic

possibly formed in an earlier phase of the
folding, and they were followed by gentle
open folds on moderate scale with increasing

mlnor lntruslves.

temperatures of the metamorphism. The

studied area, because there are no relic min-

compressive force in the earlier phase would

erals to be indicative. We tentatively con-

be kept powerfully in E-W or ENE-WSW di-

sider that the highest part of the first
metamorphism would be near the boundary
of mediumlhigh grade (Winkler, 1974).

rection but would become weak with increasing temperatures later, and at last viscous

The highest grade to which the first metamorphism would attain is unknown in the
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Later, the second metamorphism would
take place in the present area, and its
physical condition attained to the epidoteamphibolite facies or the medium grade; that
is, the highest grade during the metamorphism is supposed to be too low to causea
partial melt of any rock. The second met-

amorphism was accompanied by the second
folding. The layered granitoid rocks in the

Mbooni Hill area were transformed into
orthogneisses, and the other gneisses were
recrystallized by the second metamorphism.
Compared with the first folding, the second

folding, but later the cleavage was transformed into the shear-surface. While, the
psammitic gneisses were possibly free from
the early folding due to their competent
nature. Shearing is deduced to be especially
active in a later phase of the second folding.
The boudinage in the gneisses is one of typical structures formed during the folding. The

compressive force was possibly powerful in
E-W or ENE-WSW direction in the early phase
but gradually turned into NNW-SSE in the
later phase of the folding.

folding seems to take place in a less

Conclusively, the metamorphic history of
the area south-east of Machakos probably

extensive area, the Kakalia-Mwea tectonic
zone being developed in a limited position
between the two antiform areas. The gneiss-

began with the geosynclinal sedimentation of
detritus materials, and at least two sequences

es of the Hill areas would behave iike a com-

petent mass during the second folding. No
minor folds would be newly formed in gneisses of the Hill areas, except for folds originated in a later regional shearing (Fig.4).

In the Kakalia-Mwea tectonic zone, different fold-styles seem to be originated from

differences in competency of rocks. The
pelitic gneisses which were laid at low angles
would be selectively folded and cleaved along

the axial plane during an early phase of the

of metamorphic events must be considered
during the Mozambiquian orogeny.
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Fault Pattern of the Southern Part of the Eastern Rift, Tanzania

Kenji YAIRI
Department of Earth Sciences, Faculty of Science, Nagoya University

lntroduction

The main part of the Eastern Rift or
Gregory Rift Valley traverses central and

southern Kenya, trending approximately
north-south. It is characterizÅíd by a series of

graben structures 40 to 65 km wide and by
the extensive Neogene volcanism (Baker and
others, 1972). The Eastern Rift rapidly changes its character southward in Tanzania, where
Neogene faults diverge and result in a chain

of asymmetrical faulted troughs trending
northeast-southwest; the outline of the individual trough forms a circular arc, the troughs
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being arranged en echelon as a whole. Major
marginal faults defining the northwest of the
troughs form a zigzag or en echelon pattern.
In the southern segment of the Eastern Rift,
geomorphological manifestation of the fracturing of basement rocks without any modifi-
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cation of Neogene volcanism, this matter
providing a particularly preferable condition
for the study on the fault pattern. The ob-

jects of this paper are to show a possible
mechanism of the formation of en echelon,
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arcuate and zigzag fault patterns and to esti-

mate the direction and amount of crustal
extension across the segment according to
the method proposed by Yairi (l974, 1975a),
which is based on the geometry of en echelon
fau1ting.

Geological setting

The East African Rift System is divisible
into the Eastern and Western Rifts, which
conjoin in the Mbeya Crux; the investigated
area, between lat. 30S. and 60S., forms a
2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 39-50, 1977.

Å~ '<' gl e. y,

L Malawi

O-Okm

Fig. 1
Fault pattern and crustal extension across the
southern part of the Eastern Rift. Faults are after
King {1970}, Baker (1971), Baker and others (1972),
and the present work; arrows indicating the direction
of crustal extension.
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southern part of the Eastern Rift (Fig. 1). The

chanically weak zone to be fractured in rifting.

area is occupied mainly by the Precambrian
basement complex, which includes part of the
Tanganyika shield (probably older than 3200
m.y.) and of the late Proterozoic-early Paleozoic Mozambique orogenic belt (McConnell,
1974). The Precambrian basement is covered
by extensive superficial deposits and some
volcanic rocks of Neogene age. Unlike Tertiary volcanic rocks are well developed in

En echelon rift-faulting is attributable to the

Central Kenya, such a volcanism is here
limited to the small areas of Kwaraha and
Hanang volcanic fields.

In the area from Lake Manyara to Hanang,
the rift-faulting is thought to be of Plio-Pleis-

tocene age based on its relation to the Neogene

volcanic sequences (e.g., Pickering, 1965;
Orridge,1965). At the south, in the area from

Kwa Mtoro to Bahi depression, the faulting
occurred after the formation of the Kilimatinde Cement, which is the youngest formation in the area and considered to be of

Miocene to Pliocene age (Lounsberry and

second order strain state reorientated in the

weak zone, the trend of which is rather
oblique than normal to the direction of the
regional horizontal extension (Yairi, 1975a).
Based on the geometry of en echelon pattern,
the direction of crustal extension across the

southern part of the Eastern Rift can be
estimated by the method of Yairi (1975a).

As can be recognized in Fig. 1, in this
region there are four main arcuate elements

arranged en echelon, each of which is
200-300 km in length: Lake Eyasi, Lake
Manyara-Hanang, Bubu, and Usangu-Fufu.
The row of en echelon pattern of these
elements, which follows the weak zone, also
forms a gently curved line sweeping from N-S
in the north to NNE-SSW in the 'south. The

directions of extension obtained from REangle (row-element angle) and en echelon
pattern ("backhand writing m" type) are
shown by arrows in Fig. 1: N300W-S300E,

others, l967). The faulting indicates tension
stress (ibid.) and almost all of the faults are
considered to be of normal as well as those of

N400W-S400E and N150W-S150E for the

the main part of the Eastern Rift in Central
Kenya (Baker and others, 1972).

Each trough designated here an element is
bounded on the northwest by several linear
fault scarps of 10 to 20 km in length. The

Lake Eyasi, the Lake Manyara-Hanang, and
the Bubu elements, respectively.

outline of the fault scarps is zigzag in a plane

En echelon pattern and estimation of crustal
extension

view and appears to consist of the alternation

of NE- and NW-trending faults. As will be
mentioned later, however, this zigzag feature

Unlike well-defined, normal grabens found
in the central part of the Eastern Rift, its

is originally attributed to en echelon arrange-

extension southward in Tanzania, between

A broad zone comprising these troughs follows the eastern margin of the Tanganyika
shield adjoining to the Mozambique orogenic

"backhand writing m" type. A typical example is well recognized near Lake Manyara,
where faults trending N340E to N420E form a
row trending N260E (Fig. 2). The direction of
the extension across the Lake Manyara region
is estimated to be N400W-S400E. This direction agrees well with the result (Fig. 1)

belt on the east (McConnel, 1972, 1974). This

obtained by using en echelon pattern of

zone can be considered as an unstable, me-

different order.

lat. 3PS. and 90S., is characterized by a chain

of asymmetrical faulted troughs trending
northeast-southwest and arranged en echelon.

ment of NE-trending faults, its pattern being
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Zigzag fault pattern along the
Lake Manyara
depression.
Faults
are after
Orridge

(1965), Pickering

(1965},
and the present work based on topographic maps at a scale of 1: 50,OOO {5311, 5312, 5313,

5314, 6911,
6912,
6913,
and
69f4>.
Open arrows indicate the direction of crustal extension, fault
throws shown in feet on downthrow sides.
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and Orridge (1966), Selby and
and Julian and others (1963).

and 60S. Faults were compiled from Thomas (1966a, 1966b), Mudd
Mudd (1965), Fozzard (1960, 1961), Lounsberry and others (1967),
Fault throws are shown in feet on downthrow sides.
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A striking feature in the region between lat.

50S. and 60S. is fault swarms trending ENE-

WSW on the Kwa Mtoro Block and Chenene

then modified by the subsidiary NW-trending
faults, to result in the formation of the zigzag
pattern of the fault scarps.

along faults, which are estimated mainly from
topographic reliefs. Total throws between rift

Fig. 4-a shows a simplified topographic
map of an area near the southwestern corner
of Fig.3, where contour lines are smoothed
out by burying valleys less than 1 km in width
on topographic maps on a scale of 1;50,OOO
(sheets of 12313, 12314, 142!1 and 14212 in
Tanzania). Fig.4-b shows east-west topographic profiles of the same area drawn at equal
intervals, on which the arrangement of faults
shown by shade is superimposed. The north-

floor and the plateau to the northwest are
3000 feet between lat. 30S. and 40S., 2000

stepped fault scarps trending northeast, which

Hills (Fig. 3); they suggest the crustal extension of the same direction as obtained for the
Bubu element in Fig. 1. 0verall inspection of
the southern part of the Gregory Rift leads to
the conclusion that the crustal extension was

in the direction of the NW-SE to NNW-SSE
during Neogene rifting.

In Figs. 2 and 3 are given minimum throws

feet between lat. 40S. and 50S., and 1000 feet
between lat. 50S. and 60S. The amount of the
crustal extension seems to decrease gradually

toward the south, though more detailed investigation is required to quantify the amount
exactly.

western margin of the Bahi depression is

are known as the Saranda fault and the
Makutupora-Bubu fault (Fozzard, 1961;
Lounsberry and others, 1967). The fault
scarps comprise closely spaced scarplets arranged subparallel or en echelon. Throws of

the scarplets diminish toward both ends of
individual faults. There is not always deveiop-

ed the NW-trending fault in a zone of offset

between two faults disposed en echelon or
overlapping one another, and the offset zone

Zigzag fault pattem

is rather characterized by monoclinal flexure.

Attention here is focussed on the mode of
formation of the zigzag pattern, as seen in
plan, of fault escarpments. As shown in Figs.
2 and 3, the Lake Manyara depression and its
southem extension are bounded on the north-

The development of a subsidiary fault trending northwest is expected in the flexure zone

west by a series of well-preserved fault scarps.

considered to represent the most progressive
phase of faulting. A schematic model is given

The outline of the escarpments is zigzag in
plan, and is suggestive of an alternation of

NE- and NW-trending faults. Usually the
NE-trending lineaments are much higher in
continuity, 10 to 20 km long, and are more
uniform in orientation than the NW-trending
ones which never exceed 5 km in length.
Based on evidences mentioned below, it is
proposed that the main NE-trending faults
arranged en echelon were formed at first and

with the growth of throwing along the main
faults. The zigzag pattern of fault scarps

found in the region of Lake Manyara is

to show the successive phases of zigzag
faulting (Fig. 6). The subsidiary fault should

follow the line of the maximum curvature in

the fiexure zone, the shape of which is
dependent on the degree of overlapping at the

offset of two faults arranged en echelon as
shown in Fig. 7, and consequently, the trend

of subsidiary fault is destined to become
variable.
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Paying attention to the pattern of rift

Near the Derakuta Hill we can see a zigzag
faulting of a typical intermediate type between the Lake Manyara type of a progressive

depressions on a larger scale as shown in Fig.

1, NW-trending depressions about 100 km
long can be also interpreted to be subsidiary

phase and the Makutupora-Bubu type of an
embryonic phase (Fig. 5). Across the NWtrending escarpment which links two NE-

ones developed in offset areas between two
NE-trending depressions arranged en echelon.
A good example is shown by the Mpondi fault

trending ones arranged en echelon, the summit level continuously decreases its height
toward northeast from the plateau side to the

zone between the Lake Manyara-Hanangu
depression and the Makutupora-Bubu fault
demarcating the northwest of the Bahi depression (see also Fig.3)

Derakuta Hill. This feature is strongly sugges-

tive of the original fiexure of landsurface
preceding the generation of the escarpment.
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Schematic model showing process of zigzag faulting.

Arcuate fault pattern

As shown in Fig. 1, not only the marginal
faults of individual rift depressions but the

zone comprising them arranged en echelon
form gentle arcuate outlines convex to the
southeast. Based on geomorphological studies

in the Basin and Range province of the
western United States, Moore (1960) confirmed that boundary faults of tilted blocks are
'

'
'

'

'

'

generally curved in plan and are convex
toward the direction of tilting, and he suggest-

ed that such arcuate pattern had a close
analogy with the spoon-shaped sliding surface
seen in landslides. This is not the case for the

southern part of the Eastern Rift. Main
'

'

marginal faults of asymmetrical rift depres-

sions are not convex but rather concave
toward the tilting. The arcuate pattern of the
individual depressions seems to refiect the
arcuate pattern of a major fractured zone
comprising them. The following geometrical
consideration is developed to explain that
extension fractures occurring in a mechanically weak zone forming a circular arc always
form minor arcs convex to the same direction
as the former.

Fig. 7

Let us suppose a mechanically weak zone
tb be placed between two rigid plates under

Schematic models showing the feature of flexure

the horizontal tension stress field as shown in

zone developed at the offset between faults arranged

Fig. 8-a. When the weak zone trends rather
oblique than normal to the direction of the

en echelon.
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horizontal extension, a formula, ip = 900-2or,is

obtained from the geometry of en echelon
pattern, where ip is the angle between the
trend of weak zone and the direction of the
horizontal extension, and or, defined as REangle, is the angle between en echelon frac-

a

tures and their row (Yairi, 1975a).
.z•' k'Ji}'•!

As illustrated in Fig. 8-b, let us suppose

l//•L';l,-,:.

that a weak zone forms a circular arc given by

a circle Ci of the radius R with center at

:.:'
,•

z:

point 0i; the axis OiX is chosen in the
direction of the horizontal extension. We
draw the circle C, passing through a point Pi

el

on the circle Ci, where the center of the
circle C, is situated at the intersection ofthe

b

line OiX and the circle Ci, Oe. Let the tan-

Ce

dl / rl
ip, -

R

gents to the circles Ci and C, at the point Pi
be ri (row-1) and ei (element-l), respective-

ly; let the angles between ei and ri, and

", 70
P2

between ri and OiX be ori and Åëi , respective-

'f'

ly. Then, as is evident from Fig.8-b, we find
the relationship Åëi = 900-2ori ; that is, ei indi-

Ol

cates the trend of fractures to occur at point
Pi . Similarly, we draw the circle C2 with the

02

Oe

l)t2
e2

r2

same radius as the circle Ci passing through

/C2

a point P2 on the circle C,, the point P2
being close to the point Pi;where the center
of the circle C2 is situated on the OiX. Let

/

Ci

the tangents the circles C2 and C, at the point

P2 be r2 and e2,respectively. Then we get
the relationship Åë2 = 900-2or2, where the
angles between e2 and r2, and between r2
Fig. 8.

and OiX be cr2 and ip2, respectively; that is,
e2 indicates the trend of fracture at the point
P2•

The result represents that fracturing origi-

nated from the point Pi grows up toward the
point P2 along the circle C., where the circle
Ce is convex toward the convex side of the
arcuate weak zone designated here as Ci or
C2•

The geometrical consideration mentioned
above is confirmed by the following simple

Geometry of arcuate fault pattern.

experiment. A model layer made up of
powdered sugar is set on two boards with the

arcuate joining line which could be pulled
apart in opposite directions. Sliding the
underlying boards apart, the layer is brought
under tension, and as a result, minor arcuate
extension fractures convex to the convex side
of the arcuate joining line are developed (Fig.
9).

X
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rifting. In this paper, it is emphasized that the

pattern of rift depressions and their marginal

faults must have been strongly controlled by
the shape of the preÅíxisting weak zone.

The main part of the Eastern Rift in Kenya
is marked by a series of normal grabens with
t-4va...

t•wr'l'gtt

uniform width of 40-65 km along the crest
of topographic culmination, Kenya domal
uplift, and by extensive Neogene volcanism
closely related to the uplift and faulting.
However, its southern extension in Tanzania
is characterized by a belt comprising sparsely

spaced faults splayed over the less uplifted

broader zone a few hundred km wide, where
the faults are not accompanied by significant
volcanism. The above character strongly suggests that the latter region is still in a younger

stage of rifting than the former; this is already

discussed by Degens and others (1971) and
supported by the result of the present investigations that the amount of the crustal exten-

sion tends to decrease gradually toward the
south.

eec

Fig. 9.

In applications of the plate tectonics

Arcuate fracture pattern on model surface. White

theory to the Eastern Rift, aWNW-ESE

broken line forming a circular arc shows the joining

extension across the main part of the Eastern
Rift has been inferred from earthquake mech-

line of two boards overlain by a model layer, two
boards pulled in opposit direction as indicated by
open arrows (see text}.

anisms (Fairhead and Girdler, 1971, 1972)
and gravity anomalies (Searle, 1970). The

WNW-ESE extension is supported by geomDiscussion and conclusion

The fault pattern in the southern part of
the Eastern Rift between lat. 30S. and 60S. is
studied. The region is characterized by a belt

comprising asymmetrical faulted troughs arranged en echelon;each trough forms a gentle
arc and marginal faults bounding the trough
on the northwest show the zigzag pattern in a

plane view. The belt follows the-western
margin of the Tanganyika shield and must
have played an important role as an unstable,

mechanically weak zone under the regional
horizontal crustal extension in the Neogene

etry of en echelon faulting (Yairi, 1975).

The present conclusions show a NW-SE to
NNW-SSE crustal extension across the southern segment of the Eastern Rift. From these
results, a pole of rotation between two plates,

which are demarcated by the Eastern Rift and

its southern extension, is supposed to be
situated far southwest, possibly near Lake
Rukwa in Southwest Tanzania.
The uniform direction of tilting of the rift
floors is worthy of special mention, though
mechanically unsolved. In contrast to normal
grabens at the advanced stage of rifting, splay

49
faults and asymmetrical grabens seem to be a
feature characteristic of the embryonic stage
of rifting. It is difficult to interpret that the

asymmetrical feature of grabens have occurr-

ed under the horizontal extension resulted

from a "relative" movement of plates; an
"absolute" movement should be taken into
account, for example, gravity sliding of the

lithospheric plate along an inclined upper
surface of the underlying asthenosphere.
The principal conclusions of this study are

ones at the later stage of faulting. A schematic

model showing the progressive phases of the
zigzag faulting is illustrated in Fig. 6; some
examples are shown in Figs. 4 and 5.
3. Generally the major marginal faults of rift

depressions form circular arcs convex to the
southeast. Their arcuate pattern reflects the
arcuate shape of the zone which comprises all

the depressions arranged en echelon. The
arcuate zone is also convex to the southeast.

A mechanism of the formation of arcuate

as follows:

fault pattern is discussed on the basis of the

1.The direction of the crustal extension

geometrical consideration (Fig. 8) and the

across the Eastern Rift region in Tanzania was
determined, according to the method of Yairi
(1974, 1975a) (Fig. 1). The result points to

experimental result (Fig. 9).

the direction of N400W-S400E in the Lake
Manyara region. The amount of the extension
tends to decrease gradually toward the south
as estimated from fault throws of 3000 feet at
lat. 30S. and 1000 feet at lat. 60S.

2. The zigzag pattern of marginal faults is
considered to be originally attributed to en
echelon arrangement of NE-trending faults,
which is modified by subsidiary NW-trending
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Preliminary Account of the Lake-fioor Topography of Lake Malawi
in Relation to the Formation of the Malawi Rift Valley

Kenji YAIRI"
* Department of Earth Sciences, Faculty of Science, Nagoya University
Introduction

bathymetric chart are available at present:
"Lake Nyasa" at a scale of 1:625,OOO;"Lake
Nyasa" containing three sheets at a scale of

Lake Malawi is the second deepest of the
African Iakes, next to Lake Tanganyika. The
lake level is in a height of 474 m above sea
level and the deepest part of the lake floor
reaches a depth of 706m below lake level. The
highest level of the uplifted plateaus surrounding the Lake stands at heights 2000 m
to 2500 m above sea level. The northern half

1:250,OOO; 12 sheets at various scales ranging

from 1:72,OOO to 1:3960 which cover most
of imporatant harbors.

Most of the charts are based on the
sounding data along lines at an interval of
about 5 km in the larger scaled-charts and at
about 50 m in the smaller scalled-ones. The

of the Lake is demarcated by precipitous
escarpments and the lake side has practically
no littoral except at river mouths. Genetically

measurements of depth are plotted at the
sounding points on the charts in fathom

these geomorphological features are closely
related to the formation of the Malawi Rift
Valley, which forms a part of the East African
Rift System (Dixey, 1956).

(l fathom=6 feet = 1.829 m). The charts are
intended only to show the general trend of
contours of the Lake, and contoured mostly
at an interval of 50 fathoms, except near the
lakeshore where they are contoured at inter-

In this paper is outlined the lake-floor
topography as read from bathymetric charts

vals of 3 to 1O fathoms.

of Lake Malawi available to the writer and its

,

close relation to the formation of the rift
valley is discussed briefly based on the geological data on the rift fault pattern.

The seasonal variation in the level of the
Lake is reported to be as Iarge as one fathom
(Pike, 1972). The long-term fluctuation in the

lake-level, which has been recorded since
1896, has attained to 3 fathoms ranging from
1538 feet, the Iowest level recorded, to over
1556 feet, the highest (ibid.). The present

Bathymetric charts of Lake Malawi

Lake Malawi has played an important role
in the transport by ship; the 620-ton motor
vessel "Ilala il" cruises regularly between
Monkey Bay in the south and Kambwe, north
of Karonga, in the north. On this account,
navigation charts mapped at various scales are

lake level is at a relatively higher level in the

range of the long-term fluctuation. On the
navigation charts the lake-level is reduced to a

height of 1546.5 feet above mean sea level.

ready for public and private use in the
Department of Surveys, Malawi. They were

For the purpose of the present study, all
contours were redrawn at intervals of 10 to
20 fathoms, occasionally at 2 fathom-intervals
at need. Based on these revised bathymetric

originally published by the Director of the
Federal Department of Trigonometrical and
Topographical Surveys, Rhodesia and Nyasaland (1963). The following sixteen sheets of
2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 51-69,

charts (Fig. 2 to 18), characteristic features of

the lake-floor topography are described be1977.
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shifted toward the eastern shore, where the
steep underwater slope is the continuation of
the escarpment along the Livingstonia Mountains Fault. On the other hand, between lat.
110S. and 11030'S., the deepest part flanked
by the steep underwater slope on the west

jumps again to near the eastern lakeshore. In
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elongated in the direction of NW-SE is largely

runs closely adjacent to the escarpments
bounding the Vipya and Kandoli mountains.
To the south of lat. 120S. the basin axis

K
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Malawi:
Lake Malawi is 570 km in the north-south
elongation and about 50 km, up to 90 km in
the central part, in width. The Lake Malawi
basin is typically asymmetrical in the eastwest underwater profile (Pike, 1972). In the

xxx
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x

x

x
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The Lake Malawi basin appears to be
composed of a series of semi-closed sub-basins

of much smaller scale which are elongated in
the direction of NNW-SSE. Each sub-basin is
separated by a sort of topographic barrier
which is expressed as a swell on the lake-fioor.

Thus, three sub-basins are distinguishable at

least: the northern, central and southern
sub-basins. The northern sub-basin is separat-
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A striking feature of the slope zones is the
submerged valley which frequently cuts into
both of the gentle and steep slope zones. The
upper reaches of these underwater valleys can
be traced into the valleys on the land without
exception. They bear a close resemblance to
the submarine canyons found in the sea floor.
To the east of the area shown in the chart,
Malawi lake attains its greatest depth, 386
fathoms (706 m).
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margin of the central sub-basin is complicated

7

L..=,,d..=i

Cap,e Manu[o
3L"20'

34015'

1102oJ

near Mbamba Bay because of•the disposition
of Ngkuyo Island, Ngkuyo Reef and Rhoades
Bank, which seem to be submerged inserbergs.

A steep slope zone trending NNW-SSE is

Fig. 4

recognizable along the lakeshore extending

Bathymetric chart of Ruarwe to Cape Manulo

from Tumbi Point to the western slope of
Mbamba Hill, and may be attributed to the
major rift faulting. Below a depth of 90

(contour interval: 10 fathoms>.

fathoms bathymetric contours represent the

general trend of NNW-SSE of the central
sub-basin.

ed from the central sub-basin by a barrier
extending from Chilumba toward the southeast, and the latter sub-basin is separated from

the southern one by a barrier extending from
Nkhata Bay to Likoma Island.
Fig. 4 (N.C. 8), Ruarwe to Cape Manulo:
In this chart covering a part of the western
margin of the central sub-basin, three distinc-

Fig. 6 (N.C. 9), Likoma Islands:

As pointed above, the central sub-basin is
separated from the southern sub-basin by a
line linking Likoma-Chisumulu Islands and
Nkhata Bay to the northwest across the Lake.
Along the western slope of a series of rises
represented by Chisumulu Island is presumed
a fault trending NNW-SSE.
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Fig. 7 (N.C. 10), Mbenji Island:

A series of steep slopes can be seen on the

Fig. 8 (N.C. 6), Chipoka to Monkey Bay:

The Nankumba Peninsula is bounded on

lake-fioor not so far from the shore: NS-

the both sides by distinctive steep underwater

trending slope on the west of Mbenji Island,

slopes trending NW-SE. The trends of the

WNW-trending one on the north of Sungu
Point and NS-trending one on the east of

faults on the land, one of which is known as

Senga Bay. They are probably topographic
manifestations of fault movements. Mbenji

Lisangadzi Fault (Dawson and Kirkpatrick,
1968). The Nankumba Peninsula is considered

Island seems to be on a faulted and uplifted

to form a horst structure in the rift depres-

block tilting toward the east, which is
bounded on the west by a gently curved, NStrending fault downthrown to the west. This

sion together with Nangoma and Maleri Islands to the northwest. Zimbawe Rock and
Mumbo Island seem to be sumberged inser-

fault truncates apparently the general trend of

bergs (see Fig.10).

the lake slope of NNW-SSE, and may be an
expression of a younger phase of rift-faulting.

slopes appear to follow closely the geological
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Fig. 9 (N.C. 7), Monkey Bay to Mangochi:
The striking feature read from this chart is

approximately the eastern shoreline and the
other, Namizimu Fault, runs about 8 km east

a relatively shallow and flat lake fioor, though

of the former (Holt, 1961). The Namizimu

it is slightly disturbed by the disposition of
submerged inserbergs such as Boadzulu Island
and its surroundings (see Fig. 11). On the land

Fault is one of the major rift faults forming
the eastern wall of the Malawi Rift Valley.
The outlet of Lake Malawi to the Shire River
originates at the southern end of the lake to
the north of Mangochi.

east of the Lake are confirmed two subparallel faults trending NNW-SSE; one follows
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Fig 10 and 11 (NC. 6 and 11), Mumbo

of conjecture because of scarcity of sounding
data, that these concentric features of under-

Island, Zimbawe Rock and Boazulu Island:
We can find a characteristic underwater

water topography is indicative of the ring

topography around these islands or reef,

struture of quartz-syenites enclosjng granites,

which are considered to be submerged inser-

which is developed extensively in the

bergs as suggested already; that is, the

Nankumba Peninsula (Dawson and

inserberg is moated by a depression deeper

Kirkpatrick, 1968). Holt (1961) regards the

than the surrounding lake-floor. The contours

Boadzulu Island as an eroded remnant ofa
fault block as already pointed out in the

of the depression appear to be disposed
concentrically centering around each inserberg. It is considered, though still a matter
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Fig. 13
Bathymetric chart
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Figs.12, 13, 15, 16 and 18 (N.C. 1, 2, 5 and

•ff

11), Itungi, Kambwe, Bandawe, Nkhotakota,
Makanjira Point:

?8Po ?" ?f
B:enWdaw/Tl) . .e 'o'

N [< ee/ieV

These charts at relatjvely larger scales provide a detailed underwater profile to be drawn

os"

Lip?1-v"A"t'ttk/f)7

close to the shore. A feature common to all

vb

KN

the charts is an abrupt change of slope

Å~•

NQ]

inclination between a very flat surface along
the shore and a lake slope descending from a
few kilometers off the shore toward the basin

)/
(/
N ggd`t.'f"fp /

axis. The inflection line between the two
slopes lies in a depth of 3 fathoms or so, never

exceeding 5 fathoms. This depth corresponds
to the range of the long-term fiuctuation of
lake-level; the inflection line on the lake slope
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Fig. 17 (N.C. 12), Meponda:

Fig. 14 (N.C. 3), Nkhata Bay:

There can be seen typical submerged

The chart shows the development oflinear
steep slope below lake level, which demarcates a part of the eastern margin of the
southern sub-basin. Along the steep slope is
presumed a NW-trending fault.

valleys on the lake slope of the Nkhata Bay
area. The upper reaches of the underwater
valleys are traceable into valleys on the land.
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The Malawi Rift Vailey

11030'S.

The northern two-thirds of the Malawi Rift
Valley are occupied by Lake Malawi as shown
in Fig. 19, in which the distribution and
trends of the major rift faults are superimposed according to Geological Map ofMalawi
(Bloomfield, 1966), Provisional Geological
Map of Malawi (Carter and Bennett, 1973),
and the present study. The present outline of
the Lake is strongly controlled by the trend
of the rift-faults, though most of them are
now submerged beneath the Lake.

In considering the influence of tectonic
movements on the iake-floor topography,

Based on the descriptions of bathymetric

modificatory effects by sedimentation should

be taken into account, though we have no
information concerning sediments on the lake

bottom. It is uncertain whether the asymmetrical basin structures are tectonic or sedi-

mentary in origin. Several topographic features mentioned above, for example 2), 4),
and 5), however, seem to provide the justifica-

tion to consider that there has been little
modification of the tectonically originated

charts given above, some characteristics of the

lake-fioor by sedimentation. Thus, the

lake-fioor topography are summarized as fol-

asymmetrical basin structures characterized
by unilateral tilting of the lake-floor may

lows:

1)The Lake Malawi basin comprises a series
of semi-closed sub-basins, each of which is
elongated in the direction of NNW-SSE.

2)Each sub-basin displays an asymmetrical
profile in the east-west direction, that is, it is

bounded on one side by a prominent marginal

safely be attributed to the major faults on one

side and to monoclinal flexures or minor
faults on the other. The same reason applied
to regard that the formation of basins associated with faulting took place in a relatively

younger phase of tectonic movements, probably in the Neogene age.

steep slope.

3) The central part of the lake-floor shows a
distinctive flatness, gently tjlting toward one
side. Generally the boundary between the flat

lake-floor and the marginal steep slope is
sharp.

4)Cutting into the marginal steep slope can
be seen submerged valleys upper reaches of
which are traceable into the valleys on the
land.

5) A characteristic topography bearing a close
resemblance to those of inserbergs on the land

can be seen on the lake-floor saved from
burial by sediments.

6)Most of submerged escarpments, along
which faults are presumed, trend NW-SE to
NNW-SSE except those which trend N-S along
the western lakeshore between lat. IO045' and

As is evident from Fig. 19, there exists a
close parallelism between major rift-faults

evidenced geologically and those revealed
from the lake-floor topography. By combining these evidences derived independently, the
outline of the basin structures can be defined

more clearly. The Lake Malawi basin comprises four semi-closed sub-basins which, rep-

resented by a dotted area in Fig.19, are

elongated in the direction of NNW and
arranged en echelon. The southern sub-basin

as termed above is composed of two subbasins partly overlapping one another. One
more sub-basin or graben structure is postulated to the south of Lake Malawi. It is a

portion of what has been the Shire Rift
Valley (McConnell, 1972), where the rift
floor is accentuated by an extensive erosion
of the Shire River and by NW-trending faults
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The Malawi Rift Valley and its fault pattern

and Bennett "973), and the present work.

x Å~

across the Malawi Rift Valiey

such as the Thyolo Fault (Habgood and Holt,
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ri,2, and that of e3 and e4, r3,4, are

1973) and Mwanza Fault (Habgood, 1963)

arranged en echelon together with one more

which bound the Shire valley on the east.

Brock (1966, 1972) points out that the
irregularities in the configuration of the Lake,
including two radical kinks in the central part,
suggest five or six crustal prisms. Each crustal

prism is approximately identical, at least in
size, to the semi-closed sub-basins described
here.

Generally individual basin structure is
bounded by major faults on the northeast and

element es. A common row through these
newly defined three elements,ei,2 (=ri,2),
e3 ,4(=r3 ,4), and es, represents a straight line,

being designated r,. Thus, the directions of
crustal extension are obtained from RE-angles
and en echelon pattern ("Italic m" type; see
Yairi, 1975). The results are shown by arrows
in Fig. 20; large open arrows represent the

results obtajned from ei,2 and e3,4 with
reference to rc;small arrows from ei and e2
to ri ,2, and e3 and e4 to r3 ,4, respectively.

southwest, but its northwestern and
southeastern margins are not always defined
by faults. It is considered that NE-trending
faults bounding occasionally the basins on the
northwest and southeast may be attributed to
subsidiary faults which may have occurred in
a progressive phase of the deepening of the

The directions of extension revealed from
smaller scale rows and elements are more or
less normal to the NW-trending rift-faults
parallel to the axis of individual sub-basin
structure, while those from larger scale ones

basins.

rc. These facts suggest that en echelon arrangement of the semi-closed sub-basin structures may have been controlled by a regional

Under an assumption that these basin
structures are products of tension tectonics
caused by the horizontal extension of crust,
which is applied to the Gregory Rift Valley in

Kenya and Tanzania (Yairi, 1975ab, 1977),
we can estimate the direction of the horizon-

tal extension across the Malawi Rift Valley

are normal rather to the principal axis of row,

stress field originated by the horizontal
crustal extension, approximately N600ES600W in trend, and that the rift-faulting

may have been taken place under a local
stress state reorientated in a zone to be
fractured along the margin of t•he individual

according to the method of Yairi (1974,
1975) based on the geometry of en echelon

sub-basin.

faulting. The following terminology is here
used for en echelon pattern: the term row
expresses the orientation of the belt which

the boundary faults of the rift valley show en

echelon pattern of "backhand writing m"

comprises en echelon structures, the individual structural units are termed elements, and

type, especially on the western wall, where
the elements trend slightly east of north and

In the offset area intervened by e4 and es,

the angles between the row and the elements

their row does NNE. The geometry of the

are abbreviated to RE-angles (Yairi, 1975).

pattern postulates the crustal extension across

In Fig. 20 the longitudinal axes of five
elongated sub-basins or graben structures are
illustrated as five elements;ei,e2,e3,e4,and
es from north to south. The row through all
the five elements is not a straight line, but it

seems that the row ofei and e2,designated

this segment to be in the direction of ENEWSW, which is in good concordance with that

for the element e3,4 immediately to the
north.

The belt, about 180 km in width, which
involves all basin structures arranged en
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echelon, must have played an important role
as an unstable, mechanically weak zone between two relatively rigid plates when the
rifting took place. The belt trending NIOOW,
represented by r,, is approximately parallel to
the general trend of the late Proterozoic-early

Paleozoic Mozambique orogenic belt, and
intimates the existence of the "perennial deep

these four basin structures and a graben
structure along the Shire River (Fig. 19).

3. Each basin or graben structure has a typically asymmetrical east-west profile, which is
originated tectonically; major faults trending

NNW to NW define the basins or grabens
either on the northeast or on the southwest.

lineament" proposed by McConnell (1972).

On the other hand, the NE-trending faults
bounding occasionally the basins on the

Summary

northwest and southeast may be attributable
to subsidiary faulting which may have occurred at the progressive phase of the deepening

1. In order to clarify the tectonic influence of

the formation of the Malawi Rift Valley on
the lake-floor topography, the bathymetric
charts of Lake Malawi are newly contoured
on the basis of sounding data available to the

writer (Figs.1 to 18). The underwatertopography seems to manifest directly the tectonic

of the basins.

4.Based on the geometry of en echelon
faulting, the directions of crustal extension
across the Malawi Rift Valley are obtained as
shown in Fig. 20. The regional extension is in

the direction of ENE-WSW.

reliefs free from little modifications by sedimentation. This feature is strongly suggestive

of the origin by a young tectonic movements.
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Introduction

is restricted to isolated basins or troughs

where they rest on the basement complex

In northern Malawi the Precambrian to
early Paleozoic crystalline rocks, the Malawi

unconformably and are overlain in turn with

Basement Complex, are covered by the

successive unconformities by the younger

Karroo sediments of Permo-Triassic period,
the Dinosaur Beds of late Jurassic to early

several beds, range in age presumably from

deposits. The shape of the basin or trough is
largely controlled by the major post-Karroo
faults. This is especially the case for the
basins lying between lat. 100S and 10030'S,
where nearly all the basins are narrow and

Miocene to recent (Carter and Bennett,

elongate troughs bounded on the east by

1973) (Fig.1).

faults downthrowing to the west and trending

Cretaceous period and the lacustrine deposits

which, separated by unconformities into

parallel to the Malawi Rift System. On the
west of the basin, the trough is demarcated
in most cases by unconformities below either

Of the Karroo rocks distributed in northern

Malawi, those of the Nkana area and the
Livingstonia area were investigated in detail

the lowermost part of the beds trapped in the

in prospect of the occurrence of the coals
(Bloomfield, 1957 and Cooper and Habgood,
1959, respectively). The others have not so
far received such a serious attention because
of their relative inaccessibility and supposed

inferior quality of the coals. Recently,

Thatcher (1974) and Kemp (1975) gave
concise reviews of the Karroo and the postKarroo System lying between lat. 100S and

110S supplemented by the photogeological
interpretation by Stephens (1963, unpub-

trough or some higher horizons which overstep the underlying beds.
Such a closely associated occurrence of the

Karroo and the post-Karroo deposits within
narrow troughs controlled by the faults of
the Rift trend is strongly indicative of the
genetic relationship between the episodic
Rift faulting and the successive generation
of sites in which the clastics accumulated.

lished report).

The succession for the Karroo System in
northern Malawi is given in Table 1. The K

The distribution and the mutual relation--

ship of the Phanerozoic sedimentary covers

subdivisions of the Karroo System establish-

in northern Malawi are summerized as follows:

ed by Stockley (1931) in the Ruhuhu area,
Tanzania are juxtaposed for the purpose of
comparison. The whole or a segment of the
sucession shown in Table 1 occurs in each

The distribution of both the Karroo and
the post-Karroo deposits, with the exception
of the recent deposits which occupy the lowlands along the western shore of Lake Malawi,

2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 7a82,

basin showing a local variety in the lithology.

1977.
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Table 1

The Karroo succession in the

North Nyika area

Group

Formation

Thickness(m)

Lithology

STORMBERG
(?)UPPER

BEAUFORT
MwesiaBeds

LOWER
BEAUFORT
KARROO
NorthRukuru
Sandstone
andShales

Palegreymudstones,
marlsandlimestones

Darkbrownferruginous
sandstones

Puxpleshalymudstones
Alternationofarkose
andshale

Tanzania

Ruhuhu,Tanzania(Stockley,1932)

NorthNyikaArea(Thatcher,1974)
System

Ruhuhu coalfield,

and in the

Formation

Thickness(m)

K8.MandaBedsand
UpperBoneBeds

134

K7.KingoriSandstones

370

K6.LowerBoneBeds

92

290
91
91

K5.RuhuhuBeds

460-823

K4.UpperCoalMea-

ECCA

Carbonaceousshales,
CoalMeasures sandstonesand
coalseams

sures

K3.IntermediatemudstonesandSandstones

O-61

K2.LowerCoalMeasures

DWYKAECCA

BasalBeds Conglomeratesand
sandstones

N

K1.BasalBeds

O-21

N

o

Contours:
10-5-1 of 44 Readings

Western Zone
Fig. 3

Equal-area projection (from the
poles.

Contoursl
10- 5-1 of 21 Readings

Eastern Zone
lower hemisphere) of bedding

13-305

102

137
137

515
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The Karroo System to the west of Karonga

A motor road extending from Karonga
follows the lowest reaches of the North
Rukuru as west as Mwankenja about 21km
west of Karonga, and the road, leaving the

consists chiefly of coarser clastics with
occasional intercalations of mudstones and
micaceous or carbonaceous sandstones. Owing
to the general eastwards inclination ofbeds,
successive upper horizons occur from the west

North Rukuru from here, leads to Chitipa and
further to Nakonde, Zambia. Along this road
the Karroo rocks of the Mwankenja Basin are

to the east along the road.

well exposed between Tenenthe 3.5 km west
and Swewe Kalambo 4 km east ofMwankenja
(Fig.2). The area of the Karroo rocks is
splitted into the western and eastem parts
by a N-S trending strip of gneisses 1.5 km
in width near Mwankenja. The Karroo beds,

the Karroo rocks along the road lies at point

Basal Beds. The westernmost outcrop of
2 in Fig.2. The basement rocks cropping out
immediately to the west of point 2 consist of
biotite-(hornblende)-quartz gneiss which be-

longs to Chambo Gneisses. The gneissosity
has a trend of WNW-ESE, characteristic of the

striking essentially N-S, dip at about 200 to
the east in the eastern zone and 300 to the

Misuku Belt which extends northwestwards

east in the western, respectively (Fig.3). The
situation and the lithofacies of these Karroo
beds justify to connect the eastern zone with

ian Belt. Although the contact between the

into Tanzania, where it is termed the Ubend-

Karroo System and the Chambo Gneisses is
not seen, it is of no doubt that the former

the Mwesia Basin and the western zone with
the Kasikisi Basin, both belonging to the
Nyika map area (Thatcher, 1974).

rests on the latter unconformably. The

The writers' informations came from the
observations made merely along the Karonga-

medium grained arkoses, succeeded by conglomerates chocolate or purple in colour.

Chitipa road, and are too fragmental to lead
to any systematic account of the geology of
the Karroo System of these two zones. More-

over, no precise estimate of the thickness
of each formation could be obtained because

lowermost part of the Karroo System consists
of white, partly mottled in chocolate brown,

Pebbles and cobbles contained in conglomerat'es are mostly of quartzites and
attain a maximum diarneter of 10 cm. They
are subangular to subrounded in shape, the
larger one being more rounded. These con-

of the inconstant attitudes of strata and the

glomerates are regarded to belong to the Basal

numerous minor faults.

of the North Rukuru Sandstones and Shales
which are reported to overstep the Basal
Beds in the Nthalire and the North Rukuru
Basin (Thatcher, 1974), because the beds

s
supposed displacement
of strata along

Western zone
This zone is the northern extent of the

Kasikisi Basin and has been termed the
Mwankenja Basin West (Kirkpatrick, 1965,
unpublished report). It is bounded on the

Beds and not to the basal conglomerate

correlatable to the Coal Measures intervene

between the conglomerates and arkoses
characteristic of the North Rukuru Sandstones and Shales to the east.

east by the major post-Karroo fault. On the
west the sediments lie unconformably on the

The main rock type of the Basal Beds is
very coarse grained sandstones and granule
conglomerates which grade upwards to the

basement metamorphics. The Karroo System

Coal Measures.

Coal Measures. Coarse to very coarse
grained arkoses and granule conglomerates are

predominant with frequent intercalations of
pebble conglomerates, flaggy carbonaceous
sandstones, flaggy micaceous sandstones with
or without carbonaceeus materials and fine
grained sandstones with mud laminae. Coal
seams rarely interstratified with micaceous or

carbonaceous sandstones are thin and im-
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The uppermost hortzon of the North
Rukuru Sandstones and Shales is occupied
by much finer clastics which are exposed
along the linear western foot of the N-S
trending ridge near Mwankenja. There the
sequence is as follows:

TOP

Alternation of greyish white, calcareous silt-to fine grained sandstone,

persistent. Cross lamination, mostly of tabular

type, is abundant in arkoses. Upwards
gradation of lithofacies from conglomerate

or arkose through micaceous sandstone,
carbonaceous sandstone to coal seam,

10 to 50 cm bedded and greenish
grey to green siltstone, splitting
finely and 15 cm bedded
Dark grey, massive, fine to medium
grained sandstone'with intercalation

commonly seen in the Karroo System of the

of abundant calcareous nodules

Livingstonia area (Saka and Yairi, 1977), is
not ascertained to be present because of lack
of the exposure in which all of these rocks

Greenish grey to green siltsone
Light grey to greenish grey nodulifer-

occur together. Observed predominance of
the coarser clastics in the Coal Measures may
be in part due to the preferred survival against

ous siltstone without sandy
intercalation
BOTTOM
Neither external nor internal sedtmentary

weathering and subsequent higher likelihood
of exposure of these rocks along the road

structures

laid out on the gentle rolling mountain

which occupy the upper part of the North
RukuruSandstones and Shales. The overall
lack of purplish tint is considered to be
resulted from weathering.

surface.

North Rukuru Sandstones and Shales. No
sharp boundary between this formation and
the underlying Coal Measures is seen. The
lithofacies of the main part of the present
forrnation is represented by medium to very
coarse grained arkoses and granule conglomerates buff and chocolate in colour, with

much lessor amounts of flaggy micaceous
sandstones, flaggy carbonaceous sandstones

and siltstones. Calcareous nodules are

are developed. These beds are

correlatable to the "Purple shaly mudstones"

18 and the bend ofthe road
Between point
about O.5km to the north are seen only
isolated blocks of gneisses. A narrow strip
consisting of gneisses is supposed to intervene

betweenthe Karroo System as in the case of
the Kasikisi Basin. Its western boundary is
consideredto be a fault. On the east, the
stnp ls considered to be bounded not by

Tabular cross lamination is abundant in

unconformity
but by a fault. The fact in
support of this view is the complete lack
of basal conglomerates and carbonaceous
sandstonesimmediately to the east of the

coarser facies.

presumed strip of gneisses.

contained in profusion in the upper half of
the arkose facies. Bedding is well developed.
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Eastern zone

WNW

t
l

ESE

The eastern zone, termed the Mwankenja
Basin East by Kirkpatrick (1965), is the
northern extremity of the Mwesia Basin in
the Nyika map area. The Karroo System in
the Mwesia Basin is reported by Thatcher
(1974) to have the successjon more complete
than elsewhere in the Nyika map area ranging
from the Basal Beds upwards to the Mwesia

Beds of the Lower Beaufort Series. The
eastern half of the present zone is, however,

covered by the recent deposits along the

g PA",[Z!e.,ShaiYMUdStO"eS}NOssRAHTNHA,DR,Ls/TEKosUNREUs

North Rukuru and the Mwesia. As in the case
of the westem zone, successjve younger beds
crop out towards the east because of their

:il//.,,1.,',l'ti,rl BASAL BEDS

gentle monoclinic structure facing to the east,

IililllilZilil BAsEMENT coMpLEx

g COAL MEASURES

Fig. 4 Schematic profiles to account for the

North Rukuru Sandstones and Shales.
There is no outcrop, along the road, where
the contact between the basement to the west
and the Karroo System to the east is seen.

Along the presumed boundary, isolated
blocks of various sizes both of the basement
rocks and of the Karroo rocks are scattered
intermingled with one another. Blocks of the

Karroo rocks consist exclusively of very
coarse grained arkoses and granule conglomerates, identical with those of the North

Rukuru Sandstones and Shales widely
distributed to the east. Lack of the Basal

Beds and Coal Measures near the western
margin of the zone can be accounted for in
either of the following two ways: 1) The

North Rukuru Sandstones and Shales rest
with unconformity on the basement complex
directly. They overstep the underlying beds
which accumulated in a series of unconnected depressions of the pre-Karroo surface
at the initiating stages of the deposition of

the Karroo System (Fig.4a). 2) The Basal
Beds and the Coal Measures do exist under

the North Rukuru Sandstones and Shales

lack of the Basal Beds and the Coal
Measures along the western margin of
the eastern zone. Explanation in text.

which are faulted against the basement to the

west (Fig.4b). Judging from the widespread

overstep of the North Rukuru Sandstones
and Shales seen in every basin and the poor
development of the lower beds in the Mwesia
Basin (Thatcher, 1974), the forrner view is
considered to be true.

There are found little differences in the
lithofacies between the North Rukuru Sandstones and Shales in the present zone and
those in the western. Very coarse grained
arkoses and granule conglomerates buff and
chocolate in colour are predominant except
in the upper thjrd of the succession exposed
along the road. Tabular cross lamination is
well developed. Towards the top, chocolate-

coloured granule conglomerates become to
'
overwhelm
the other rocks. To the east of
point 38, coarser rocks are succeeded by the
alternation of white calcareous sandstone
and white siltstone. It is correlatable to the
finer facies exposed along the eastern margin
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of the western zone and, therefore, to "Purple

shaly mudstones".

Eastern marginal faults of the basins

Western Zone. A major fault scarp is seen
at point 24 in Fig.2. It strikes N200E and
dips at 580 to the west. The foot wall consists of mylonitized gneisses associated with

cemented fault breccia (Fig.5). The hanging
wall is not seen concealed by talus deposits
derived from the foot wall. The fault plane
is smooth and even but bears no features indicative of the direction of relative displace-

ment along the fault. To the north of point
24, the boundary of the "Purple shaly mudstones" and the basement gneisses is obviously

represented by the marked change in the
colour of the surface soils on and along the

road: 'Ihe former is indicated to underlie
by the white soils and the latter by the

brown. A straight 1ine of demarcation
between two kinds of soils can be detected

to run in the direction of N150W, when
viewed from a certain height. These facts,
supplemented by the N-S trending contour
1ines and the alignment ofhot springs marked

on the Karonga map (1:50,OOO. Sheet
0933D3), attest that the eastern boundary of
the western zone is a norrnal fault trending

Fig. 5

Western boundary fault of the strip of

the basement gneisses which intervenes in the Karroo area, point 24,
Mwankenja. Viewed from the south.
Hammer for scale.

essentially N-S and downthrowing to the
west. No abrupt change of the bedding attitudes is observed near the faulted eastern
margin. Any conglomeratic facies suggestive
of the syndepositional movement along the
eastern boundary fault is not developed unlike the case of the southern boundary fault

of the Nkana Basin (Bloomfield, 1957).
Eastern zone. It is of no doubt that the
eastern boundary fault of the Mwesia Basin
(Thatcher, 1974) reaches the extent into the

present area. Neither the fault itself nor the

uppermost horizon faulted against it is exposed, being masked by the recent deposits.

The Karroo System now separated into the
western and the eastern zone by intervening

basement complex is considered to have
been originally deposited in a single basin,

although the accumulation of the lower
divisions may have been restricted to several'

unconnected minor basins. The duplicated
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occurrence of the same horizon in the western and the eastern zone is attributable to

the repitition due to the fault movement
which brought about the interveningbasement complex.

tentatively defmed as follows:

Stratification: a general term that describes
the property oflayering in sedimentary rocks.

Bedding: a plane that forms the upper and
the lower boundary of a single sedimentary
unit designated a single bed.

Sedimentary structures

Lamina: a layer, parallel or diagonal to the
bedding, within a single bed; independent of

Cross lamination, as defmed below, is the
oniy sedimentary structure that was observed

scale.

to occur in the Karroo beds along the road.

dividual lamina.

Concerning the stratification, there are

too many terms each of which has been
differently understood and used by different

authors, resulting in the complete lack of
the standardization of the nomenclatures. In

this paper, the terms listed below are

Lamination: a plane that separates the in-

Cross larnina: Lamina, diagonal to the
bedding, ranging the total or major part of
the thickness of a single bed.

Micro cross lamina: Lamina diagonal to the
bedding; restricted to only a portion of the
thickness of a single bed.

Micro cross lamina
Thinly stratified micro cross lamina occurs
in the finer facies except the "PurpIe shaly

mudstones". It is much less abundant than
is cross lamina. The scarcity of micro cross
lamina may be in part attributable to the low
likelihood of exposure of the finer facies and
to the inferior conspicuousness of the laminae

on the weathered outcrops. Most of micro
cross laminae are of trough type, occurrence

of planar micro cross laminae being exceptional (Fig.6). No ripple cross laminae in
which the entire ripple form is preserved are

seen. Micro cross laminae occupyaportion
of a single bed, overlain and underlain by
Fig. 6

Micro cross laminae of tabular type in

1ikewise thinly stratified parallel laminae.

medium grained arkose, North Rukuru

Because so few examples were found,

Sandstones and Shales, point 14, western zone. Note that each lamina tends

generalization of the mode of occurrence

to turn up near the lower boundary.
In the upper fifth of the photo is
another set of micro cross laminae.
Length of a segment of scale is 18cm.

within a single bed cannot be obtained. The
succession of laminae of different kinds in a
single bed is suggestive of the changing flow
regime in the course of the deposition.
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Fig. 7 Upper boundary of tabutar type cross

Fig. 8

Lower boundary of tabular type cross

laminae in very coarse grained to gran-

laminae in very coarse grained arkose,

ule conglomeratic arkose, Coal Measures, point 9, western zone. Bedding
dips gently to the right.

North Rukuru Sandstones and Shales,
point 21, western zone.

Cross lamina

Large scale cross laminae are abundant in

coarse grained arkoses and granule
conglomerates. They are mostly of tabular
type. Individual forset is straight and truncat-

ed at the upper boundary of the bed (Fig.7).

8

Where the laminae approach the lower
boundary, they rarely tend to turn up (Fig.8).

As many authors point out, difficulty in di&
tinguishing the tabular from the trough type

6

of cross lamina occurs in outcrops which
provide only two-dimensional sections.
Theron (1967) reports very large scale cross

4

laminae of trough type from the Beaufort
Series in South Africa, which appear to be
typical tabular type cross laminae when only

2

smal1 part is viewed. In the present area,
however, little difficulty is encountered,
because the beds are not so thick and can be
easily viewed in three dimensions. Lamination

is generally clear, although there are some
examples in which only faint traces of cross

laminations are visible in the otherwise
structureless bed. The thickness of each
lamina is widely variable from 1 cm to as large

as 20 cm, 5 - 10 cm being most abundant.
Angles of inclination of laminae are variable,

Fig. 9

Distribution of
cross laminae.
stippled: eastern

inclination angles of

Black: western zone,
zone.
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in the order of5 - 30 degrees; the mean
value is about 22 degrees (Fig.9). There
appears to be no systematic relationship

lived supply of the unsorted clastics is
necessary for the formation of a graded

between the inclination angle of the lamina
and the thickness of the lamina or the grain

vironments. The graded cross laminae are
considered to have the same origin as the

size. The cross laminae shown in Fig.10
occur in very coarse grained to granule
conglomeratic arkoses, purple in colour,

avalanche-front cross-stratification as Picard

consisting mainly of angular to subangular
grains of quartzite cemented by much lessor
amounts of matrix. Although the lamination

slumping down the lee face of a bar or a delta

under their own weight. Slumping takes place
at successive intervals of time during which

is not so clearly discernible, the individual
lamina is distinct because of grading within

deposits accumulate at the lee edge of the
delta or bar. Consequently each lamina is

a lamina. The coarsest grains occur at the
bottom of a larnina succeeded by an upwards

straight and sharply abuts against the bottom

decrease in grain size up to the horizon where

the next grading starts. As Kuenen and

maximum angle of inclination is as high as
360. The same origin may be possible for the

Menard (1952) stressed, a sudden and short-

other tabular type cross laminae.

deposit irrespective of the sedimentation en-

and High (1973) report from the ephemeral
stream deposits. 'Ihey result from clastics

at the angle of repose. The observed

5cm

buny-"
Fig.10

granule
conglomeratic arkose, North
Graded cross
laminae,
Sandstones and Shales, point 22, western zone. The
Rukuru
photograph on the left is a close up of the section beiow the

hammer shown
right.on the
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(c)
Fig.11

Rose diagrams showing the paleocurrent directions of the
of readings are shown in the circles.

Karroo beds.

The numbers

(a} Western zone, (b) eastern zone, {c) whole area.

Consideration
The lithology and the angularity ofpebbles

than those of the linear current indicators.

and sand grains of the Karroo beds are, as
they have been considered to be, indicative

This result partly from the original inconsist-

of the proximity of the source area consisting

the difficulty of defining the true dip direction, especially of trough type cross laminae.

of the basement complex. According to the
infomiations available to the writers, it seems

that no systematic paleogeographic basin
analysis has so far been carried out for the
Karroo basins in terms of the paleocurrent
based on the current indicators. Such an
abundant occurrence of the cross laminae
in the coarser facies of the Karroo beds
promises in all probability a fruitfu1 result of
the paleocurrent analysis. The readings of the
azimuth of the forsets, i. e. , the bearing of the

maximum dip direction of the forsets,
generally show more or less lower consistency

ency of current directions and partly from

Paleocurrent readings of 46 were taken at
31 localities along the Karonga-Chitipa road
(27 readings at 21 localities in the western
zone; 19 readings at 10 localities in the
eastern). Paleocurrent directions at each
locality are shown in Fig.2 and are grouped
into 150 class intervals in rose diagrams of
Fig.1 1. More than two readings obtained from
the same single bed are expressed by the mean
vector as one reading. Nearly all the readings
are tilt compensated except those of forsets
dipping in the same direction as the tectonic
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tilt, because the azimuth of forsets can be
appreciably altered by even a slight tectonic

tilt ofacross laminated bed. '
The paleocurrent directions are widely
scattered, lacking any prominent preferred
orientations both in the western and the
eastern zone. It can be said that the clastics

were supplied from almost all directions.
Most broadly speaking, however, the sectors

of the rose diagrams are somewhat rnore
distinguished on the eastern half than on the

western. Although the current direction
indicated by the azimuth of forsets is merely
a local one which is not always directly away

of the easterly current over the westerly
suggests that the main provenance from which
the clastics were derived was situated to the

west of the Karroo basin. It cannot be
decided whether the poor consistency of
current directions is ascribed to the small
numbers of readings obtained only along one
route or it is inherent in the Karroo basin
where currents changed the flow directions
from place to place and from time to time.
The paleocurrent analyses on the Beaufort
Series (Theron, 1967) and on the Stormberg
Series (Botha, 1967), both in South Africa,
suggest that the latter is the case.

from the source area, a slight predominance
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Note on the Karroo System and the Probable Dinosaur Beds near
the Lion Point, Karonga District, Northern Malawi

Yukiyasu SAKA
Institute of Earth Science, School of Education, Waseda University

Introduction
In the southern extremity of Karonga District, a small faulted block consisting of the

Karroo System forms a gentle hill on the
Lakeshore Plain. The hill bounded on the
'
west by the NW-SE trending Livingstonia
Escarpment downthrowing to the northeast,
descends gradually towards the east to run
out into Lake Malawi at the Lion Point. On
the northern and the southern side 'of the
faulted block, the Dinosaur Beds crop out
and are considered to underlie the recent
lacustrine deposits.

The Lion Point area was mapped photogeologically by Stephens (1963, unpublished
report) and slight modifications to the margin

Beds to the west. Since the original descriptions by Dixey (1928) no additional
work has been carried out on the Dinosaur
Beds.

The road which descends the precipitous
Livingstonia Escarpment turns northwards at
Khondowe on the Lakeshore. From here, a
new road runs on the eastern side of the road

shown in the Livingstonia map (1:50,OOO,
Sheet 1034Cl); the latter road is no more a
motor road because of heavy deterioration.
Where the new road crosses the above mentioned hill, a part of the K5 and K3 Beds and
the basal part of the beds correlatable to the

Dinosaur Beds are well exposed in the cuttings along the road (Fig.1).

of the Karroo area were given by Kemp
(1975). According to Kemp, the stratigraphy
of the Karroo System of the Lion Point area
is summerized as follows:

K3 arkoses, overstepping the carbonaceous
mudstones (K2) and basal conglomerates (K 1 ),

cover directly the basement gneisses with
unconformity along the northwestern margin

The boundary fault which, as inferred by

Kemp (1975), demarcates the K5 Beds to
the east and the K3 Beds tQ the west is considered to run between the cutting 2 and the

cutting 3. To the northwest of this fault,
the beds correlatable to the Dinosaur Beds
(hereafter designated "Dinosaur Beds") cover
the K3 Beds which are exposed in the cuttings

of the area. Light brown mudstones dis-

of lower positions and along the stream

tributed at and near the head of the Poi.nt are

courses. Both the Karroo beds and the

correlatable with the K5 Beds and are considered to be downfaulted against the K3

"Dinosaur Beds" dip as a whole to the north-

2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 83-88,

east at low angles never exceeding 30 degrees.

1977.
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Karroo System

K3 Beds
Fine grained sandstone and mudstone in

1959). Buff and yellow fine grained sandstones, 5 - 30cm bedded, alternate with
greyish blue to greyish white mudstones
of similar thickness (Fig.2). Bedding is very

alternation are exposed in the cutting 7 and
along the stream course between the cuttings

sharp and neither gradation from sandstone
to mudstone nor graded bedding in a single

4 and 5. Judging from the lithology, the

sandstone bed is observed. Several sets ofbeds
are involved in the gentle slump structure of

stratigraphic si-tuation of this sequence is
considered to correspond to the intermediate

a constant thickness of about50 cm, in which

horizon between the middle division

the sandstone bed shows the pull-apart

(chocolate-coloured and green mudstones,
exposed in the cutting 9) and the lowest
division (pink arkose and sandstone, not
exposed along the road) of the K3 Beds in
the Livingstonia area (Cooper and Habgood,

structure and forrns a slump fold indicative

of the slumping towards the north (Fig.3).
The contorted beds are truncated sharply by
the overlying mudstone bed.

Fig. 3

Slump structure developed in the alter-

nation of sandstone and mudstone of
the K3 Beds, Cutting 7.

Chocolate-coloured and green mudstones
typical of the middle division of the K3 Beds
are exposed in the northernrnost cutting (9).
ewtv•g.tA

Thickness of the individual chocolate
coloured or green layer is variable, ranging
from several milimeters to 15 cm or more. Although the contrast between the green and the
chocolate-coloured layer is striking on the outcrop, close inspection reveals that the bounda

Fig. 2 Alternation of sandstone and siltstone

of the K3 Beds, Cutting 7.

ry of them is in most cases neither sharp nor

straight, but is rather wavy or rugged and
more or less blurred. There are many examples
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in which the tint of chocolate gradeS upwards

into that of green in the distance of one
centimeter or so (Fig.4). In some cases, indistinctly bounded green bands alternate with
similar chocolate-coloured bands to make up

a unit demarcated by the relatively sharp
upper and lower boundary surfaces (Fig.5).
These features demonstrate that a single bed
is not always represented by a particular
colour. Besides the sinusoidal stratification

Fig. 5

Flame structure in the chocolatecoloured and green mudstones of the

shown by most layers, small scale slump

K3 Beds, Cutting 9. Pen is 14cm long.

structures (Fig.4), convolute laminations and

flame structures (Fig.5) are abundant,
suggesting the unstability of these fine grained
sediments after the deposition.

K5 Beds
The Karroo rocks exposed in the cuttings
1 and 2 are correlatable to the lower series

(yellow mudstones) of the K5 Beds. They
consist mainly of well bedded siltstones grey
to pale yellow in colour, with intercalations
of very fine grained sandstones. Sedimentary
structures are rare. Sandstones intercalated

in siltstones do not show graded bedding.
Only a few examples were found to occur:
micro cross laminae, as defined by Saka and
Yairi (1977), indicative of the currents
towards the northwest 'v west and wave ripple

marks with the wave length of 1 cm yielding

the NE-SW trend of wave oscillation.

5cm
Lnt....N
Fig. 4

Because of the smal1 numbers of readings of
current indicators, no conclusions regarding
the paleocurrent pattern are possible (Fig.
7A).

Chocolate-coloured and green mudstones from the cutting 9. Dark:
chocolate-coloured mudstone, light:
green mudstone. Slump structures are

in the upper half and in the lower
fourth. Note the grading from chocolate-coloured to green mudstone below the upper slumped unit.

"Dinosaur Beds"
On the northwestern side of the estimated
fault, the K3 Beds are overlain by the beds of
friable purple grits, the facies of which is
distinctly different from that of the under-

lying K3 Beds. They consist of angular sand

grains, 1 to 2 mm in diameter, cemented
imperfectly by much lessor amounts of mud.
Subangular to angular pebbles and cobbles
of quartzites and gneisses are contained in-

homogeneously in the ghts. Some of them
resemble the facetted gravels in shape. Cross

lamination becomes progressively more prominent from the southeast to the northwest.
The grits exposed in the cutting 3 are free
from cross lamination, while those in the
cutting 8 are characterized by the develop-
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a basal facies in the "Dinosaur Beds"
immediately above the unconforrnity, as in
the case at Mwakasyunguti, one of Dixey's
type localities about 50 km northwest of the
Lion Point (approximate location is shown
by an asterisk at top center of the inset in
Fig.1).

N

ment of large scale cross laminae of a typical
tabular type (Fig.6).

N

(A)
Fig.6 Large scale cross laminae of tabular

type, "Dinosaur Beds", Cutting 8.

Nthough no paleontological evidences
could be found, the purple grits are
correlatable, on the basis of the lithology,
to the basal part of the Dinosaur Beds which

6

are distributed along a strip of the Lakeshore

Plain and the South Karonga Scarp Zone
(Dixey, 1928). The contact between the
"Dinosaur Beds" and the Karroo Beds is seen
at the southeastern edge of the cutting 8.

The "Dinosaur Beds" above and the Karroo
Beds below the essentiany planar surface of
unconformity lie apparently parallel to one
another, striking N700E at the dip of 60 to
the northwest. There is no development of

(B)
Paleocurrent directions.

Fig. 7
{a)

K5 Beds of the Karroo System. Inside of circle: 2 readings of wave
ripple marks, outside of circle: 3
readings of micro cross laminae.

(b)

"Dinosaur Beds". 16 readings of
cross laminae.
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Paleocurrent directions indicated by the
azimuth of forsets are shown in Fig. 7B.
Although the numbers of readings are by no

provenance located somewhere in what is
now Lake Malawi. The existence of the

means sufficient enough to discuss the general

less of the sedimentary conditions of the
"Dinosaur Beds"' fluviolacustrine or eolian
,
as suggested by the facetted gravels con-

paleocurrent system of the "Dinosaur Beds",
the prevalence of the currents towards the
northwest "- west is noteworthy. Even if the
current pattern restored here was a local

hinterland to the east is postulated regard-

tained in the purple grits.

one in the whole sedimentary basin of
the Dinosaur Beds, it demonstrates that at
least some portions of the clastics of the

"Dinosaur Beds" were derived from the,
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Sedimentary Structures of the Karroo System in Livingstonia Area,

Northern Malawi

Yukiyasu SAKA* and Kenji YAIRI"*
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Introduction

Stephens (1963, unpublished report).

Of the Karroo System distributed sporadically in northern Malawi, the Karroo System Outline of geology
in the Livingstonia area has long received
The Karroo geology in the Livingstonia
attentions owing to the occurrence of the
reviewed briefly below according to
coals. Detailed investigation area
whichisinvolved
drill-hole programme clarified the quality and COOPer and Habgood (1959).

quantity of the coals as well as the stratigra- The Karroo beds are entirely separated
phy, lithology and geological structures of from the surrounding basement complex by
the area. The result of this work is sum- major faults (Fig.1). The general succession
marized in a comprehensive description and given below is correlated on grounds of lithan excellent geological map (Cooper and ology with the Ksubdivisions ofthe Karroo
Habgood, 1959). Recently the margin ofthe sequence in the Ruhuhu Coalfield, Tanzania
Karroo area was slightly modified by Kemp (Stockley, 1932) directly across Lake Malawi

(1975) as mapped photogeologically by to the east.

Correlation Division 'Ihickness (m)

K7(unconformity)
Chiweta Grits 46

K6 (unconformity)
Chiweta Bone Beds 260
K5 Calcareous Siltstones l20

Yellow and Khaki Mudstones (top not seen)
ca. 300

K3 Intermediate Beds3

hard arkosic siltstones 18
chocolate-coloured and green

mudstones 90

yellow and pink arkoses and ca. 145
sandstones

K2 Coal Measures 30-107

Kl Basal Beds: green fiaggy siltstones up to 76

and pink arkoses with basal (possibly much

conglomerate more)
2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 89-107, 1977.
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Geological map of the Livingstonia area (after Cooper and Habgood, 1959).
current directions are superimposed.

Paleo-
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The Basal Beds (K1) and the Coal Measures
(K2) are poorly exposed and the lithology is

surrounding the area and footpaths around

best known from drill-hole cores. The K2
Beds consist mainly of carbonaceous shales

present investigation contributed no modifications to the stratigraphy and the mapping

and siltstones with intercalations of feldspath-

of the Livingstonia Karroo area. Sedimentological inspection of the Karroo beds, although restricted in place and horizon, re-

ic sandstones, coarse arkoses and coals or
shaly coals. The Upper Coal Measures (K4)
are not developed except thin and impersistent beds of carbonaceous mudstone which
occur near the top of the K3 Beds. The K5
Beds overstep the K3 Beds in places and rest

the Livingstonia Mission. On this account, the

vealed that there were developed several kinds

of sedimentary structures suggestive or in
some cases diagnostic of the depositional

mechanism and environments. The sedi-

directly on the basement gneisses. The

mentary structures, especially those with di-

Chiweta Beds occupy a small down-faulted
block near the mouth of the North Rumpi.

rectional properties, are of fundamental

The K6 Beds consist mainly of purplish mudstones the lower and the middle division of
which include beds of nodular limestone and

marly conglomerate. The K7 Beds consist
of purplish grits.

The Karroo beds dip as a whole to the
southwest as a result of the regional tilting

of the basement which accompanied the
major post-Karroo faulting. Drag on the
beds along the major faults caused local increases and reverses in dip especially along

the western margin of the area and to the
south of the North Rumpi. Besides major
faults, numerous minor faults and joints are
developed throughout the area. Most of thern
trend essentially parallel to the major faults

which control the tectonic feature of the
Livingstonia Karroo area. The faulting and
jointing mechanism and its relationship to
the Rift faulting are examined on the basis
of the structural analysis of these fractures

by Yairi and Saka (1977).

Sedimentary structures

Owing to the poor communications within the Karroo area, the field work was
restricted to only along the motor roads

importance to the basin analysis (Potter and
Pettijohn, 1963).
Apart from the scientific interest, the sys-

tematic basin analysis of the Karroo basin
brings about a practical bearing in estimating

where and how much the coals are available,
inasmuch as the coals greatly owe their accumulation to the paleogeographical conditions.

This paper is intended to describe some
sedimentary structures and to point out their
usefulness for the basin analysis. It is beyond
the scope of this paper to present an atlas of

the sedimentary structures developed in the
Livingstonia Karroo area or to reconstruct
the paleogeography of the Karroo basin based
on them. Sedimentary structures which disclose directional properties only when mapped are not treated here. To describe the
property of layering the terms defined by
Saka and Yairi (1977) are to be used.

Ripple mark
Ripple marks, both symmetrical and asymmetrical in a cross-section, are common in
the finer grained facies; fine grained sandstones and siltstones of the K5 and K6 Beds.
Crests are relatively straight, continuous and
subparallel to each other, suggesting that the

current directions were transverse to them
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(Fig.2). Wave lengths are rather uniform in
every set, ranging from as small as lcm up

transverse direction and much less rapidly in

order of milimeter. It is rare that all the

the trend direction (Fig.2,c). Ripple cross
lamination genetically connected with ripple
marks is not seen with the naked eye in the

bedding surface exposed is ornamented by
ripple marks. Covering only patches of the

ripple marked stratum probably because of
homogeneity and fineness of sediment.

to 10cm. Amplitudes of crests are of the

bedding, marks become extinct rapidly in the
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Fig. 2

Ripple mark
a. Asymmetrical ripple marks on yellow sandstone of
K5 Beds. Current from left to right, parallel to
ruler 30cm in length. Chautela.
b. Symmetrical ripple marks on 3cm-bedded siltstone,
buff in colour, of K6 Beds. North Chiweta.
c. Asymmetrical ripple marks on greenish white, very
fine grained sandstone of K6 Beds. Note that ripple

marks occupy only a patch of bedding. Pen is
13.5cm long. North Chiweta.
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Asymmetrical ripple marks, as seen
above,
from
on micro cross laminated siltstone ofK6
Beds.
Current from upper left to lower right for ripple

marks and from top to bottom micro
for cross

laminae of trough type. Notedisparity
the of
current directions between two structures. North

Chiweta {Sketch by Y.S.)

The current readings of asymmetrical ripple marks are shown in Figs.16 and 17. Fig.
3 shows asymmetrical ripple marks developed
on the upper surface ofa micro cross lami-

nated bed of siltstone. The down-current
direction indicated by ripple marks is SIOOE,

while that indicated by micro cross laminae
is S500W, yielding a disparity of as large as
600. The sjltstone, though easily splitting
into lamellae lmm or so in thickness, forms
a single bed. The discordance of the current

directions read on and within a single bed
may be attributable either to the change of
the current direction in the course of the

cial materials to build up ripple marks.

It is of no doubt that ripple marks are
products of bed load transport of sediment.
They have, however, inferior directional significance, because many examples have been
known which trend parallel or diagonal to
the main current direction (Picard and High,
1973).

Micro cross lamina
Although micro cross laminae were observed only in mudstones of the K6 Beds, their

deposition of a bed or to the workings of two

actual occurrence may be common in the

different currents independent from one another; one deposited the micro cross laminated bed, the other reworked the superfi-

in the coarse grained facies of the other Beds.

fine grained facies more or less interbedded
Homogeneity of lithology and inferior likeli-
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hood of exposure of the fine grained rocks

may reduce apparently the occurrence of
this structure.

Micro cross laminae are mostly of trough
type. Those of tabular type are rare and
ripple cross laminae are not seen. They occur
in a single bed in either of the following two

modes.
i) One or a few sets, as defined by McKee
and Weir (1953), of micro cross laminae
occupy a portion of a single bed, the rest
of which is structureless or parallel laminated.
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Ls

py the greater part of a single bed: Each
set is truncated by an overlying set of
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laminae of various thicknesses are accompanied. In general, the sequence of sets
in a single bed is as follows (in ascending
order): Parallel laminae - micro cross lam-

inae-convoluted laminae-micro cross
Fig. 4

Sequence of sets of micro cross

laminae (intercalating parallel laminae)

laminae, parallel laminae and

(Fig.4). A smallscale cut-and-fill structure

convoluted laminae seen in greyish white, very fine grained sand-

was observed in one sample in which the

stone of K6 Beds. Mwachiweta.

basal set ofparallel laminae are interrupted

{Sketch by Y.S.).

discordantly by the overlying set of cross
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single bed is strongly suggestive
subsequently changing flow regime
sediment-laden currents during one

latter set shows the
laminae (Fig.5). The
sudden coarsening of sediment at someSuch a regular sewhat rugged cut face.
quence of laminae of different kinds in a

sitional episode.
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Fig. 6

Cross laminae of tabular type in arkosic sandstones of K3 Beds.
a. Set of cross laminae intercalated between sets of parallel
laminae. Along the road between Chiguliro and Mwachizindili.

b. Set of cross laminae developed between massive sandstones

below and above. Ibid.
c. Thin-stratified cross laminae. Gavara.
d. Plan view of cross laminae shown in c. Note that lamination
is straight. Pen is 13.5cm long.
e. Concentration of pebbles in the lower part of cross laminated

bed. Mwachiweta.

of the
of the

depo-
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Cross lamina

Cross laminae are abundant in coarse arkoses of the K3 Beds and rarely observed in

near the top and concave-upward near the
base, taking a somewhat sinusoidal figure.
Inclination of laminae is variable ranging from

cross laminated bed occurs isolatedly, being

150 to 300. Those inclining at moderate
angles between 200 and 250 predominate

intercalated in structureless or parallel lami-

(Fig.7).

the K5, K6 and K7 Beds. In general, the

nated beds (Fig.6, a and b). Thick sequence
of cross laminated beds is seen only along

Fig.6, e shows cross laminae developed in

Cross laminae of tabular type exceed those
of trough type in abundance. Lamination is

coarse grained arkoses of the K3 Beds at
Mwachiweta. Angular pebbles of dark greenish siltstone derived by contemporaneous erosion are concentrated in the lower part of a
bed. "Conglomerate division" grades upward
into "sandstone division" in which cross lam-

distinct (Fig.6, a) or indistinct (Fig.6, b).

ination is distinct, by rather abrupt decrease

Thickness of individual laminae is variable

in sizes and amounts of pebbles. In the

the lakeshore at Jinthu where 20 to 50cm
bedded, very coarse grained arkoses typical
of the K3 Beds are well exposed.

p

ranging from 2 or 3mm to 10cm (Fig.6,

"conglomerate division", though lamination

c and d). Cross lamination of tabular type is
straight, sharply abutting against the planar

is invisible, its extension can be traced in the

bottom and truncated by the upper bedding
surface. The' cross laminae shown in Fig,6,
a, being exceptional, are concave-downward

The cross lamination cited here may be re-

regular arrangement of long axes of pebbles.
ferred to the avalanche-front cross-stratifica-

tion reported by Picard and High (1973).
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Slumping of cross Iaminae

in yel-

of cross laminae deve)oped in K3

low, fine grained sandstone

of K5

Beds at Mwachiweta.

Beds. Tigone (Sketch by

y.s.).

Distribution of inclination angles

Fig. 8
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Current mark
Slumped cross laminae were found in a
fine grained sandstone bed, 45cm in thickness, of the K5 Beds at Tigone. The slumped
division, 6.5cm in thickness, is interstratified

between cross laminae of tabular type dipping to the southwest at 12 degrees. The
disturbed laminae are sharply truncated at
the top, while their lower boundary is transitional to the undisturbed laminae below (Fig.

8). Contortion of laminae may be attributable to the superficial slumping on the
front of a growing bar induced by some
shocks, most probably by earthquake.
The paleocurrent directions indicated by
cross laminae are shown in Figs.15, 16 and
17. The readings from a single set are fairly
consistent. For example, consistency ratios
of 98.99o, 99.89o and 91.69o are obtained for
the cross laminae given in Fig.6, b, d and e,
respectively.

Fig. 9

To the north of Phoka court, the siltstone facies characteristic of the lower
division of the K5 Beds contains flysch
sequences, the total thickness of which is
about 10m. Sandstone beds, 5 to 15cm in
thickness, alternate rhythmically with mudstone beds several centimeters in thickness
(Fig.9). These flysch sequences bear many of

the sedimentary features such as graded
bedding and current marks diagnostic or suggestive of turbidites. Graded bedding, which

Murphy and Schlanger (1962) designated the
only valid criterion for recognition ofturbidites, is observed in every sandstone bed. The

complete succession of internal sedimentary
structures, T,-, of Bouma (1962), is not developed. Only the lowermost division (graded
interval, T, ) (Fig. 1 O, b) or lower two divisions

(graded interval and lower interval of parallel
lamination, T,-b) (Fig.1O, a) constitute a bed.

Flysch-type alternation of graded sandstone
interbedded in the lower division of K5 Beds.
scale in right middle. North of Phoka court.

and mudstone

Hammer for
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a
Fig.10

Graded bedding of sandstone in turbidite sequences intercalated
Phoka court.
a. Sandstone bed with laminated top and graded base.
b. Structureless graded sandstone with flat top and loaded base.

in K5 Beds.

Note a

North of

mud plume in

the basal part (traced in ink to enhance visibility).

Current marks recognized on the lower
surface of graded sandstone beds are flute,
bounce, groove marks and longitudinal ridges

and furrows, all of which have been best
known from marine turbidites of various ages
and also from artificial turbidites made by
flume experiments. Recently, Adachi (1975)
reported occurrence of sole marks such as

flute, furrow and groove marks from the
Karroo System (Upper Triassic Mazeras Sandstones) to the northwest ofMombasa, Kenya.
Flute marks occur closely crowded. They
are deviating in shape from a typical mark.
Conical type and bulbous type, as defined by
Dzulynski and Walton (1965), are recognized
(Fig.1 1, a and b). Only one bounce mark was

found on the sole surface ornamented by
flute marks of conical type (Fig.11, c). It is

5cm long and has a width of 5mm at the
middle point of the welt. Observed two
groove marks are shown in Figs.11,cand 12,
b. The one (Fig.11, c) is margined on both
sides by fine and sharp ditches several mili-

meters in depth. The thickness ofthe groove
mark is lcm from the bottom of the ditch.
The other (Fig.12, b) occurs on the surface
marked by numerous moulds, irregular in
shape and various in size, of problematical
origin. Of these moulds, those strongly elongated trend parallel to the groove mark and
are regarded as delicate bounce marks. The

groove mark has a width of 10mm and a
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Fig.11

Sole marks on the lower surfaces of graded sandstones
interbedded in K5 Beds. North of Phoka court.
a. Swarm of flute marks somewhat irregular in shape.

Current from right to left. Pen is 13.5cm long.
b. Bounce mark (left middle) and flute marks (right middle}. Cap of camera lens for scale is 5cm in diameter.
c. Groove mark bounded on both sides by sharp ditches:

1oo

1

}

5cm

Fig.12

Sole marks of graded sandstones of K5 Beds. North of Phoka
court.

a. Longitudinal ridges and furrows on the lower surface of 10cmbedded fine grained sandstone.

b. Groove mark with minor striations and irregular moulds of
problematical origin.
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depth of 1.5mm. It is accompanied by minor striations parallel to the margins. Longi-

load marks described above, slump structures
and convoluted laminae are listed up as de-

tudinal ridges and furrows are developed

formational structures seen in the present

occasionally (Fig.12, a). Flat topped ridges,

area.

15-20mm in width, are separated by sharp
furrows lmmÅ} in width. Ridges are parallel
or subparallel and continuous, although they
show appreciable change in width and occasionally coalesce. The joining of ridges is in

both directions. Trends of ridges occurring
on different surfaces are consistent. A consistency ratio of 99.989o are obtained for
three samples occurring close to each other.

Load marks without any directional
significance are common.

Paleocurrent readings of these current
marks are shown in Fig.16. They are fairly
consistent with the consistency ratio of

94.49o and mean vector of S180E. Nl80W
Graded bedding is seen also in some horizons of the lower division of the K5 Beds at

Chiguliro. There, more or less micaceous
sandstones 10cm to 20cm in thickness alternate with shaly siltstones lcm to 10cm in
thickness. Sandstone beds occasionally show
graded bedding or have a graded base and a
laminated top. Although no sole marks were
found, they can safely be referred to turbidites.

Unlike the structures formed by currents
which were not always directly away from
the hinterland, slump structures are excellent
indicators of the paleoslope-direction, though

only a local one, inasmuch as they are products of gravity-generated movement of sediment. Only one sample of slump structures
was found in siltstones of the K6 Beds at
North Chiweta(Fig.13,a). The base ofslumped
zone cuts the underlying beds. Lamination of
slumped beds in part abutts against the base.
These features demonstrate that the sliding
was not of decollement type. The undulation

of slumped beds is most marked near the
base, where thickening of beds is recognized,

and diminishes gradually upwards.

There is a controversy on the origin of
convoluted laminae. The directional significa'

nce of convoluted laminae is, therefore,

evaluated in largely varying degrees. For this

reason, only convoluted laminae with distinct polarity and undoubtedly indicative of
the paleoslope-direction were taken into ac-

count. Convoluted laminae are common in
fine grained rocks of the K5 and K6 Beds.

analysis but serve as marker beds.

The convolutions usually occupy the center
of a bed, dying out both upward and downward to grade into the parallel laminations
(Fig.13,b). In white siltstones of the K6
Beds is occasionally found the chaotic crumpling of laminae, though not so well visible
because of homogeneity of sediment, sug-

Deformational structure

gestive of great mobiiity of silt materials just
after deposition (Fig.13, c).

Detailed investigations are required to
reveal the distribution and to fix the stratigraphic position of turbidite sequences with-

in the lower half of the K5 Beds, for they
not only provide many clues useful to basin

Besides the slumped cross laminae and
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Fig.13

Deformational structures
a. Slump structure seen in siltstones of K6 Beds.

North Chiweta.
b. Convoluted laminae in very fine grained sand-

stone, buff in colour, of K5 Beds. Ikm
southeast of Zungwata Chigambo.
c. Convoluted laminae in white siltstone of K6

Beds. Scale is marked on outcrop surface.
North Chiweta.
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Hemi-cyclic sequences of sediments developed in
road between Chiguliro and Mwachizindili. See

K3 Beds. Along the
text

for explanation.
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Cyclic 'sediments

A systematic upward gradation of lithofacies is occasionally developed in the coarse

grained facies of the K3 Beds (Fig.14). The
integral sequence is as follows:

Top
Coal Seam
CsaarnbdOsntaoCneeOUSfiaggY1AMmupOawUtenarlldaOiC'nCcarreba21nagCeOUS
M,".C.adf9tO.".S,fiaggY lLa.npi.'n,a,taonmoredistinct

Massive aTkose

1 Granule and pebble

..,,..G

2r :aa"

lli.et,C'g,g,,g,g,O.Mf-il".cse.a.sl"gs'e.s.izs,and

.t

wise separated divisions into contact with
one another by a somewhat sharp boundary.
The thickness of a sequence is widely variable

ranging from only several tens centimeters

to more than 2m.
These sequences reflect the hemi-cyclic sed-

imentation. To make use of them for basin
analysis, several parameters are required to
be mapped independently or in combination;
e.g., thickness of the sequence or individual
division, frequency of occurrence of a given

division, maximum grain size in the lower
division and so on.

'

The upper and the lower boundary of the
sequence is sharp and sometimes erosional,
while each lithofacies grades into the over-

Consideration

lying one without distinct boundary. The
sequence is usually incomplete: It rnay be
interrupted at any horizon and the lower
divisions may be missing. The intervening

Paleocurrent readings are plotted on the
geological map (Fig.1) and in the rose dia-

divisions may be absent to bring the other-

pattern sufficient to reconstruct the paleo-

grams (Figs.15, 16 and 17). Because of
small numbers of readings, no paleocurrent

N

N

N

IndividuaL Reading

Mean Vector

2

1

A
Fig.15

C
Current-rose diagrams of K3 Beds based on cross laminae.
taken in lakeshore area excluded. C. Only those taken in

A. All observations plotted.
Iakeshore area plotted.

B. Those
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geography of the Karroo depositional basin
can be integrated.

There is, however, an observable tendency
that most of paleocurrents are directed to
the center of the Karroo area, or more strict-

ly to say, to the inside of the area, except

to the north of Phoka court and along the
lakeshore. The centripetal pattern of the

The current rose diagram of cross laminae
in the K3 Beds along the lakeshore (Fig.15,
C) makes a mirror image of that of the main
part to the west (Fig.15, B). A sector of
perfect blank of readings is contained in both
diagrams showing widely scattered directions;

a slight west of north to southwest in the

covered far much wider area than the present

former diagram, northeast to southeast in the
latter, respectively. Such a paleocurrent pattern of the K3 Beds is strongly indicative of
the hinterland of the K3 Beds being situated

paleocurrent directions may exclude the possibility that the original basin of the K3 Beds
Karroo area does, the latter being only a frag-

between the lakeshore area and the main

mental relic ofthe former. The north-northwestward paleocurrents seen to the north of
Phoka court, probably of turbidity currents
as suggested by sedimentary structures, sug-

area. The hinterland, originally a ridge on
the pre-Karroo surface, may have been a barrier separating the main Livingstonia basin
from the basin to the east when the K3 Beds

gest that the basin extended to this direction

were deposited. The approximate position

beyond the present boundary fault.

and trend of this barrier may be represented

N

N

3

Cross Lamina

Current Ripple Mark

Wave Rippte Mark

- Stump&Convotution
Fig.16 Current-rose diagram of K5 Beds.
Numbers of circles correspond with
those of readings.

- CurrentRippteMark - SoteMark(senseunknown)
-- > Cross Lamina - SoteMark (F[ute cast)

O Convotution

( AFrow DupLicated : Mean Vector)

Fig.17 Current-rose diagram of K6 and
K7 Beds. Numbers of circles correspond with those of readings.
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by a slice of basement gneisses which is ex-

taic sedimentation was one of the major

pressed on the geological map (Cooper and
Habgood, 1959) as a tectonic inlier intervening in the Karroo System (Fig.1). It extends from the Chombe Point south-south-

mechanisms to fill up the basin. Within the
main part of the basin enlarged on the beginning of the K5 stage, the deltaic sedimen-

westward for about 3.5km. At the point
marked by an asterisk on Fig.1, a ridge of

the basement is ascertained beneath the
Karroo beds by drilling: The Kl Beds as

tation was replaced by another mechanism
which involved the emplacement of clastics
by turbidity currents. Turbidity currents
may have started from slumping at the ad-

the ridge, it is of no doubt that this is the

vancing front of delta which is supposed to
have occupied the near-shore side of the finer
grained facies now characteristic of the K5
Beds. The environmental model tentative-ly cited here closely resembles the model
which explains the occurrence of turbidites
found in the glaciolacustrine sequence of

south-southwestern extension of the ridge

the Dwyka Series in northeastern India

now represented by the inlier.

(Banerjee, 1966). Turbidite origin of glaciolacustrine sediments is also suggested for the

well as the greater part of the K2 Beds are

lacking and the uppermost part of the K2
Beds rests directly on the basement (Cooper

and Habgood, 1959). Although Cooper and
Habgood give no remark on the extent of

It has been known that the K3 Beds were
deposited after the relief of the pre-Karroo

surface had been concealed beneath the Kl
and K2 Beds. It is concluded that the main
Livingstonia Karroo basin remained unconnected, at least in its northern part up to the

later stage of the K3 Beds, with the basin
to the east which is considered to have been
situated in what is now Lake Malawi.
The general change of lithofacies of the
Karroo System ranging from the Kl Beds up
to the upper division of the K5 Beds demonstrates the subsequent increase in depth
and distality of the depositional site. It is

of interest that cross laminae are abundant

Pleistocene sediments in northwestern Pennsylvania, U.S.A., based on the examination
of sedimentary structures (Harrison, 1975).
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Tectonic Notes on the Livingstonia Area, Northern Malawi,
in Relation to the Post-Karroo Rift-Faulting

Kenji YAIRI* and Yukiyasu SAKA"*
* Department ofEarth Sciences, Faculty ofScjence, Nagoya Unjversity
** Institute of Earth Science, School of Education, Waseda University

Introduction

Sedimentary rocks of the Karroo System
are well preserved in the Livingstonia area
of Northern Malawi as a downfaulted trough

surrounded by Basement Complex gneisses.
Cooper and Habgood (1959) described the

that the rifting was fundamentally caused by
a stress system that had been effective since

Precambrian time and also showed that many
of the features of the Malawi trough dated
back in the early Cretaceous time (Dixey,

geology of the Livingstonia Coalfield in detail,

and the regional geology of its environs was
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Table 1 Five principal erosion surfaces in

Malawi {Lister, 1967).

Average heights of the

erosion surfaces in the Livingstonia
in feet in the right column.

area and its environs

shown in Fig.2 are listed

Gondwana
PostGondwana

early- and mid-Cretaceous

African

late-Cretaceous to early-Miocene

Post-African

late-Miocene and Miocene

Quaternary

end-Pliocene to present day

Jurassic

1939, 1956). As for Northern Malawi,
Thatcher (1974) noted that major riftfaultings took place during the middle

8500-8000
8000-6500
4500-4000
3000-2000
1800-1600

graphic units: high-level plateaus, low-level
wide valleys, lakeshore plains, and steep linear

escarpments making steps between these

Cretaceous time after the sedimentation of

relatively flat surfaces. These features reflect

the Upper Jurassic-Lower Cretaceous

the influence of successive periods of riftfaulting on land forms developed during the
major erosion cycles since Jurassic (Lister,

Dinosaur Beds, and that further episodes of
the rift-faulting occurred at the close of the

African and post-African erosion cycles,

1967). The geomorphological development of

respectively, and were followed by successive
younger phases of uplift and faulting during
Pleistocene to Recent (Table 3). In Central
Malawi, the main rift-faulting is considered
to have occurred in Jurassic-Cretaceous times

Malawi has been described in terms of the five
principal erosion cycles listed up in Table 1

(Lister, 1967; Dixey, 1937; King, 1963),
though one more ancient surface is represented by the basal contacts of the Karroo System

by Bloomfield and Garson (1965) and

and the underlying Basement Complex

Walshaw (1965); while the rift-faulting is
believed to have occurred in Miocene time by

(Thatcher, 1974).

Dawson and Kirkpatrik (1968), Thatcher
(1968) and Walter (1972). It is of great

The Gondwana surface is best displayed on

importance to know the timing of the

the undulated crestlines on the Nyika Plateau,
where the original planation was dissected by

initiation and development of the rift-faulting
after the Karroo sedimentation.

subsequent erosion cycles, chiefly of the
post-Gondwana. It stands at a height over
8000 feet above sea level as the highest peaks

Geomorphology
The geomorphology of the Livingstonia
area and its environs is here outlined. For this

purpose a summit level map (Fig. 2) was
prepared by using six sheets of topographic
map at a scale of 1:50,OOO(1033B4, 1033D2,

1033D4, I034A3 aA4, 1034Cl and 1034C3).
The area is divided into the following topo-

such as Nganda (8552 ft.) and Vitumbi (8292
ft.). The basal contact of the Dinosaur Beds,

which occur in a narrow belt along the
1akeshore at Lion Point and northward,
probably represents a fossil Gondwana surface
(Lister, 1967; Thatcher, 1974).

The post-Gondwana surface is developed
on the northern and the southern margin of
the Nyika Plateau and is characterized by
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broad valleys which cut into the higher
Gondwana surface. A number ofhill summits

trates the major valley floor formed by the
African cycle of erosion.

in the North and South Nyika Foot-hills
(Thatcher, 1974) are probably remnants of

The Quaternary cycle of erosion has taken

this surface. Uzumara Plateau which stands at
a height over 6000 feet may have been formed

place together with the deposition of alluvium
and lacustrine sediments since the close of the

during the post-Gondwana cycle, though it

post-African cycle, and is well displayed on

is dissected by valleys formed by the

the Lakeshore Plain which stands at heights of

subsequent African cycle of erosion.

The African surface, which is most extensively developed in Malawi and characterized by a mature peneplanation, is well

developed in the Nkamanga Plain at the
southwestern corner of Fig.1 and in the

area from the Henga Valley to the
Livingstonia Hills. It forms a flat--bottomed

valley floor at the Henga Valley and well-

preserved flat summits on the Karroo
sediments at Livingstonia Hills, where the
surface is particularly well displayed on the

1600 to 1800 feet. Although the dissection
by this cycle disappears to be buried in the
summit level map of Fig. 2, youthfu1 Quater-

nary erosion does progress along the crest
of the rift valley escarpment. This erosion
notches the crest and face of the scarp and
sometimes continues headwards for several
miles into the valleys formed by older cycles

of erosion (Lister, 1974). The South Rukuru
River has captured the drainage system of
the Henga Valley which, once flowed southwest, now flows to the northeast draining
into Lake Malawi.

Mount Waller or Chombe Hill (4501 ft.) and
on the Livingstonia Hill (4500 ft.). The deep

dissection of the African cycle of erosion
penetrates into the post-Gondwana surface.
The dissections along the North Rumpi River,
the North and South Nyika Foot-hills, and
the margin of Uzumara Plateau probably took
place during this cycle. The base of the
Sungwa Beds (Table 3), which occur to the
north of the present area, may represent
a fossil African erosion surface (Thatcher,
1974).

The African surface of the Livingstonia
Hills is abruptly tnmcated on the east by the

Livingstonia Escarpment. Between the foot
of the escarpment and the lakeshore, the

The Nyika Plateau is bounded on the
northeast, southeast and northwest by distinctive ljnear escarpments, whjch are called

the Livingstonia, East Nyika and West Nyika
Escarpments, respectively (Thatcher, 1974;

Kemp, 1975). As shown in Fig. 2, the
Livingstonia Escarpment trending northwest

cuts sharply the East Nyika Escarpment
trending northeast. The fotmer NW trend,
on this account, may represent a younger

phase of the post-Karroo movements
compared with the latter NE trend.

The Livingstonia Escaipment (Fig. 3),

which marges northward with the South
Karonga Scarp Zone (Fig. 4) (Thatcher, 1974),

post-African surface is well preserved on the

extends southward swinging to the southwest

hill summits of 2000 to 3000 feet in ele-

to the east of the Mount Waller, then trending

vation. The post-African erosion is consider-

slightly east of south passing Chiweta to
Nkhata Bay (see Figs. 1 and 2). North of
Nkhata Bay, the Lake is directly flanked by

ed to have been promoted by the downfaulting of a portion of the African surface
(Kemp, 1975). This erosion cycle also pene-

steep escarpments bounding the eastern
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Fig. 3 Mt. Waller and Livingstonia Escarpment viewed from khondowe village.

Fig.4 Livingstonia Escarpment (left}

seen from Chilumba north of

margin of the Kandoli Mountains and practically no littoral zone is developed except

at river mouth (Fig. 6). The escarpments

and South Karonga Scarp Zone (right) as
Youngs Bay.

The northwest-trending faulting typically
represented by the Livingstonia Escarpment,
though it is somewhat deviated in trend in

maintain their 1inearity and steepness in the

the area from Chiweta to Nkhata Bay,

underwater profile across the Lake, which
falls as deep as 2000 feet below 1ake level

demarcates the African and post-African
surfaces. On the west of the Livingstonia

only two miles off the shore near lat. 110S.

Escarpment, several subparallel step-faults of

(Yairi, 1977). The extensive rift-faultingmust

this trend have broken down the post-

played a decisive role to give rise to the

Gondwana surface promoting its deep dissection (Thatcher, 1974). The post-African

present geomorphology, the shape of the
Lake and impressive escarpments rising from
the 1akeshore (Hopkins, 1973).

deep dissection cutting into the valley floor

of the North Rumpi, which is a product of

113

Fig. 5

East Nyika Escarpment photographed from a point 3km southwest of the
Livingstonia Mission. The Henga Valley Fault runs along a foot hill of the

rugged mountains consisting of the Basement Complex (right). Note the
flat-topped hills of the Karroo System (left}.

On the other hand, the northeast faulting
demonstrated by the East Nyika Escarpment

(Fig. 5) is developed between the postGondwana with the Gondwana residuals and
African surface. The formation of a flat-

bottomed open valley of 10km in width

extending from the Henga Valley to
Livingstonia is probably related to the
faulting of this trend, and it can be a sort of

graben structure which might defme the
present distribution of the Karroo sediments.
Fig. 6

Escarpment with prominent termi-

Thatcher (1974) pointed that the main

nal facets flanking Lake Malawi to
the north of Nkhata Bay; the lake

Karroo boundary faults were formed prior
to the development of the Gondwana erosion

side has practically no littoral.

surface, i.e. in the Jurassic, as the surface

the African
followed the
trend.

cycle of
fracture

.
eroslon,

may

system of the

have

same

appears to be continuous across them.

From the geomorphological evidence
outlined above, we provisionally consider that
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Table 2

General succession of the Karroo System

K7

in the LMngstonia area

Chiweta Grits

(Cooper and Habgood, 1959).

150 ft.

(unconformity)

K6

Chiweta Bone Beds

850 ft.

(unconformity)

K5 l

Calcareous siltstone

+400 ft. (top

Yellow and khaki mudstones

Å}1000 ft.

Hard arkosic siltstone

60 ft

Chocolate and green calcareous mudstones

+300 ft.

Yellow and pink arkose and sandstone

Å}475 ft.

K2

Coal Measures with sandstones

100 -- 35U ft.

Kl

Green flaggy siltstones and pink arkoses

O-250 ft.+

K3 l

not seen)

with basal conglomerate

the main phase of the movement of.the NW-

Karroo System in the Livingstonia Coal Field

trending faults is intimately related to the
Middle Miocene event after the close of the
African cycle of erosion, and that of the NE-

are summarized in Table 2 and Fig. 7

trending ones to the Lower Jurassic event
prior to the Gondwana erosion cycle, though
the latter faults were undoubtedly rejuvenated

after the close of the post-Gondwana cycle
of erosion. The former NW trend is designated
here for convenience as R(Rift)-trend and the
latter NE trend as K(Karroo)-trend. The time-

relationship between these two major trends
will be discussed later.

Structure

according to them.

As shown in Fig. 7 the Karroo System and
the Basement Complex are generally in fault-

contact and the unconformable relations
between them can be seen only at a few
places on the Livingstonia Escarpment
(Cooper and Habgood, 1959). The postKarroo faulting appears to be normal and to

have occurred in two main direction NW-SE
)
and NE-SW (ibid.). These two trends correspond to the R- and K-trends designated
above, respectively. To the R-trend are
referable a fault zone along the Livingstonia

Escarpment west of Kondowe and a fault
General structure

Sedimentary rocks of the Karroo System
are well developed in the area, extending
southward from Livingstonia, known as the
Livingstonia Coal Field. Here are no additional remarks to the stratigraphy described

in detail by Cooper and Habgood (1959); the
general succession and distribution of the

zone along the North Rumpi extending from
the north of Phoka Court to the south of
Chiweta. The K-trend is well shown by the
western marginal fault along the East Nyika

Escarpment, Henga Valley Fault by Kemp
(1975), and by faults bounding the faulted
block of the Mount Waller on the northwest
and southeast.
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Livingstonia Escarpment Fault and on the
south by the extension of the Henga Valley
Fault (Kemp, 1975).

In the Livingstonia and Mt. Waller areas,
the Karroo System consisting largely of K3

and K5 beds is gently tilted toward the
southwest as a whole with an angle of a few
degrees. Along the Henga Valley Fault, the
beds strike northeast and dip at the angles
of 200Å}, sometimes over 700, to the southeast; this local variation of bedding atti-

Description of representative localities

Field works were carried out mainly along
three roads crossing faults or fault zones of

tude can be attributed to a sort of drag
on the beds by the faulting (see Fig. 13).
In a narrow zone along the North Rumpi,
the Karroo sedirnents are so disorganized
by the faults of R-trend that the attitude
of the beds exhibits a great complexity;

R- and K-trends: (1) the main road leading

from Rumpi through Phoka Court,
Livingstonia and Kondowe to Karonga, a part

of which is well known as the escarpment
road with 22 hairpin bends following the
Livingstonia Escarpment; (2) the road from

Chiwerewere 9 km south of Phoka Court to
Chiweta; and (3) the lakeshore road from
Kondowe to Chiweta.

the beds generally strike northeast and dip
varying angles up to 200, rarely 400 to 600, to

the northwest or southeast.

The Chiweta Beds (K6 and K7), originally
described by Dixey (1926), occur in a small

The points of representative localities to be

downfaulted block on the lakeshore north

described below are shown in Fig. 7 for the
Livingstonia area (Locs: 1 to 25) and the Lion

of Chiweta, where the beds dip to northeast

Point area (Locs. 26 and 27), in Fig. 2 for the

at about 150. To the west of Lion Point,
although not shown in Fig. 7, the Karroo
sediments (K5, K3, K2 and Kl) occur in a
faulted block bounded on the west by the

Chilumba area (Loc. 28), in Fig. 17 for the
Karonga area (Locs. 29 to 33), and in Fig. 18
for the Nkhata Bay area (Locs. 34 and 35),
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This fracture system of R-trend seems to be
closely related to the formation of the North
Rumpi fault zone.
Loc. 2 (Coarse-grained arkoses and granule

.

conglomerates interbedded with very finegrained sandstones and siltstones; K3): The

+

e-

.

.

beds strike NW to WNW and dip 100-300
to NE or SW. Closely spaced joints are

.

developed at intervals of IO-50cm, a few

.
.

.

.

e-

.

e-

Fig.8 (continued)

Loc. 1 (Alternation of 1-5 m thick, mas-

sive, fine- to medium-grained micaceous
sandstones and 1-2m thick, bedded siltstones; correlative with K5): The beds lie
nearly horizontally, sometimes dipping 40200 to SW. They are displaced by NW-trending minor normal faults with downthrows of
a few to several tens centimeters to NE, one
of which shows the strike and dip of N240W •
740E. Nearly vertical and subparallel joints
of this trend occur associated with faults.

centimeters in places, almost all of which are

essentially vertical and typical opened
fractures. Fig. 8-1 shows the distribution

of trends of joints by a rose diagram;
preferred orientations both in N400W-N450W (R-trend) and NIOOE-- N400E (Ktrend).

Loc. 3 (Massive coarse-grained arkoses
with intercalations of coal seams and coaly

and micaceous sandstones grading from
pebbly conglomerates near the base; K3):
Two normal faults with dip slips cut the beds
(N420W•240SW). The attitudes of fault planes

are N440W•800SE (R-trend) and N480E•
8Cf'SE (K-trend), and their throws are 150 cm

and 25cm, respectively. The K-trending
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Fig. 9

pt

Faults and joint swarm cutting the K3

beds. Loc. 3.

K and R denote K- and R-trending

faults, respectively.

Fig.10

Joint swarm cutting
by weathering.

the K5 beds. Loc. 4.

Note onion structures
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fault appears to be displaced by the R-trending one (Fig. 9). Nearly vertical joints are
closely developed forming a swarm. Attitudes

of joints are concentrated in N350-500E•

700-900NW (K-trend) and N350-550W•
750-900NE (R-trend) (Fig. 8-2). The

Loc. 6 (Massive siltstones interbedded
with irregularly shaped, fine arkosic sandstones about 1 m in thickness; K5): The beds

dips gently to NW, and is displaced by a
sharp-cut fault of N520W•800SW (R-trend),

R-trending joints have relatively sharp and

along which no drag on the bed can be seen.
The bed is cut also by closey spaced joints

extensive planes compared with the

parallel to the fault.

K-trending ones (Fig. 9). The joints of
R-trend cut sharply, sometimes displace

Loc. 7 (Greenish yellow massive siltstones

slightly, those of K-trend. Some joints of
R-trend cut occasionally pebbles contained

of K5): Closely spaced joints, nearly vertical
in attitude, of R- and K-trends are typically

in the lower division of the beds.

displayed at this locality; the R-trending
joints are developed at intervals of 7-8 cm

Loc. 4 (Greenish yellow massive siltstones
of K5): Closely spaced joints of R-trend are
well developed at intervals of a few to ten

and the K-trending at an interval of 2 cm (Fig.

11). The fragmentation of the bed by the
joints is prominent especially in weathered

centimeters, point-maximum of them being
in N500-600W•700-850NE. Joints of K-trend

joints have been actualized only when

are less spaced and their orientations are con-

exposed to weathering.

parts. This fact shows that some cryptc"

siderably scattered (Fig. 8-3). The striking

feature is development of onion structures
upon weathering, shapes and dimensions of
which are notably controlled both by trends

sandstones grading downward into granule
conglomerates and micaceous sandstones,

and spacings ofthejoints (Fig. 10).

interbedded with 20-100cm thick coal

Loc. 5 (Greenish and dark grey massive

Loc. 8 (Alternation ofvery coarse-grained

seams; referable to the Coal Measures ofK2):
The beds (N860W•260 S) are cut by joints with

siltstones with intercalations of 50 cm thick

various trends and inclinations (Fig. 8-4).

bedded shale, K5): The stnke and dip of the
bed is N540W•390SW, though it is sometimes
variable because of drag on the beds along
faults. The bed is displaced by minor normal

Loc. 9 (Alternation of bedded siltstones
and very coarse-grained sandstones; proba-

faults with downthrows of 20-30 cm to NW
or SE; strikes and dips of N600E•600NW,

bly K3): The beds (N80E•130NW)arecut
by nearly vertical jojnts of R-trend; the joints

of R-trend are in the direction of N500-

N540E•700SE, N680E•560SE and N500E• 600W and those of K-trend in N350-550E
(Fig. 8-5).
700NW are obtained for four faults. The
former two and the latter two are considered
to be conjugate sets of faults, respectively,

and to be formed under the stress state of
N300W-S300E horizontal tension.

Fig. 8-6 shows the point diagram of poles
to bedding planes of the Karroo sediments

exposed between Loc. 1 and 9 along the
Chiwerewere-Chiweta road. Though the beds

123

Fig.11

Closely spaced K- and R-trending
Loc. 7.
beds.

Fig.12

Gently folded structure

jotnt

swarms found in

of the K5

beds.

Loc. 10.

the K5
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are widely variable in attitude, the poles
appear, as a whole, to be aligned on a nearly
vertical great circle ofNE-trend. This suggests

Loc. 11 (Bluish grey bedded siltstones of

K5): The beds dip steeply to NW or SE,

that tectonic disturbance of beds were to

and fomi a complicated folded structure with

some extent caused by the faulting of

nearly horizontal axial planes. Fig. 8-9 shows

NW-trend along the North Rumpi, e.g., by

a projection of poles to bedding planes,

drag and tilt of the beds along the R-trending
faults. Fig. 8-7 shows a point diagram of ali

from which the horizontal fold axes trending
N600E are postulated. 'Ihis trend is approximately parallel to the Henga Valley Fault of
K-trend. The parallelism ofthe two structural

joints measured along the same road;both Kand R-trends are clearly distinguished.

Loc. 1O (FissilebeddedmudstonesofK5):
The bed shows a gently folded structure with

elements is strongly indicative of some genetic
relationship between the folding and faulting.
From the pattern of the folded structure it is

a wavelength of 200cm and an amplitude
of 60cm, the fold axis plunging 200 to

considered that the folding may be attributed

S700E (Fig. 12). The strikes and dips of the
northern and southern limbs of an anticline

of. the steeply inclined beds dragged by the

are N160W•200NE and N640E•240SE,
respectively. Nearly vertical joints cutting

the folded structure trend in preferred
orientations of N1OO -200 W and N700 -900 E
(Fig. 8-8), but it is uncertain whether these

orientations are referable to the R- or
K-trends because of a clockwise deviation
from the typical R- and K-trends.

to a sort of gravitational flexure by dead load
steep fault as shown schematically in Fig. 13.

These folded beds are cut by subparallel
joints of R-trend (Fig. 8-10) obviously later
in origin than the folding. The K5 beds, 20m

north of this locality, show typical onion
structures with diameters of5-30 cm, shapes
and dimensions of which are strongly controlled by nearly verticaljoints of R-trend and

bedding planes (N400E•260 SW).

One kilometer northward from this locality, the K5 beds show a wide variety of strikes

ranging from NNW to NE and eastward dips
from 200 to 520. The variety of bedding
attitudes may be attributed to the similar
flexure or folding as seen at Loc. 10. A
striking tectonic feature observed at these
locality is that the K5 beds dip to the east
only in a narrow zone of 1 km in width along
the Henga Valley Fault in marked contrast
to overall gentle southwest-dipping in the
Livingstonia area. Consequently the K5 beds
form an asymmetrical syncline which appears
to be ascribed to the Henga Valley faulting.
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Loc. 12 (Thick bedded, yellow finegrained sandstones of K5): Nearly vertical
joints of R-trend are well developed at an

interval of 30cm cutting the beds which
gently dip to NW, though some joints of
K-trend are recognized (Fig. 8-11). The

Escarpment faulting. The distribution of
poles to joint planes (Fig. 8-15) are con-

centrated in two maxima: N200-450W
(R-trend) and N200-350E (K-trend).

Loc. 17 (Alternation of sandstones and

R-trending joints generally show good con-

mudstones, K3): Two normal faults are

tinuity, and occasionally appear as steep cliffs
on the hill top near Tigone village.

strike and dip, has a downthrow of 2 m to SE.

Loc. 13 (Chocolate-coloured and green
mudstones with intercalations of coarsegrained arkoses; K3): Joints show some

observed, one, N300E•820SE (K-trend) in

Loc. 18 (Muscovite schists of the Base-

ment Complex with dominant foliation of

trend), NIOO-400E and N700-900E (Fig.

N800W•680S): Joints projected on the Fig.
8-16 make a weak maximum around a point
representative of N200E•400NW, that is,
considerably lower dip than that of the

8-12).

Jloints developed in the Karroo System.

variety in orientation but appear to be con-

centrated in the trends of N300-500W (R-

Loc. 14 (Medium-grained arkoses with

Loc. 19 (Muscovite gneisses of the Base-

cross lamina, K3): Preferred orientations of

ment Complex with dominant foliation of

nearly vertical joints can be seen in the
direction of N200W, NIOOE and nearly E-W

N820E•320S): Joints, though showing a wide
variety of orientation, have a tendency to
strike N-S and dip steeply to E or W (Fig.

(Fig. 8-13).

8-17).

Loe15 (Micaceous coarse grained sandstones, chocolate-coloured siltstones, and
granule conglomerates with an intercalation
of thin coal seam, K3): The beds generally

dip 40-120 to N, occasionally 180-220 to
NE or NW. Closely spaced and nearly vertical
joints are developed. Preferred orientation of

them (R-trend), though widely variable, is
approximately parallel to this segment of the
Livingstonia Escarpment Fault (Fig. 8-14).

Loc. 16 (Massive coarse-grained sandstones and granule conglomerates interbedded
with thin bluish grey siltstones, K3): The beds

are displaced by two normal faults; one has

a downthrow of 3.5m and the attitude of

N300W•800NE the other a downthrow of
)

1 m and the attitude of N400E•800SE. 'IIhe
former one, possibly the latter, too, is considered to be associated with the Livingstonia

Loc. 20 (Muscovite schists of the Base-

ment Complex with dominant foliation of
N860E•320S): Most of joints strike nearly
NNE and dip steeply to E or W (Fig 8-18).

Loc. 21 (Amphibolites of the Basement
Complex): The amphibolites show a minor
folded structure with a wavelength of 2m.
Poles to foliation planes plotted on Fig. 8-19

describe a great circle which defines the
fold axis plunging 1OO to W.

Loc. 22 (Amphibolites of the Basement
Complex with dominant foliation of N880E •

320S): A vertical fault striking N280W
('R-trend), probably accompanied by the
Livingstonia Escarpment faulting, cuts sharply the amphibolites.
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Fig. 8-20 shows the distribution of poles
to foliation planes of the Basement rocks
exposed from Loc. 18 to 22 along the escarpment road. Fig. 8-21 is a scatter diagram of
poles to joint planes cutting the same Basement rocks.

R-trending joints
K-trending ones.

are predominant over the

Loc. 25 (Alternation of bluish grey

Loc. 23 (Muscovite gneisses of the Base-

siltstones and yellowish grey, very fine- to
coarse-grained sandstones, K6 and K7): Joints
cutting the beds which strike N300-500E and
dip 80-180 to E are well developed with high

ment Complex with dominant foliation of

concentrations around both the K- and R-

N800W•600S): Nearly vertical joints of R-

trends (Fig. 8-25).

trend are developed (Fig. 8-22).

Loc. 24 (Muscovite gneisses of the Basement Complex): The gneisses make a typical

Loc. 26 (Well bedded, grey to pale yellow
siltstone with intercalations of very fmegrained sandstones; K5): The beds strike

cylindrical fold (Fig. 14) with the axis plung-

approximately E-W and dip 60-140 to N

ing 450 to S300E as obtained by the T-

except along faults. Most of numerous faults
well developed at an interval of a few meters

diagram of Fig.8-23. Distinct striations can
be seen on some slickensided faults; plunges

of them are 480 to S560W on a fault plane

of N860E•660S, s60 to N400E on N40E•

are of normal dip-slip type with throws of
10-200 cm (Fig. 15). In Fig. 8-26 are plotted

17 poles to fault planes; they fomi two.

720E, and 650 to N560E on N180W•

groups, though not so dense, representative of

720NE. The directional concordance reslippings of R-trending faults strongly suggests

NW-stnke and NE-dip and NW-strike and SWdip. Regarding the two groups of the faults
as a conjugate set of faults, we can re-

cognized between the latter tvvo and dipa rejuvenation along the pre-existing fault

construct a paleo-stress field with a horizontal

planes. Fig. 8-24 is a scatter diagram ofpoles

tension in the direction of N300E-S300W,

to joint planes cutting the gneisses; the

Drag along the faults causes the beds to strike

NNW and dip 160-300 to NE. The faults as
well as joints are sometimes fi11ed by calcite
veins.

Loc. 27 (Alternation of fine-grained sand-

stones and mudstones; K3): There are
observed conjugate sets of NW-trending
normal faults, the dip-slip along which is con-

Fig.14 Cylindrical fold found in the Base-

ment Complex. Loc. 24.

firmed by striations on the slickensides;
faults downthrowing to NE about 300 cm and
those to SW several tens centrimeters (Fig.
16). Joints as well as minor faults with a
displacement of a few centimeters are also
well developed as shown in Fig. 8-27, where
both R- and K-trends are distinguishable.
Some of them are filled by calcite veins.
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Fig.15

Conjugate sets of normal faults

Fig.16 Conjugate sets of normal
Loc. 27.

Loc.28 (Amphibolites with pegmatite
veins; the Basement Complex): Fig. 8-28
shows a scatter diagram of poles to joint
planes cutting the amphibolites, whose

(R-trend)

cutting the K5 beds. Loc. 26.

fualts (R-trend) cutting the K3 beds.

foliations stnke NNW to NNE and dip

34o-

52e to E; both R- and K-trending

joints

are predominant.
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Loc. 29 (medium- to very coarse-grained

planes cutting the beds (Fig. 8-31) shows that

arkoses and granule conglomerates; the lower

both R- and K-trending joints are pre-

part of the North Rukuru Sandstones and
Shales, referred to K3 (Thatcher, 1964)):

dominant; some joints are filled with calcite.

The joints cutting monoclinal structure of the

Loc. 32 (Eastern marginal faults of the
Western Zone of the Karroo-basin to the west

beds dipping 100-300 to E (Fig. 8-29) are
measured for a distance of 3 km containing
this locality, to yield only a very scattered

of Karonga; see Saka and Yairi (1977) in this
volume): There can be seen, adjacent to the

pattern without any preferred orientation

undisturbed Basement Complex, a major

(Fig. 8-30).

sheared zone striking N200E and dipping 580
to NW, which consists ofmylonitized gneisses
with cemented fault breccias. The faulting

33045'E

must be closely related to a movement
which caused the monoclinal westward
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Loc. 30' (Thick bedded, coarse-grained
sandstones of the North Rukuru Sandstones
and Shales): The beds striking N580W and
dipping 180NE are cut sharply by several

--

- 1-i
r-

----"

faults; dip-slip striations are observed on the

slickensided faults. Fault planes me-asured

Mundota

are N240E•700SE, N240E•780SE and N40W •

p2a
"ii

840W in attitude, the forrner two being referable to the K-trend.

Loc. 31 (Alternation of greyish white,
calcareous, fine-grained sandstones and
greenish grey, fissile siltstones; uppermost
horizon of the North Rukuru Sandstones and
Shales): The beds strike N480W and dip 240
to NE. A scatter diagram of poles to joint

----

o .C?)X- 2 km

Fig.18

Locality-point map in
the Nkhata Bay are{see
Fig.1}.

-
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Loc. 33 (Quartzie of the Basement Complex): In a distribution pattern of joints
(Fig. 8-32) can be seen two preferred orien-

tations, one trending ENE and nearly
vertically dipping (K-trend) and the other
being N300W-600SW in attitude (Fig. 8-32).
Possibly the latter represents the schistosity
of the quartzites.

Loc. 34 (Augen gneisses of the Basement
Complex with dominant foliation of N260W•
700NE): Approximately N-S trending joints
appear to predominate in the joint pattern

evidences which testify it are not common
except a few cases recognized at Loc. 3,
where the R-trending faults appear to be
preceded by the K-trending ones. A folded
structure with horizontal axial planes,
observed at Loc. 11 along the Henga Valley
Fault of K-trend, may be attributed to a
tectonic movement soon after deposition.
The marginal faults of K-trend bounding the
Western Zone of the Karroo-basin, west of
Karonga (Loc. 32; see Saka and Yairi, 1977)
may also be attributed to such an earlier

tectonic movement. As the Karroo sedi-

widely variable in orientation (Fig 8-33).

mentary basins are believed to have been
tectonic in origin (Cooper and Habgood,

Loc. 35 (Augen gneisses of the Basement
Complex with dominant foliation striking
NNE and dipping 500-800 to SE): A scatter

1959; Shrooder, 1972; Drysdall and Kitching,
1963), the faulting of the K-trend may date
back in origin as old as a relatively earlier
stage of the Karroo sedimentation; though the
K-trending faultings are considered to have
taken place repeatedly during and after the
Karroo sedimentation.

diagram of poles to joint planes (Fig. 8-34)

shows that nearly E-W trending joints are
predominant.

Closely spaced, nearly vertical and subparallel joints of the R-trend, on the other

Post-Karroo faulting

From the tectonic evidences mentioned
above, it is confirmed that two kinds of

fault movements, the R- and K-trends,
affected all over the sequences of the Karroo

System in and around the Livingstonia area,
and that a series ofjoint system is developed
closely following the trends of the major
faults. The fault system of either trend is
characterized by conjugate sets of normal
faults, which demonstrate that the K-trending
faults occurred under the NW-SE horizontal
tension and the R-trending under the NE-SW
horizontal tension (Locs. 5, 26 and 27).

It is ofmuch importance to know the timerelationship between the K-trending faulting
and R-trending one. Unfortunately, however,

hand, are most extensively developed over
the area independently of the lithology and
pre-existing structures. They cut the folded
structure associated with the faulting of the
K-trend as observed at Loc. 11. The R-trending faults and joints are best expressed on the

topography of the present area as linear
escarpments and a series of subparallel
drainage system. These facts may indicate
that the R-trending structures were formed
during a relatively younger stage of the

tectonic movement. As pointed out in a
separate article in this volume (Yairi, 1977),

the forrnation of the Malawi Rift Valley has

been intimately related with a NW-SE or
R-trending, as designated here, taphrogenesis,
which defined the present outline of the Lake

Malawi trough.
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Table 3 Karroo to Recent geological

Divisionoftime

history of the

Deposition

Nyika area

(after

Tectonicincident

Thatcher,

1974)

Erosioncycle

m.y.
Alluvialdeposits

Recent

Uplift

DwangwaGravels

O.Ol

Upliftandrift-faulting

upper

Pleistocenemiddle
lower

ChitimweBeds

ChiwondoBeds

Quaternary

Upliftandfaulting
?Rift-faulting

1.8

Pliocene
5

Post-African

upper

?SungwaBeds

Miocenemiddle

Faulting

lower
22.5

African

Paleogene
65

upper

Majorrift-faulting

Cretaceousmiddle

PoSt-Gondwana

lower

DinosaurBeds

141

upper

Upliftandminorfaulting

Jurassicmiddle
lower

Majorfaulting

Gondwana

195
Triassic

230

Permian
280

KarrooSystem

Carboniferous

Based on the geomorphology and tectonics
of the post-Karroo faulting in the present
area, we here provisionally summarize the
tirne-relationship among the post-Karroo

Faultingandsubsidence
Faultingandsubsidence

Pre-Karrooerosion

main phase of faulting of the R-trend succeeded the close of the African erosion cycle in

the early Miocene time and may proclaim
the initiation of the extensive Neogene rifting

faultings as follows: The faults of the K-trend

along Lake Malawi, though its embryonic

may date back in origin to an early stage of
the Karroo sedimentation and were rejuvenat-

phase may have been related to the formation

of the sedimentary basin for the Dinosaur

ed in the middle Cretaceous time at the

Beds during upper Jurassic to lower

close of the post-Gondwana erosion cycle. A

Cretaceous time.
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Discussion and summary

for the K-trend and NE-SW for.the R-trend,

The Karroo rocks in Malawi were deposited
in a series of tectonically controlled basins
during the Permian and Triassic (Carter and
Bennet, 1973; Shrooder, 1972). It is very
difficult to determine the original extent of
the Karroo sedimentary basins owing to their
structural complexity and sporadic distribution related to the post-Karroo movements,
mainly to the major rift-faulting. In this
paper, however, it is emphasized that NEtrending faults, the trend of which is designated as the K-trend to represent the typical
Karroo-trend, might have controlled the birth

respectively. There must have been a signifi-

cant change of the stress field during the
post-karroo time, though the timing of the
change is still questionable. Thatcher (1974)

mentioned that the present pattern of the
rift-faulting was probably initiated, at the

northern end of Lake Malawi, in Upper
Jurassic to Lower Cretaceous times follow,
ing the break up of the Gondwanaland supercontinent. The change of the stress field may
be ascribed to this global event of the breaking up of the continent.

of the Karroo sedimentary basin of the
Livingstonia area. Along the Ruhuhu depression in Southwest Tanzania across Lake
Malawi, is also developed the Karroo System
extensively (McKinlay, 1956), which seems
to be situated on a northeastern extension
of the System in the Livingstonia area. The
relationship in space and time between both
sedimentary basins is most important when
considering the initiation of the K-trending
faults.

In this study, it is also emphasized that the
major faulting in the Livingstonia area, which
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Chromian Phlogopite in the Bushyeld
Anorthosite, South Africa

Kanenori SUWA and Kazuhiro SUZUKI
Department of Earth Sciences, Faculty of Science, Nagoya University

introduction

Bushveld anorthosite

In the course of our study on the Bushveld
anorthosite, we found chromian phlogopites

Bushveld anorthosite can be designated as
Group I anorthosite, which occurs as layers

in both adcumulate and heteradcumulate

within stratified basic sheets and lopoliths and

layers of the anorthosite from Dwars River

is developed under stable cratogenic conditions (Suwa, 1977a, 1977b).

Bridge.

As far as we aware, this is the first finding

of chromian phlogopite from igneous rock

There are two Precambrian events as the
basic igneous episodes of the cratons - the
earlier episode falling at 2,200Å}300 m.y. and

formed in the crustal environment.

Up to now, there are several reports of
chromian phlogopites in kimberlite (Rimsaite,

1971), in ultramafic nodules in kimberlites

(Carswell, 1975; Dawson and Smith, 1975;
Emeleus and Andrews, 1975), in ulframafic
nodules in alkaline basalt (Francis, 1976), and
in pyroxenite lens in serpentinized lherzolite

the later at 1,200Å}200 m.y. Bushveld Complex, 'which is one of the former examples,
intrudes the Transvaal System at 2,050m.y.
ago.

In Bushveld Complex, anorthosite layers
occur in the Critical-, Main-, and UpperZones, but no anorthosite layer occurs in the

(Peters, 1968). These rocks containing chromian phlogopite are believed to be of upper
mantle origin.

For example, lherzolite nodules containing

chromian phlogopite from Nunivak Island,
Alaska are believed to have been amphibolebearing fragments of the upper mantle, that
partially melted during their ascent to the
surface in the Nunivak basalts of late Tertiary

to recent (Francis, 1976); and spinel-free
pyroxenite containing chromian phlogopite is
found as lenses in the serpentinized lherzolites
originated in the upper mantle (Peters, 1968).

Fig. 1.

Beautiful alternation of white anorthosite layer
In this paper, a phlogopite containing
(plagioclase adcumulate layer) and black chromiteCr203 more than 1.0 wt.9o is designated as
rich layer (chromite-plagioclase heteradcumulate
chromian phlogopite.
layer) of anorthosite at Dwars River Bridpe, northeastern part of the Bushveld Complex {Photo by K.
Suwa, 8th Mar. 1970).
2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 133-138, 1977.
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Basal Zone consisting of ultramafic rocks
(Wager and Brown, 1967; Willemse, 1969).

play a role.

At Dwars River Bridge, Bushveld, anorthosite belonging to the upper part of Critical

heteradcumulate layers are twinned according

Zone occurs as beautifu1 alternation of white

law, and Carlsbad law. Frequency per-

anorthosite layer (plagioclase adcumulate
layer) and black chromite-rich layer (chromite-plagioclase heteradcumulate layer) as

centage of albite-Carlsbad law and Carlsbad
law reaches 439o in together.This twinning
pattern of the plagioclases clearly indicates
the igneous origin of the anorthosite and
there is no sign of any metamorphic effect in
the later periods (Suwa, 1975, 1977a, 1977b).

shown in Fig. 1.

The adcumulate layer consists of bytownite
with small amounts of clinopyroxene, orthopyroxene, chromite and chromian phlogopite,
and the heteradcumulate layer consists of
chromite and bytownite with small amounts
of clinopyroxene, orthopyroxene and chro-

Bytownite grains in the adcumulate and
to the albite-Carlsbad lav', pericline law, albite

Chromian phlogopite

Chromian phlogopites occupy only 1-2

mian phlogopite (Specimen No. KS-

and several vol. 9o in the adcumulate and

70030818a).

heteradcumulate layers respectively.

Bytownite grains in the adcumulate layer
are developed with their composition plane
(OIO) in subparallel to the cumulate plane,
whereas those in the heteradcumulate layer
are developed with their composition plane
(OIO) in subperpendicular to the cumulate

Under the microscope, chromian phlogopites show strong pleochroism: X=colourless

plane. Grain sizes of bytownite in both layers

are obviously different: bytownite in the
adcumulate layer is of 1-2mm in length and

that in the heteradcumulate layer is of
5-6mm in length. The grain size of chromite
in the heteradcumulate layer is O.02-O.4mm
in diameter.

In the adcumulate layer, bytownite primocrystals crystallizing from main liquid accumulate firstly on the cumulate plane and
then become to seed for later crystal growth,

in which process diffusion between main
liquid and pore space liquid plays an important role, and resultant crystal is 1-2mm in
length. In the heteradcumulate layer, after the
crystallization of chromite, bytownite begins

Photomicrograph of chromian phlogopite (left upper

to crystallize from pore space liquid and

central) in adcumulate layer of anorthosite {KS-

Fig. 2.

develops to larger crystal of 5-6mm in length,

70030818a) at Dwars River Bridge, NE Bushveld

during this process supercooling effect may

Complex. one nicol.
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chromian phlogopites occur associated with

mariposite appear to have high Si02 and so
can be considered as chromian phengites. In
Table 1, some examples of chromian musco-

chromite grains in both adcumulate and heter-

vites are also shown.

t-v very pale yellow, Y=Z=light brown and very
small optical angle of negative sign. Most of

adcumulate layers. Grain sizes of chromian
phlogopites in the adcumulate layer are of

O.05-O.5mm in length and those in the
heteradcumulate layer are of O.05-O.7mm in
length (see Figs. 2 and 3).

Associated minerals

Bytownite: Zonal structure is found frequently in the bytownite grains. The chemical

composition of bytownite in the adcumulate
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Fig 3.

layer by means of EPMA is An 74.3
(71.0-77.0), Ab 24.6 (22.0-27.6), Or 1.1
(O.6-1.4). The chemical composition of bytownite in the heteradcumulate layer varies
considerably: the bytownite in narrow zone

(O.O05-O.02mm in width) surrounding the
chromite crystal is more calcic than the
bytownite in other main parts. The bytownite

in contact directly with chromite is of An
79.1 (75.1-86.8), Ab 20.6 (13.2-24.4), Or
O.3 (O.O-O.5), and the bytownite in main

Photomicrograph of chromian phlogopite (upper

parts is of An 72.7 (69.2-79.2),Ab 26.8

central) in heteradcumulate layer of anorthosite
(KS-70030818a) at Dwars River Bridge, NE Bushveld
Complex. One n;col.

(2o.6-3o.1) , or o.s (o.2-o.7).
The angular separations in X-ray diffraction

patterns of the bytownite in the adcumulate
These chromian phlogopites contain sizable

layer are: 2e(220)-2e(Bl)=O.9g50, 2e

amounts of Ti02, Cr203 and FeO, and small
amounts of NiO, CaO and Na2 O as shown in
Table 1. When we compare chromian phlogo-

(1j1) - 2e(131) = 2.0850, 2e(131)+2e(220)4e(131)=1.090. Refractive indices of this

pite in the adcumulate layer with that in the
heteradcumulate layer, the former is charac-

O.OOI, 7D =1.575Å}O.OOI. These chemical,
X--ray, and optical data indicate that the

terized by the enrichment of Ti02 , FeO and
K20, and the latter is characterized by the

bytownite in the adcumulate layer is of the
low-temperature form.

enrichment of A1203, Cr203 MgO and Na20.
Similar variation of chemical composition can
be recognized also on chromites in both layers
as shown in below.

In general, chromium substitutes for octahedral aluminium in small amounts in normal

bytownite are orD = 1.565Å}O.OOI, BD = 1.570!

ainopyroxene: Clinopyroxene in the adcumulate layer is of diopside (Wo 47 En 43 Fs

10) containing Cr203 (O.81-O.88 wt. 9o),
A1203(O.89-1.68 wt.9o) and Na20 (O.18O.23 wt.9(o).

Orthopyroxene: Orthopyroxene in the

known with as much as 69o Cr203 , and these

heteradcumulate layer is of bronzite (En 85
Fs 15) containing Cr203 (O.33-O.50 wt. 9o),

are called fuchsite or mariposite. Those called

Al203 (O.82-1.32 wt.9o) and CaO (O.42-

2Mi muscovite. Chromian muscovites are
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Tablel Chemical compositions of chromian phlogopites (A, B, C),

fuchsite (D)

and mariposite {E)

A
Si02

Ti02

Al2O3
Cr203
Fe203

38.4
5.48
14.3
1.24
} 5.75

B

C

D

38.7
5.17
14.8
1.42
l 4.12

38.92
O.26
17.36
2.19
} 3.77

45.97

56.00

31.67
4.81
2.56
O.53

23.52
O.78

O.31

2.12

O. 1'5

1.03

O.37
2.72

9.07

7.03

3.48

3.52

FeO

MnO

O.Ol

o.o

NiO

O.11

MgO

O.10
21.6

CaO
Na2O

O.08
o.o

O.07

K20

9.40
3.78

9.02
3.36

H2 O"

23.2

O.10

23.36
o.oo
1.07
8.36

O.51

Total

1OO.1

100.1

95.34

Si

5.46
2.39
o.o
O.14
O.59
} O.69

5.43
2.43
o.o
O.16
O.55
} O.48

5.491

K

o.o
O.Ol
4.57
O.Ol
o.o
1.71

o.o
O.Ol
4.84
O.Ol
O.02
1.61

4.913
o.ooo
O.292
1.507

Total

15.57

15.54

O.87

O.91

Cr
Ti

Fe'3

2.509
O.379

Ni

Mg
Ca

Na

Mg
Mg+ Fe

100.09

6.268
1.732
3.360

99.87

7.421

O.579

O.245
O.027

O.518

3.096
O.081

} O.445

O.262
O.061

O.330
O.057

O.063
O.022
O.272
1.578

O.419
O.053
O.700

15.814

14.136

13.926

O.917

O.16

O.52

Fe'2

Mn

3.30
O.51

O.05

H2O-

AIIV
AIVI

E

O.O06

A : Chromian phlogopites (average 4) in adcumulate layer of anorthosite (KS-70030818a)

from Dwars River Bridge, Bushveld Complex.
B: Chromian phlogopites (average 3) in heteradcumulate layer of anorthosite (KS70030818a) from Dwars River Bridge, Busihveld Complex.
C: Chromian phlogopites (average 3) in lherzolite nodules from Nunivak Island, Alaska
(Francis, 1976).
D: Fuchsite (chrome-muscovite) from Pointe du Boise, Manitoba (Whitmore et al., 1946).
E: Mariposite from Ross Mine, Hislop Township, Ontario (cited in Whitmore et al.,1946).

1.190
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O.47 wt.9o)

Chromite: Chromites in the adcumulate
and heteradcumulate layers contain sizable

amounts of A1203 and MgO, and small
amounts of Ti02, MnO, NiO, Si02 and CaO.
The chemical compositions of chromites in
both layers are different each other. When we

chromian phlogopite, clinopyroxene, orthopyroxene and plagioclase in descending order.

In the lherzolite nodules from the Nunivak
Island, chromium prefers to enter into chromian spinel and then into chromian clino-

pyroxene, chromian arnphibole, chromian
phlogopite and olivine in descending order.

compare chromite in the adcumulate layer

(4) Cr!Al ratios of the chromites in the

with that in the heteradcumulate layer, the
former is characterized by the enrichment of

adcumulate and heteradcumulate layers in the
Bushveld anorthosite are 3.1 and 2.4 respec-

FeO, Fe203, Ti02, MnO and CaO, and the

tively. CrlAl ratio, in general, appears to be
high in chromian spinel from layered intrusive

latter is characterized by the enrichment of
A1203 and MgO. Cr203 content of chromites
in both layers is same.

body and the ratio appears to be low in
chromian spinel from ultramafic nodule of
upper mantle origin.

Discussion

(1) Chemical composition of chromian phlogopites in the adcumulate layer differs from
that of chromian phlogopites in the heteradcumulate layer of the Bushveld anorthosite.
Similar variation of chemical composition can

For example, Cr/Al ratios of chromites
in massive ore of the Stillwater Complex
(Stevens, 1944) and in chromitite of the
Bushveld Complex(Frankel, 1959) are 1.9 and
2.4 respectively; and the ratios of chromian
spinels in ultramafic nodules from Ndonyuo

Olnchoro, Kenya (Suwa et al., 1975) and

be recognized also on chromites in both

from Nunivak Island, Alaska (Francis, 1976)

layers. Therefore, chromian phlogopites are
considered to be crystallized primarily in the

are O.5.

process of the Bushveld igneous activity.

(2) Chromian phlogopites from the Bushveld
anorthosite are characterized by the deficiency of Si and Al in the tetrahedral site and

by the enrichment of Ti and K. On the other
hand, chromian phlogopites from lherzolite

nodules of Nunivak Island in Alaska are
characterized by the enrichment of Al, Cr, Mg
and Na as shown in Table 1.

Chromium is considered to occupy tetrahedral site and!or octahedral site in the
Bushveld chromian phlogopites, and chromium occupies octahedral site in the Nunivak
chromian phlogopites.

(3) In the Bushveld anorthosite, chromium
prefers to enter into chromite and then into

CrlAl ratio of chromian spinlel appears to
be governed by solid pressure, oxygen partial
pressure, temperature and bulk chemical composition of rock concerned.

(5) As far as we aware, most chromian
phlogopites have been reported from the
rocks of upper mantle origin (Carswell, 1975;

Dawson and Smith, 1975; Emeleus and
Andrews, 1975; Francis, 1976; Peters, 1968;
Rimsaite, 1971). The chromian phlogopite in
the Bushveld anorthosite described in this
paper is considered to be the first finding of

chromian phlogopite from igneous rocks
formed in the crustal environment,

Judging frorn the occurrence, more chromian phlogopites will be found in layered
intrusive body, where especially in lower
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Contact Aureole of the North-eastern
Igneous Complex, South
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Introduction

The Bushveld Igneous Complex is a giant
among mafic layered intrusions and occupies

an area about 67,OOO Km2 in extent. The
Complex consists of five adjoining, basinshaped masses of igneous rocks. The outline
of the whole mass is accordingly lobulate.

The total thickness of the exposed layered

sequence in the Eastern Transvaal is now
placed at 7,500 metres. The rocks range in
composition from dunite through peridotite
and pyroxenite to norite, gabbro, anorthosite
and ferrodiorite in the layered sequence.

There is ample evidence of transgression of
the layered sequence to the encircling sedi-

mentary rocks. By taking the Magaliesberg
quartzite as a reference horizon, it is clear
that for long distances along the strike the

Bushveld Igneous Complex adjoins this
quartzite, especially in the Western Transvaal.

For this reason the Complex has been regarded as a conformable intrusion having a fioor.
A transgressive relationship, however, is also
revealed in many localities (Willemse, 1969),

Faculty of Science, Nagoya

University

Pretoria series, Upper sedimentary horizon of

the Transvaal System, of the Lydenburg and
Zoutpansberg districts as a pioneer. Since
Hall, several authors investigated the same
problem and recent investigators include
Hiemstra and Van Biljon (1959), Schwellnus

(1970) and Willemse and Viljoen (1970).
Hiemstra and Van Biljon (1959) described
contact metamorphic rocks in the area southeast of Steelpoort, Schwellnus (1970) described andalusite and staurolite hornfelses occurring in the north-eastern metamorphic aureole
of the Bushveld Igneous Complex and discussed the relationship between these two minerals on the basis of their petrochemical data,

and Willemse and Viljoen (1970) described
contact metamorphic rocks near Aspiesdoorn
and corundum-sillimanite-spinel xenoliths in
the north-eastern part of the Bushveld Igneous Complex.

On the Western Bushveld, Hatch (1904)
mentioned chiastolite slates to the north of
Zeerust. Since Hatch, several authors investigated contact aureole and several surveys were
conducted along the chiastolite and andalusite

During intrusion of the Bushveld Igneous

horizons because of the growing economic

Complex at 2,050 m.y. ago, the thermal

value of andalusite for refractory purpose,
and recently Engelbrecht (1976) described

history of the sedimentary succession of the

Transvaal System probably consisted of a
rapid temperature increase followed by a
temperature maximum and a comparatively

the contact metamorphic rocks in Marico

long time during which the thick overlying
mass of mafic magma crystallized and cooled.

chemical and petrographical data to clarify
the physical and chemical conditions during
contact metamorphism. No detailed mineralogical data, however, can be found in these

On the Eastern Bushveld, Hall (1908)
investigated contact metamorphism in the

2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 139-153,

district.

These recent studies include the petro-

1977.
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groups, lower grade and higher grade meta-

morphic rocks. Lower grade metamorphic
rocks occur at and around Longsight and
ll. 9. .i70030B07'OM8 : .,Aspiesdoorn

55-7qo3' qs'

.'

,. t

Longsight

'llii(,9tA,.,s.,,lo,,rt

st2gi•

higher grade rocks at and around Burgersfort
and Aspiesdoorn.

h S-ro030713-14•15•16
Ks-7oo3oBa•o2
z••.tk.iliii,l,i•l•,,iil[:•Iiilli,ilil:

(A) Pelitic-psammitie hornfels at Longsight

Ohrigstad

Voortrekkersbad

Pelitic-psammitic hornfels at Longsight
shows clearly graded bedding in the field as
well as in the handspecimen as shown in Fig.
2. Even under the microscope, the texture of
graded bedding is clearly observed as shown in

Rusptaa

N

Fig. 3.

The chemical compositions ofpelitic-psammjtic hornfels (KS-70030714) at Longsight
are shown in Table 1. When we compare the
Lydenburg

chemical composition of pelitic hornfels with

O 10 20krn
Fig. 1.
Locality map of the north-eastern contact aureole

of the Bushveld Complex. Dotted area shows the
Bushveid Compiex.

recent studies.

In this paper, therefore, we would discuss

the contact metamorphism on the basis of
mineralogical and petrographical data of the

that of psammitic hornfels, the former is
higher in A1203 and FeO and is lower in
Si02, Fe203 , Na2 O and K2 O.

Psammitic hornfels (KS-70030714-3) consists mainly of quartz, biotite and muscovite

with small amounts of garnet, plagioclase,
tourmaline, ilmenite and zircon. Grain size of
the minerals is very fine-grained as follows:

quartz (av. O.07mm), biotite (av. O.2mm),
muscovite (av. O.05mm), garnet (av. O.lmm)
and tourmaline (av. O.05mm). Biotite exhibits
sieve texture.

contact metamorphic rocks occurring at the

The chemical compositions of the con-

north-eastern contact aureole of the Bushveld

stituent minerals of the psammitic hornfels
are shown in Table 2. Garnet is of almandine

Igneous Complex.

with spessartine molecule, biotite is lower in

Contact metamorphic rocks
at Longsight
Studied area is situated in the north-eastern

part of the Bushveld Igneous Complex and is

shown in Fig. 1. The contact metamorphic
rocks can be tentatively divided into two

Ti02, muscovite is higher in NalNa+K ratio,
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Table 1 Chemical compositions of
at Longsight, north-eastern
Pelitic hornfels

KS-70030714-4
64. 57
O. 80
20. 70
1. 11
3. 29
O. 09

Si02
Ti02

A1203
Fe203

FeO

MnO
MgO
CaO
Na20

K20
P20s
H20(+)
H2O(-)

Table 2

Psammitic hornfels

Semi-pelitic hrnfels

KS-70030714-3

KS-70030714-34
66. 51
O. 81
20. 20
1. 45
2. 62
O. 09

69. 55
O. 66
16. 84

L 61
2. 28
O. 07

L 36

L 27

L 30

O. 39
O. 85
2. 43
O. 03
4. 24
O. 18

O. 22
1. 04
2. 88
O. 05
2. 74
O. 14
100. 02

O. 31
1. 38
3. 83
O. 05
2. 36
O. 11

100. 04

Total
Arialyst

pelitic and psammitic hornfels{KS-70030714)
contact aureole of the Bushveld Complex.

IOO. 35

: K. Suzuki

Chemical compositions of garnet, biotite, muscovite and plagio-

clase in psammitic hornfels {KS-70030714-3} at Longsight,
north-eastern contact aureole of the Bushveld Complex.

Garnet

Garnet

Biotite

Muscovite

margm

(av.1O)

(av. 3)

1

36. 5

35. 0

45. 3

11
o

O. 12

core (av. 6)

(av. 6)

Si02

Ti02

A1203

FeO

MnO
MgO

CaO
Na20

K2O
H20(+)
Total
si

AilV

NVI
Ti

36.
o.
20.
28.

6
12. 6
1. 62
o. 69

o. oo
o. oo
o. oo
99. 7

2. 98
1. 95
o. oo
O. Ol

Fe

L 98

Mn

O. 88
O. 19
O. 06
o. oo
o. oo

Mg
Ca

Na

K

20. 0
30. 3
10. 4

L 50
L OI
o. oo
o. oo
o. oo
99. 8
3. 00
1. 94

o. oo
O. Ol
2. 09
O. 72
O. 18
O. 09
o. oo
o. oo

L 58
19. 8
21. 9

O. 25
8. 04
O. 05
O. 15
8. 51
4. 84
100. 1
5. 37
2. 63
O. 94
O. 18

o. 45
36. 2

o.
o.
o.

83
02

43
Ol
L 52
8. 86
6. 30

o.

99, 9
6.
1.

3.

o.

08
92
82
05

2 80

o.

10

O. 03
1. 84
O. Ol
O. 04
1. 66

o.

oo
09
oo

o.
o.
o.
1.

39
52

Plagioclase
(av. 7)

I

Ab 86. 0
An 13. 7

or o. 2
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e"-.--"-.".-j5cm

Graded bedding of pelitic and
psammitic-pelitic part, in which
with chiastolite porphyroblast.

Fig. 2
psammitic hornfels (KS-70030714) at Longsight Upper half is
psammitic part grades into pelitic part. Lower half is pelitic part

The boundary between upper half and lower half is very sharp.

Fig. 3
Microphotograph of
at Longsight. Upper
One nicol.

the tpxture of. graded bedding of petitic and psammitic hornfels (KS-70030714}
half is psammitic part and lower half is pelitic part with chiastolite porphyroblast.
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Fig.

Fig. 4.
Ditto

Microphotograph of pelitic hornfels (KS-70030714-4)
at Longsight. Chiastolite porphyroblasts are studded
in very finegrained groundmass. One nicol.

with

Fig. 4.

5.

Nicols crossed.

Table 3 Chemical compositions of garnet, biotite, muscovite, andalusite and plagioclase in pelitic
hornfels (KS-70030714-4) at Longsight,north-eastern contact aureole of the Bushveld Complex.
(C,O.mat) ?,:.rnr.gr4en)t-o(t,h.e.ri) (B,'.O.tist)e M(U,S.C.03vr)te An(d,.alU3S)ite Ma(gt,.9Csl)aSe

SiO2

36. 3

36. 1

36. 0

Ti02

O. 10

O. 14

O. 12

A1203

19. 8
27. 8
12. 6

FeO

imo
MgO

1. 61
O. 75
CaO
Na20 o. oo
o. oo
K20
H2O(+) o. oo
99. 0
Total
si

Alrv
AIVI
Ti

Fe

lm

Mg
Ca

Na

K

3. 00
1. 94

o. oo
O. Ol
1. 93
O. 89
O. 20
O. 07

o. oo
o. oo

20. 4
29, 2
11. 4

19. 9
28. 0
13. 2

1. 50
O. 88
O- OO
o. oo
o. oo

1. 61
O. 67
o. oo
o. oo
o. oo

99. 6

99. 5

2. 98
1. 98
o. oo
O. Ol
2. 02
O. 79
O. 19
O. 08
o. oo
o. oo

2. 98
1. 94
o. oo
O. 03
1. 94

34. 5
1. 62
20. o
22. 2
o. 32
7. 99
o. 02
o. 21
8. 52
4. 59
1OO. o

45,
o.
38.
o.
o.
o.
o.

1 OO.

o.

35

L 46

o. oo

o.

o.
o.

o. oo

1.

oo
oo

08

93
19
85

O. 06
o. oo

o

oo

o.

04
83
oo
06
67

41
oo

o.

2.

1.

06

o.

6.

71

o.

87

36. 2
o. Ol
63. 6
o. 25
o. 03
o. 03
o. oo
o. oo
o. oo
o. oo
1OO. 1
O. 98
2. 02
O. Ol
o. oo
O. Ol
o. oo
o. oo
o. oo
o. oo

29

2.

1

L 37

5.

O. 92
O. 20

49

8. 75
40. 04

2.

o.

9

3.

o.

o.

87
05
09
Ol

{

Ab
dn

87. 8
12.

o

Or

o.

2

1"
and plagioclase is of sodic oligoclase (An 1 3,7).

Chiastolite (andalusite) porphyroblasts contain very fine-grained inclusions of quartz,

In pelitic hornfels (KS-70030714-4), chi-

muscovite, biotite, garnet and ilmenite. Figs,

astolite (andalusite) porphyroblasts are studded in very fine-grained groundmass, in which
we can recognize two parts: the first is very

4 and 5 show chiastolite porphyroblasts
studded in pelitic hornfels (KS-70030714-4),

fine-grained groundmass and the second is
oval-shaped clot with 1.5mm in diameter.

The chemical compositions of the constituent minerals of the pelitic hornfels are shown

in Table 3. Garnet is of almandine with

Very fine-grained groundmass consists of
quartz (av. O.03mm), biotite (av. O.2mm),
muscovite (av. O.05mm), garnet (av. O.lmm),
ilmenite (av. O.05mm), plagioclase, tourma-

spessartine molecule, biotite is lower in Ti02,

muscovite is higher in NalNa+K ratio,
andalusite is lower in FeO, and plagioclase is

line, apatite and zircon. Garnet is not
poikilitic but euhedral, Z-axial colour of
tourmaline is light brown to green, and biotite often exhibits sieve texture and its Z-

of sodic oligoclase (An 12.0). When we compare Table 3 with Table 2, we can recognize
that the chemical compositions of the constituent minerals of the pelitic hornfels are

axial colour is pale brown.

very similar to those of the psammitic
hornfels.

Oval-shaped clot in groundmass consits of
fine-grained biotite (av. O.35mm), quartz (av.

O.07mm), muscovite (av. O.06mm), tourmaline (av.O.03mm), plagioclase and garnet.
Biotite and muscovite in this clot can grow
freely irrespective of the bedding. This clot
may be formerly pinnitized cordierite microporphyroblast.

Figs. 6 and 7 show long chiastolite porphy-

roblasts and biotite micro-porphyroblasts
studded in a very fine-grained groundmass of
pelitic hornfels (KS-70030716).

#

Fig. 6.
Microphotograph of pelitic hornfels {KS-70030716)
at Longsight Long chiastolite porphyroblasts and
biotite micro-porphyroblasts are studded in very
fine-grained groundmass. One nicol.

Fig. 7.
Ditto with Fig. 6. Nicols crossed.
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(B? Basic hornfels at Longsight

Basic hornfels (KS-70030713) at Longsight

Contact metamorphic rocks at Burgersfort and
Aspiesdoorn

consists mainly of actinolite, calcic plagioclase

and ilmenite with small amounts of zoisite
and calcite. Grain size of very fine-grained
actinolite is O.Ol to O.03 mm and that of
fine-grained actinolite is O.05 to O.2mm and
that of medium-grained actinolite sometimes

reaches O.4 to O.6mm, and the first two
actinolites occupy in majority. Calcic plagio-

clase is O.02 to O.03mm and sometimes
reaches O.35mm, and we can rarely recognize
the plagioclase relict phenocryst (O.8mm)
twinned after albite-Carlsbad law.

Fig.8 shows the microscopic structure of
basic hornfels (KS-70030713) at Longsight.
The chemical compositions of the constituent minerals of the basic hornfels are shown
in Table 4. Si and Ca of the actinolite reach

7.25 and 1.89 on the basis of 24 (O,OH,F),
respectively. Ilmenite is higher in MnO content (2.169o) and calcic plagioclase is of
bytownite (An 82).

(AJ Pelitic-•psammitie hornfels at Burgersfort

Ptygmatic leucocratic vein is found to
occur in pelitic-psammitic hornfels at Burgersfort.

Pelitic hornfels (KS-70030801) at the
south of Burgersfort consists mainly of muscovite, quartz, biotite, plagioclase, andalusite

and fibrolite with small amounts of ilmenite,

tourmaline and apatite. Grain size of the
minerals is fine- to medium-grained as follows: muscovite (av. O.8mm), quartz (av.
O.4mm), biotite (av. O.6mm), andalusite (av.

3.0mm), plagioclase (av. O.lmm), fibrolite
(individual: O.lmm, aggregate: 1.0mm), tourmaline (av. O.2mm) and apatite (av. O.lmm).
Fig.9 shows fibrolite aggregate and andalusite crystal surrounded by fibrolite aggregate.

Muscovite and biotite show sometimes
symplectic growth. Biotite contains many
zircons showing pleochroic halo. Fibrolite is

found to occur as an aggregate replacing
biotite and andalusite. Plagioclase shows
sometimes zonal structure.

The chemical compositions of the constituent minerals of the pelitic hornfels are
shown in Table 5. Biotite is higher in Ti02,
muscovite is lower in NalNa+K ratio, andalusite is higher in FeO, fibrolite is lower in FeO,

and plagioclase is of sodic andesine (An30.8).

Pelitic hornfels (KS-70030802) at the
south of Burgersfort consists mainly of muscovite, fibrolite, biotite, quartz, magnetite,
titaniferous magnetite, plagioclase and cordie-

Fig. 8.

rite with small amounts of tourmaline and

Microphotograph of basic hornfels {KS-70030713) at

apatite. Grain size of the minerals is fine- to

Longsight. All clots and matrix part are mainly
composed of fine-grained actionolite and cajcic

medium-grained as follows: muscovite (av.

plagioclase. Nicolscrossed.

1.5mm), fibrolite (aggregate: av. 2.5mm), biotite (av. O.6mm), quartz (av. O.8mm), magnet-
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Table 4 Chemical compositions of actinolite, ilmenite and
(KS-70030713} at Longsight,
clase in basic hornfels
eastern contact aureole
of the Bushveld Comptex.
Actinolite (av. 14)

48. 9
O. 48
Ti02
al203
6. 33
15. 9
FeO
O. 34
imo
MgO 12. 4
CaO
11. 9
O. 57
Na20
O. 14
K2O
H20(+) 3. 11
Total
100. 1
Si02

lhnenite (av. 3)

O. 33
52. 3
O. 19
43. 5
2. 16
O. 19
O. 36
o. oo
o. oo

plagio-

north-

Magioclase (av. 8)

{

Ab 18
An 82

or o

o. oo
99. 0

si

7. 25

hlW

O. 75

O. Ol

AIVI

O..36

O- OO

Ti

O. 05

L 99

Fe

L 97

1. 85

O. 02

im

O. 04

O. 09

Mg

2. 73

O. Ol

Ca

1. 89

O. 02

Na

O. 16

o. oo

K

O. 03

o. oo

ne

OL--.L..-i---.iwwSimm

Fig. 9.
Microphotograph of pelitic hornfels (KS-70030801)

Fig. 10.

at the south of Burgersfort. Upper central is fibrolite

Microphotograph of pelitic hornfels (KS-70030802)

aggregate and left central is andalusite crystals sur-

at the south of Burgersfort. tncrease of grain size of

rounded by fibrolite aggregate. One nicol.

the constituent minerals is recognized. One nicol.

l47
fibrolite and
Burgersfort,

Table 5 Chemical compositions of biotite, muscovite, andalusite,
plagioclase in pelitic hornfels (KS70030801) at the south of
north-eastern contact aureole of the Bushveld Complex.
Biotite

Muscovite
(av. 2)

Andalusite Fibrolite
(av.2)

Si02

35. 6

45. 5

Ti02

2. 89

O, 37

Al2O3

19. 0

FeO

22. 8

2, 53

1. 36

O. 47

imo
MgO

O. 21

O. 03

O. Ol

O. Ol

7. 95

O. 59

O. 03

O. Ol

CaO

O. 03

O. 05

o. oo

O. Ol

Na2O

O. 12

O. 88

o. oo

o. oo

K2O

9. 10

9. 76

o. oo

o. oo

H20(+)

2. 32

3. 57

o. oo

o. oo

100. 2

100. 0

100. 8

Total

36. 7

37. 3

37. 3

O. 09

O. 05

62. 0

61. 8

6. 01

1. 01

L OI

2, 63

1. 99

o. oo

o. oo

O. 74

3. 73

1. 97

1. 98

'i'i

O. 33

O. 04

o. oo

o. oo

Fe

2. 87

O. 28

O. 03

o. oo

im

O. 03

o. oo

o. oo

o. oo

Mg

1. 78

O. 12

o. oo

o. oo

Ca

O. Ol

O. Ol

o. oo

o. oo

Na

O. 04

O. 23

o. oo

o. oo

K

L 75

l. 65

o. oo

o. oo

Nrv
NVI

ite and titaniferous magnetite (av. O.06mm),
plagioclase (av. O.15mm) and cordierite (av.
O.2mm). Grain size of the higher grade metamorphic rocks (e.g., KS-70030801, 02) shows
an increase of about ten times over that of the

(av.6)

{

Ab 68. 8
An 30. 8

Or o. 4

99. 9

5. 37

Si

Plagioclase

Muscovite shows symplectic growth, and
biotite shows sometimes symplectic growth
and contains many zircons showing pleochroic halo. Fibrolite occurs as an aggregate
.
replacing muscovite and biotite,
and twinned

lower grade metamorphic rocks (e.g.,

cordierite sometimes is found. Plagioclase

KS-70030714, 16) as shown in Figs. 3 and 1O.

shows sometimes weakly zonal structure.
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Table 6

Chemical compositions of cordierite, biotite, muscovite, magnetite, titaniferous

magnetite, and plagioclase in pelitic hornfels (KS-70030802) at the south of
Burgersfort, north-eastern contact aureole of the Bushveld Complex.
Cordierite
(av. 3)

Si02

48. 1

Biotite
(av. 2)

36. 6

Ti02

O. 06

Al2O3

33. 9

21. 2

Fe203

}5 70

116 3

1. 80

Muscovite

Magnetite Titaniferous

(av. 3)
45. 5

18

1.

36. 5

}3 71

FeO

o. oo

o. oo

O. 27

18. 1

O. 42

O. 45

68. 0

25. 2

30. 7

55. 3

MnO
MgO

O. 59

O. 23

O. 03

O. 14

O. 47

9. 98

12, 4

O. 86

O. 09

O. 12

CaO

o. oo

o. oo

o. oo

o. oo

O. 06

Na20

O. 54

O. 26

O. 86

o. oo

o. oo

K2O(+)

o. oo

8. 31

9. 80

o. oo

o. oo

H,O(+)

L 22

3. 12

1. 65

o. oo

o. oo

100. 1

100. 2

100. 1

99. 6

99. 7

Total

Si

4. 89

5. 34

5.

Alrv

1. 11

2. 66

2.

07

NVI

2. 96

O. 97

3.

54

o.

12

O. 06

4. 21

10 40

15. 77

5. 87

7. 91

14. 32

Ti

Fe'3

O. 11

lO 48

O. 20

}1 98

Plagioclase

magnetite

93

Fe'2

o. oo

}O 15

{

Ab 73.

7

An 25.

9

Or o.

4

o. oo

}O 16

im

O. 05

O. 03

o.

oo

O. 04

O. 13

Mg

L 52

2. 68

o.

17

O. 04

O. 06

Ca

o. oo

o. oo

o.

oo

o. oo

O. 02

Na

O. Il

O. 08

o.

22

o. oo

o. oo

K

o. oo

L 54

1.

63

o. oo

o. oo

The chemical compositions of the constituent minerals of the pelitic hornfels are shown
in Table 6. As opaque minerals, magnetite and

due to the absence of ilmenite in this rock.
Muscovite is lower in NalNa+K ratio, FelFe+

titaniferous magnetite are found to occur.

,
is of calcic
oligoclase (An25.9).

Biotite is lower in Ti02 and this fact may be

Mg ratio of cordierite is O.24, and plagioclase
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Fig. 11.
Microphotograph of calcareous hornfels (KS70030808} at Aspiesdoorn. Left part is ilmeniteanorthite-poikiloblastic potassic hastingsite zone,
central left part is anorthite-ilmenite-phlogopitetitaniferous salite zone, central part is titaniferous
salite zone, central right part is anorthite-salite zone,

and right part is clinozoisite-muscovite-salite zone.
N icols crossed .

Table 7 Chemical compositions of plagioclase, potassic hastingsite, ilmenite, titaniferous salite,
salite, phlogopite and muscovite in calcareous hornfels (KS-70030808) at Aspiesdoorn,
north-eastern contact aureole of th.e Bushveld Complex.
Magioclase

Potassic

Ilmenite

hastingsite

(av. 3)

44. 0

Ti02

o. oo

A1203

37. 8

FeO

O. 13

MnO

o. oo

MgO
CaO
Na20

o. oo
20. 1

o. oo

37. 1

1. 82
18. 0
14. 8

O. 36

(av. 4) (av. 2)
33. 8

46. 7

1. 53

O. 02

47. 5

48. 7

51. 2

1. 99

O. 30

O. 20

6. 86

3. 57

19. 0

38. 4

7. 74

8. 03

14. 0

O. 72

45. 3

3. 73

O. 39

O. 38

O. 25

O. 06

16. 3

O. 52

O. 36

O. 19

11. 4

12. 8

O. 20

24. 7

25. 5

O. 19

O. 57

o. oo

O. 06

O. 03

O. 15

O. 06

O. 03

O. 03

8. 24

10. 8

9. 34
12. 3

K2O

o. oo

3. 68

H20(+)

o. oo

2. 12

o. oo

o. oo

101. 1

100. 7

102. 00

Phlogopite Muscovite

O. 30

o. oo

Total

Salite

salite

(av. 7)

(av.2)
Si02

Titaniferous

100. 1

o. oo
99. 3

6. 59
100. 1

2. 46
1oo. 1

5. 12

6. or

O. 15

2. 88

1. 96

3. 90

si

O. 99

5. 64

O. 02

1. 78

1. 85

Alrv

O. Ol

2. 36

o. oo

O. 22

AIVI

2. 01

O. 85

O. Ol

O. 08

O. Ol

O. 51

Ti

o. oo

O. 21

1. 93

O. 06

O. Ol

O. 18

o. oo

O. Ol

1. 88

1. 90

O. 24

O. 26

1. 78

O. 08

im

o. oo

O. 05

O. 16

O. Ol

O. Ol

O. 03

O. Ol

Mg

o. oo

2. 12

O. Ol

O. 64

O. 72

3. 68

O. 10

1. 04

O. 03

O. 05

Fe

Ca

O. 98

2. 00

O. Ol

O. 99

Na

o. oo

O. 17

o. oo

o. oo

o. oo

O. 04

O. 02

o. oo

o. oo

1. 70

1. 79

K

o. oo

O. 72

o. oo
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(B) Calcareous hornfels atAspiesdoorn

Calcareous hornfels (KS-70030808) at
Aspiesdoorn shows beautiful zonal banding of
green-coloured and chocolate-coloured bands
as shown in Fig. 11.

Outermost deep green zone (5mm in
width) consists mainly ofpoikiloblastic potassic hastingsite, anorthite and ilmenite with
srnall amounts of sphene, titaniferous salite,
phlogopite, sericite, calcite and clinozoisite.
Poikiloblastic potassic hastingsite reaches 1 to

Inner green zone (15mm in width) consists mainly of salite with small amounts of
muscovite and prehnite. Grain size is O.02
to O.15mm.

Inner brownish green zone (more than
3mm in width) consists mainly of salite with
small amounts of anorthite, sericite, clinozois-

ite and calcite. Salite exhibits symplectic
growth with anorthite and reaches O.4mm in
size. Grain size of the other minerals is O.03
to O.1mrn.

5.5 mm in size and contains inclusions of
ilmenite, sphene and anorthite. Size of the
other minerals of this deep green zone is

l

I

ei'

about O.03mm and sometimes reaches
O.1mm.
Outer brownish green zone (2mm in width)
consists mainly of titaniferous salite and
phlogopite with small amounts of ilmenite,
anorthite and sericite. Grain size of the

21.0

:

Tsch

Par

AIIV

Ed

minerals is O.1 to O.3mm.

Central outer pale chocolate-coloured zone
(2mm in width) consists of titaniferous salite
and sericite. Grain size of the rninerals is O.02

to O.05mm.

TrGm

Outer central chocolate-coloured zone
(2mm in width) consists mainly of salite with
small amounts of anorthite and sericite. This

zone shows a texture of fine-grained saccharojdal aggregate and grain size of the

.51.0

Na+ K

Fig. 12.
Potassic hastingsite in calcareous hornfels
70030808) at Aspiesdoorn.

(KS-

minerals is O.03mm in average.

Outer central green zone (3mm in width)
consists mainly of salite with small amounts
of sericite and zoisite. This zone shows also
fine-grained saccharoidal texture of O.03mm
of each grain size.

Central brownish green zone (3mm in

The chemical compositions of the constituent minerals of the calcareous hornfels are

shown in Table 7. Potassic hastingsite is
higher in A1203, K2O and Ti02 and the ratio
of FelFe+Mg is O.47. Na+K and AIiV diagram

width) consists mainly of salite with small
amounts of muscovite and clinozoisite. Grain

of the potassic hastingsite is shown in Fig. 12.
Plagioclase is of anorthite (An 1OO). Titanifer-

size is O.03 to O.Imm.

ous salite and salite have a same FefFe+Mg
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ratio (O.27), but the former is higher in Ti02

and A1203. Ilmenite is rich in MnO, and
phlogopite contains considerable amounts of
Ti02 but this amount is lower than that in
pelitic hornfels of higher grade part. Muscovite is very low in NalNa + K ratio, because

Na20 content in this calcareous hornfels is
very low and Na2O concentrates mto potassic
hastingsite and phlogopite of the outermost
zone.

mura has been studied by the junior of us
(Suzuki, 1975 and 1977).
(2) Ti02 contents of biotite co-existing
with ilmenite in pelitic-psammitic metamorphic rocks increase with increase ofmetamorphic temperature both in this area and Kasuga-mura as shown in Fig. 14. 0n the contrary,
Ti02 contents of biotite in pelitic metamorphic rocks without ilmenite are lower in both
areas as shown in Fig.14. Ti02 content of

Discussion

(1) Lower grade basic metamorphic rock
at Longsight is characterized by the assemblage of actinolite and bytownite (An 82)
with zoisite. Around the west of Longsight,
actinolite probably becomes unstable in basic
metamorphic rocks, and hornblende probably

oC
,Z.
600

becomes stable instead of actinolite. At
present we have, however, fio information on
the chemical composition of amphibole in the

500

higher grade basic metamorphic rocks.
This actinolite-calcic plagioclase assemblage
with zoisite represents a same situation with

the low pressure contact metamorphism
found in the Kitakami mountains (Seki, 1957

4.00

and 1961) and Abukuma Plateau (Shido,
1958).

Plagioclases in the pelitic hornfelses of
lower grade group in this area are of sodic
oligoclase (An 13Å}) and those of higher grade
group are of calcic oligoclase to sodic andes-

ine (An 26 to 31). Plagioclase in the calcareous hornfels in higher grade group is of
anorthite (An 1OO).
These chemical compositions of plagio-

An
BushveLd :

Kasuga:

60 80 100

40

20

eBasite
;::Basite

elo

- Pt?[ite OCdcic Rock
ill[l Peli te

Fig. 13.

which those of plagioclases in contact metamorphic rocks, separately of pelitic and basic

Chemical compositions of plagioclases in pelitic,
basic, and calcic metamorphic rocks from the northeastern contact aureole of the Bushveld Complex.
Vertical hatch and horizontal hatch indicate the
chemical compositions of plagioclases in pelitic

compositions, from Kasuga-mura are also
shown. Contact metamorphism in Kasuga-

from Kasuga-mura, respectively.

clases in this area are plotted in Fig. 13, in

metamorphic rocks and basic metamorphic rocks
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morphic rocks of this area. Biotite co-existing
with cordierite and fibrolite is higher in MgO,

phlogopite in ilmenite bearing calcareous
hornfels in this area is lower (Ti02 1.S3 9o),

and biotites co-existing with garnet andlor
andalusite-fibrolite are higher in FeO. Discrimination between the lower grade peliticpsammitic hornfels and higher grade hornfels,

because of impoverishment of Ti02 in this
rock.

however, is not clear in Fig. 15.

At2 N2SiOs
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Fig. 14.
Variation of Ti02 contents of biotite with increase
of metamorphic temperature. These biotites coexist

with ilmenite or magnetite in metamorphic rocks
from the north-eastern contact aureole of the

Bushveld Complex and in contact metamorphic
rocks from Kasuga-mura.

(3) Andalusite in lower grade pelitic hornfels is richer in A12 03 and MnO and poorer in

Si02, FeO and Ti02, on the contrary that in
higher grade one is richer in Si02, FeO and
Ti02 and poorer in A1203 and MnO as shown
in Tables 3 and 5.

(4)Fig.15 shows the Thompson AFM
diagram of the pelitic-psammitic contact meta-

MgO
Botite
A

O•5 Bushveld
Fig.

15.

diagram
Thompson AFM
theforcontact metamorphic rocks from the north-eastern contact aureole of

the Bushveid Complex.

(5) Na!Na+K ratios of muscovite in pelitic-psammitic metamorphic rocks of this area
decrease with increase of metamorphic temperature as shown in Fig. 16. This ratio of
muscovite in higher grade calcareous hornfels

is very low, because of impoverishment of
Na2 O in this rock.

(6) Grain size of the higher grade pelitic-

psammitic metamorphic rocks shows an increase of about ten times over that of the
lower grade pelitic-psammitic rocks as shown
in Figs. 3 and 10.
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e Bushvetd

O Kasuga

-..3
't'

pelitic-psammitic hornfels contains ptygmatic
leucocratic vein.

g..2

(7) Potassic hastingsite found in the higher grade calcareous hornfels is rich in A1203

l

(18.0%), K20 (3.68 9o) and Ti02 (1.82 %)
and is poor in Si02(37.1%). Na+K and AIiV

iUtl

of the potassic hastingsite reach O.89 and 2.36

l•

o

4oo 6oo ec
Fig. 16.
NalNa+K ratios of muscovite with increase of
metamorphic temperature. Solid circle represents
muscovite from Bushveld and open circle muscovite
from Kasuga-mura.

on the basis of 24 (O, OH, F), respectively.
FelFe+Mg ratio of the potassic hastingsite is

O.47. This mineral is considered to be a
characteristic amphibole in the calcareous
hornfels of this area.
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Introduction

rocks in east and central Kenya as compared

Rocks of the crystalline basement complex

with much information concerning the re-

occupy the greater part of the Machakos

gional geology. Few chemical analyses of the

district.in central Kenya. They consist mainly

metamorphic rocks have been made in the
past. With a brief description of their

of metasedimentary rocks of pelitic and
psammitic composition and subordinately of

basic and calcareous metamorphic rocks.

petrographical nature, this paper gives the
chemistry of the granitoid gneisses.

Some of them were affected to a greater or
lesser extent by granitization. Regional work
done in the area by staffs of the Geological

Survey of Kenya resulted in many valuable
reports with geological maps (Schoeman,
1948; Dodson, 1953; Baker, 1954; Searle,
1955s Saggerson, 1963; Fairburn, 1963 etc.).

According to most of these workers, the
crystalline basement rocks were designated as

the Basement System and were generally
con$idered to be representative of Archaean
rocks in Kenya. On the other hand, Holmes

(l951) proposed that eastern and central
Kenya, including the Machakos district, constitutes a part of the Mozambique belt. It is
probable that rocks referred to the basement
consist of rocks of different ages which have

been re-affected by the Mozambiquian
orogeny of late Precambrian to Cambrian

Geological setting

The western part of the area is 'covered by

the Miocene-Pleistocene volcanics and sedi-

ments, which lie on the sub-Miocene peneplain. The surface is fairly flat and is approxi-

mately 1500 m above sea level. Meanwhile, in
the eastern part the Basement System rocks

are widely exposed and form more hilly
country varying in height from 1200 m to
2100m. They are considered to be represented by a stratified succession of originally

sedimentary rocks which have been transformed into a highly folded metamorphic
series. Fairburn (1963) divided them into two
rock series :

1 . Rocks that have suffered metamorphism
with little or no granitization and often

more closely resemble sedimentary

times.

rocks.

Granitoid gneisses are very abundant in the
present area and are one of the most important varieties of gneisses. The main outcrops
occur on the Kanzalu range, Kangundo hill,
the Mua hills, Mbooni hill, Kalama hill and

The first rock series comprises metasediments
such as biotite gneisses, muscovite-biotite

Momandu hill and at Mitaboni and Opete

gnelsses, muscovlte gnelsses, quartzltes, mlca

(Fig. 1). Nevertheless, in the last twenty-five

schists, kyanite-staurolite gneisses, hornblende-biotite gneisses, hornblende gneisses,
amphjbolites, crystalline limestone and so on.

years there has been less information on
petrology and geochemjstry of metamorphjc
2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 154-160,

2.Rocks that have been granitized and
tend to grade into types that approach
gramte.

1977.
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The second rock series is a series of granitized

sediments, most of which have been designated as migmatites, granitoid gneisses and
augen gnelsses.

The most common constituents of metamorphic rocks are quartz, plagioclase, potash
feldspar, biotite, muscovite and hornblende.
Potash feldspar is microcline in many cases.

Garnet rich in almandine molecule is often
found in basic as well as pelitic metamorphic

rocks. In the neighbourhood of Machakos,
there is known only one instance of the
occurrence of sillimanite (Fairburn, 1963). In

the Simba-Kibwezi area about 70 to 120 km
south-east of Machakos, however, sillimanitebiotite gneisses with or without cordierite are

not uncommon (Saggerson, 1963). Sometimes
calcareous and basic rocks contain one or
more of tremolite, wollastonite, phlogopite,

clinopyroxene and epidote. Sphene is widespread as an accessory mineral. Kyanite and
staurolite are found in pelitic gneiss of appro-

priate composition. The mineral assemblages
show that the rocks of the present area have
suffered a typical amphibolite-facies meta-

morphism.
The general structural trend of the Base-

ment System rocks is between north-south

and northwest-southeast in concordance

O lo 20

XM

QUATERNARY TERTIARY

[ ] sEDIMENTs a voLcANIcs [l] sEDIMENTs

a voLcAN4cs

PRECAMBRIAN

EI2] GRANITotD GNEIss Z cRysTALLINE
LtMESTONE
[Z[IZ] :EskkT"?TPcNEG/NSSEisg ..,.,,:gt'"' AMpHiBoLtTE

with the regional extension of the Mozambique belt. Several dome-like structures
appear to be dominant in the area. They
cause the disturbance of the general trend
shown by the foliation plane of metasediments. The large mass of granitoid gneiss
usually forms the core of the dome structure
(Baker, 1953; Fairburn, 1963; Biyajima et al.,

Fig. 1
Simplified geological map of the Machakos area.

1975; Biyajima, 1976). The surrounding
gneisses have the fairly complete harmony of
strike with the boundaries of the granitoid
gnelsses.
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(1) Petrographic description

Granitoid gneisses

The term granitoid gneiss has been used for

The granitoid gneisses, irrespective of lo-

a gneiss having granite composition by

calities of occurrence, are practically the same

Kenyan geologists for a long time. The gran-

in a petrographic character. In outcrop they

itoid gneisses are generally found in the
Machakos-Sultan Hamud region and are very
similar in appearance to a certajn kind of
granite because of their homogeneity and
poorly developed foliation as well as the
similarity of mineralogical composition to
granite. Especially in hand specimen, it is not

are usually homogeneous and unbedded. In
hand specimen they are generally light-coloured, medium-grained, weakly foliated rocks

with a uniform texture. The foliation is
caused by parallel arrangement of scattered

biotite flakes up to about 2 mm in size.

always easy to distinguish the granitoid

Sometimes it is lacking or indistinct due to
the scarcity and the disarrangement of the

gneisses from the granitized or metasomatized

biotite flakes.

psammjtic gneisses. In thjs paper, the term
granitoid gneiss is applied to the granitic
gneisses and allied rocks with a granite-like

The granitoid gneisses consist predominantly of plagioclase, microcline and quartz with

appearance.

apatite, iron ore and zircon are usually pres-

Table 1

subordinate biotite and muscovite. Sphene,

Modes of granitpid gneisses from the Machakos area

58A

59

63

88A

Quartz

23,9

20.8

25.0

32,5

Magioclase

47.3

44.8

41.0

39.1

Microcline

20.8

27.1

28.2

22.6

Biotite

7.1

3.9

3.6

4.9

Muscovite

O.4

2,3

1.8

O.5

Accessories

O.5

Ll

O.4

O.4

ent as accessories. Serictite and chlorite are

alteration products and are negligible in

amount. Examples of the mode in volume
percentages are given in Table 1. Under the
microscope microcline is noticeable owing to
its well-developed microcline structure. The
perthite structure is not so common. It is
worthy of notice that microcline often re-

places plagioclase and rarely muscovite.
Plagioclase is most abundant. It is albiteoligoclase. There characteristically develops
the albitized rim up to about O.1 mm in width

surrounding the original plagioclase. Such
albitized rim is typically found along the
contact with microcline. The plagioclases are
generally twinned. The twinning lamellae extend outward to the rim without any disturbance. Quartz is generally granular, sometimes
elongated parallel to the foliation. Biotite

flakes are often fringed with symplectic
muscovite. The biotite is pleochroic from pale
yellow to brown. Muscovite occurs as isolated

flakes as well as overgrown fringes. It is
usually worm-eaten in appearance because of
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Table 2

Chemical anlayses and C.1.P.W. norms of granitoid gneisses from

the Machakos area

58A
Si02

70. 43

TiO2

O. 35

N203

14. 97

Fe203

O. 72
1. 34
O. 07
O. 72
1. 75
4. 86
3. 96
O. 17
O. 63
O. 17

FeO

MnO
MgO
CaO
Na2O

K20
P20s

H20+
H20-

100. 12

Q

22, 19
23. 37
41. 10
7. 34

Or

Ab

hn
C

Wo

O. 09
1. 80
1. 37
1. 04
O. 67
O. 40

En
Fs

Mt
ll

Ap

63

88A

123

72. 93
O. 19
14. 29
O. 78
O. 55
O. 06
O. 38
1. 35
4. 46
4. 33
O. 10
O. 57
O. 09
100. 08

74. 94
O. 11
12. 85
O. 36
1. 26
O. 07
O. 24
O. 62
5. 08
3. 80
O. 02
O. 37
O. 05
99. 77

72. 67
O. 09
15. 18
O. 49
O. 32
O. 02
O. 18
1. 12
6. 75
3. 32
O. 03
O. 26
O. 06
100. 49

27. 20
25. 60
37. 70
6. 06
O. 05

29. 02
22. 43
42, 94
1. 06

18. 99
19. 59
57. 09
1. 34

O. 81
O. 59
l. 97
O. 51
O. 21
O. 03

1. 68
O. 45
O. 07
O. 72
O. 15
O. 07

O. 94
O. 15
1. 13
O. 36
O. 24

Analyt : K. Miyakawa

its symplectic intergrowth
Symplectite of muscovite is c

with quartz.
haracteristic of

the granitoid gneisses.

them. The Si02 content is somewhat greater
than 709o. They have a fairly high content of
alkali for a given Si02 content and generally

contain Na2O over K2O. FeO + Fe203, MgO
(2) Mafor element geoehemistry
Chemical compositions of some granitoid
gneisses from the Machakos area are presented
in Table 2. There are some similarities among
" The ratios are O.49, O.75, O.81, O.90, O.97 and
gneiss in addition to four chemical analyses shown in

other is 4.949o Na20 and 4.469o K20.

and CaO contents are relatively low. Normative corundum may or may not be present. Its
amount is very small even if it appears.

K201Na20 ratios lie within the range
O.49-1.42.* The average ratio is O.89,
1.42.

The data include two partial analyses of granitoid

Table 2. 0ne is 3.779o Na20 and 5.36% K20 and the
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though one of six specimens has an extremely high value of 1.42 as compared
with the others. This evidence appears
to accord with a general tendency for
granitic rocks from the northern part of

Q

Africa; Rooke(1970) suggested that average
K!Na ratios for acidic rocks of northern
Africa are in the range O.65 - 1.23 (O.58 1 . 1 O in K2 O!Na2 O ratio) and are smaller than

those of southern Africa (1.56 - 1.96 in

-5

K!Na ratio). Particularly, the Machakos gran-

V ..2, ,2sgioiO.,2
J"ib ,.. "sEk.r,i 6cos

itoid gneisses have a strong resemblance in the

average K20!Na20 ratio to Precambrian

+

orogenic granitic rocks from south-east

Il e7

Uganda the average K2 O/Na2 O ratio of which

Rooke(1970) estimated to be O.88. It may

Ab

awake a further interest in the problems of
the crustal development of Precambrian age as

Or

Fig. 3
Average compositions of granites and kindred rock

Q

types (open circles) and Precambrian gneisses (solid

circles) shown on the normative AbOr-Q diagram.
Points of four anlayzed granitoid gneisses are shown
as in Fig. 2.

Granites and kindred rock types:
1. Average of 7 granites and granitic gneisses from

the Aswan Granite Complex, Aswan, Egypt
(Rooke, 1970}.
2. Average of 24 granitic rocks from the basement
complex of northern Somalia {Rooke, 1970).
3. Average of 10 granitic rocks from south-east

Uganda {Rooke, 1970}.
4. Average of 7 orogenic acid rocks from the
basement complex, Luapula, Zambia (Rooke,
1970}.
5. Average of 11 granites from Franzfontein,

Fig. 2
Normative ABOr-Q plot of four analyzed granitoid
gneisses from the Machakos area. Positions of the
isobaric minima (open circles) at water pressures of
O.5, 1, 2 and 3 kilobars and the isobaric eutectics
{solid circles) at 5 and 10 Kilobars (after Tuttle and

Bowen. 1958; Luth, Jahns and Tuttle, 1964) are
included for comparison.

1:Specimen No. 58A 2:Specimen No. 63
3:Specimen No. 88A 4:Specimen No. 123

South-West Africa (Rooke, 1970).
6, Average of 14 granites, Chirwa,north-east
Rhodesia (Rooke, 1970}.
7. Average of 12 granitic rocks form Malawi Base-

ment Complex, Malawi (Rooke, 1970).
8. Average of 61 coarse porphyritic granite from
Galway Granite, Eire (Coats and Wilson, 1971).
9. Average of 63 Caledonian granites (Hall, 1972).
10, Average of 198 Variscan granites {Hall, 1972}.
11. Average of 5 Alpine granites (Hall, 1972).
12. Average of 72 calc-alkali granites {Nockolds,

1954)
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Gneisses :
1
.

Average of 39 biotite gneisses form the
Lewisian complex of N.W.Scotland (Tarney
et aL. 1972}.

2.

Average of 18 microcline gneisses from the
Lewisian complex of N.W. Scotland {Tarney et
a/.. 1972).

3.

Average of 39 gneisses from the Laxfordian

4.

complex, Scotland (Tarney et. al., 1972).
Average of 22 gneisses from the un-migmatized

Average of 21 metasedimentary gneisses from
the Leverburgh belt, Scotland {Tarney etaL,
1972).

rocks of different areas show a rather limited

et aL. 1972).

6.

Average of 18 metasomatized and migmatized
Laxfordina complex, Outer Hebrides (Tarney et
aL. 1972).

7.

8.

Average ef 41 grey gneisses from East Greenland (Tarney et aL. 1972).
Average of 3 strongly granitized gneisses from

Emeryville, Adirondack, New York, U.S.A.
(Engel, 1958).
9.

pressure.

Fig. 3 gives orogenic granitic rocks and
Precambrian gneisses with about 709o Si02
plotted on the normative Ab-Or-Q diagram.
The average compositions of these plotted

Laxfordian complex, Outer Hebrides (Tarney
5,

However, it comes nearer to the Ab corner of
the diagram with respect to the field of the
alumina-oversaturated granites (Luth etal.,
1964) which has the maximum concentration
around the isobaric minimum at a lower water

Average of 4 incipiently granitized gneisses
from Emeryviile, Adirondack, New York,U.S.A.

(Engel and Engel, 1958}.
1O. Average of 6 Uivak l gneisses from Labrador,

Canada {Collerson et e/.. 1976). '
11 Average of 8 migmatitic gneisses ( >700/o Si02)

from
Labrador, Canada (Colierson et aL,1976).
12. Average of 3 migmatitic gneisses (65-700/o Si02)

Labrador, Canada {Collerson et aL. 1976).
from

Fig. 3 {continued}
well as of the crustal anatexis in relation to

orogeny.
Fig. 2 gives the proportions of normative
albite, orthoclase and quartz for the analyzed
granitoid gneisses. Positions of the isobaric

range of variatjons and appear to occupy
rather distinctive fields for the gneisses and
granites. Granitized gneisses and allied rocks
have a tendency to fall on part of the gneiss
field overlapping with granite field. The granitoid gneisses analyzed also tend to lie within

or near the overlap of the two fields. The
Machakos granitojd gnejsses are comparatively

high in normative albite, low in normative
quartz and moderate in normative orthoclase.
The normative Orl(Q+Or) ratios are fairly
restricted, averaging O.48, whereas the norma-

tive Orl(Ab+Or) and Ql(Ab+Q) ratios show a
relatively wide range of variations from O.25

to O.41. Normative albite tends to decrease
with the increase of normative orthoclase
andlor quartz.
The origin of the granitoid gneisses may be
attributed either to the granitization of supra-

minimums and eutectics of the system

crustal rocks by alkali metasomatism or to
the remobilization of basement rocks by ana-

NaAISi3Os-KAISi3Os-Si02-H2O (Tuttle and

texis producing fiuid of granitic character at

Bowen, 1958; Luth, Jahns and Tuttle, 1964 )
are also plotted on the diagram for compari-

higher water pressures. This question, how-

son. The granitoid gneisses tend to fall
near the isobaric minimums and eutectics

ever, remains still unsettled.
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Appendix: Localities of the specimens given
Tables 1 and 2.
58A: 2 km north of Opete (Uvete), Kitaingo.
1050.0'S 37021.2'E
59 : 1 km north of Opete, Kitaingo.

63 :Kithangathini 3.5km south-southeast
of Kilungu. 1049.4'S 37022.2'E

88A:Kivandini 4 km east-southeast of
Machakos. 1032.0'S 37018.2'E
123 : The river Ikiwe 5 km south-southwest

1050.5'S 37021.1'E

ofMachakos. 1033.6'S 37015.4'E
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Introduction

Remarkably fresh ultramafic nodules up to
30 cm in diameter, are sometimes found in

Tremendous amounts of soda-rich alkaline
to peralkaline volcanic lavas were erupted
repeatedly and distributed widely along the
Eastern Rift Valley in Kenya, eastern Uganda
and northern Tanzania during the Miocene to
Recent periods. Mafic rocks, nephelinite,
basanite and alkali basalt sometimes contain
various types of ultramafic nodules which
could have been derived directly from the
upper mantle. Recently, much attention has
been drawn to these ultramafic nodules. Their
mineralogy and petrology have been described
by Saggerson (1968), Nixon (1969), Dawson
et aL (1970), McCall (1970), Walsh (1972),
Dawson and Smith (1973), Reid et al. (1975),

of diopside. They have usually xenomorphic
or hypidiomorphic granular texture with grain
size ranging from 1 to 10 mm. These rocks
belong to the harzburgite-Iherzolite series

Recent small scoria cones consisting of olivine

melanephelinite from Samburu district. These

rocks can be classified into two distinct
groups. The most common group is a suite of
peridotites consisting of harzburgite and
Iherzolite' the other one is a suite of websterites.

,

The peridotite nodules studied here consist
mainly of forsterite, enstatite and chromian
spinel associated with traces to small amounts

Rhodes and Dawson (1975), Ridley and

which could be derived directly from the

Dawson (1975), and Suwa et al. (1975).

upper mantle (White, 1966; Kuno, 1969).

This article gives an account of the major
element chemistry of the peridotite nodules

Chemistry

in melanephelinites from Ndonyuo Olnchoro
and Sasani Samburu district about 300 km
NNE of Nairobi, Kenya. A discussion of the
chemical characteristics of the nodules, be-

Fifteen fresh chromian spinel peridotite
nodules in olivine melanephelinites from
Samburu, Kenya, have been analysed. These

lieved to represent the uppermost mantle

rocks have a rather narrow range of major and

;7

fragments in this region, is included.

Brief petrography

The mode of occurrence and petrology of
ultramafic nodules from Ndonyuo Olnchoro
and Sasani have been described by Suwa et al.

minor element compositions. Their 100
MglMg + Fe ratios vary from 90.3 to 92.8. It

is noteworthy that these peridotites are
characterized by very high MgO and Iow
A12 03, total FeO, CaO, Na20 and K20; in
general A1203 and CaO tend to increase
slightly with decreasing 100 MglMg + Fe

petrographic features of the peridotite

ratio. Combining the modal and chemical data
of constituent minerals given by Suwa et al.

nodules need be given here.

(1975) with the chemical compositions for

(l975); hence only a brief summary on the

2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 161-164,

1977.
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Table1 Average chemical
1

composltlons of peridotite nodules

2

3

4

5

6

7

8

Si02

43. 65

(41. 87-46. 21)

43. 97

42. 52

44. 62

44. 70

43. 60

44. 9

44. 42

Ti02

O. 06

( O. 04 -O. 09)

O. 07

O. 06

O. 17

O. 13

O. 06

O. 04

O. 15

Al2O3

O. 83

( O. 25 - 1. 64)

1. 64

O. 43

2. 29

2. 70

1. 50

2, 12

2, 23

Cr203

O. 37

( O. 26-O. 48)

O. 49

O. 28

O. 40

O, 36

O. 41

O. 45

O. 33

Fe203

O. 38

( O, 21-O. 63)

O. 89

1. 04

1. 60

1. 63

FeO

6. 78

( 6. 16-8, 12)

6. 03

6. 17

8, 80

9. 21

7. 00

6. 65

8. 86

imo
MgO

O. 11

( O. 09 - O. 13)

O. 13

O. 12

O. 14

O. 13

O. 12

O. 11

O. 14

46. 90

(44. 00-48. 53)

44. 73

47. 89

40. 87

40. 35

43. 74

42. 25

41. 41

NiO
CaO

O. 33

( O. 29-O. 36)

O. 36

O. 41

O. 29

O. 27

O. 42

( O. 09-1. 48)

1.10

O. 58

2. 50

1. 95

1. 49

2, 12

2. 19

Na2O

O. 13

( O. 05-O. 30)

O. 12

O. 10

O. 17

O. 36

O. 16

O. 14

O. 22

K2O

O. 03

( O. 02 - O. 04)

O. 09

O. 03

O. 03

O. 05

O. 03

O. 03

O. 04

O. 06

O. 02

O. Ol

O. 05

o. oo

92. 1

92. 3

P20s
100 Mg

92. 1

(90. 3 - 92, 8)

89. 2

88. 6

90. 2

O, 02

90. 3

Mg+Fe
i. 15 chromian spinel peridotite nodules from Samburu district, Kenya (Aoki and Suwa, 1977).
2. 8 garnet-bearing peridotite nodules from Lashaine volcanQ, Tanzania (Rhodes and Dawson,

1975).
3. 8 garnet-free peridotite nodules from Lashaine volcano, Tanzania (Rhodes and Dawson,

1975).
4. 21 peridotite nodules from Itinome-gata, Japan (Kuno and Aoki, 1970; Aoki and Shiba,

1973).
5. 11 chromian spinel peridotite nodules from Hawali (Kuno, 1969).
6. 55 chromian spinel peridotite nodules from Dreiser Weiher, Germany (Hutchison et al.,

1970; Kuno and Aoki, 1970).
7. 130 chromian spinel peridotite nodules from the Central Massif, France (Hutchison et aL,

1970).
8. 75 chromian spinel peridotite nodules from alkali basalts (Aoki, 1975).

peridotites, almost all of the peridotites can 1975), and chromian spinel peridotite nodules
be classified as Mg-rich harzburgite and only from Samburu and other localities are given in

one is Ca-poor lherzolite. Table 1. A comparison of chromian spinel
Average compositions ofgarnet-bearing and PeridOtite from Samburu and garnet-bearing
garnet-free peridotite nodules from Lashaine and garnet-free peridotites from Lashaine
volcano
(about
550km
ofSamburu)
south
volcano, Tanzania (Rhodes
and
Dawson,

89. 3
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N

O Samburu
ua Lashaine

15

- Others

the M-discontinuity of the Eastern Rift Valley
region in the present African Plate, is ext'remely depleted in fusible oxides such as

A1203, FeO, CaO, Na2O and K2O which are
important components of basaltic magmas. It

lo

is believed that such peridotite could not have

produced any kind of basaltic magma.
5

95 90 85
100MglMg+Fe
Fig. 1.

Geophysical consideration

The presence of a zone of low density

Frequency distribution of 100 MglMg+ Fe ratio of
peridotite nodules. White area, chromian spinel
peridotites from Ndonyuo Oinchoro and Sasani,

upper mantle beneath the Gregory rift valley

Samburu; hatched area, garnet-bearing and garnetfree peridotites from Lashaine volcano; solid area.

gravity measurements in the area of the

chromian spinel peridotite from the other localities
(ltinome-gata, Hawaii, Dreiser Weiher, Central Massif
in France, and others).

shows no essential chemical difference between them. They are, however, clearly different from those of the other localities' those

,

from Samburu and Lashaine volcano are high

in MgO and low in total FeO and CaO. As
clearly shown in frequency distributions
of the 100MglMg+Fe ratios of peridotite
nodules, peridotites from Samburu and
Lashaine volcano and chromian spinel peridotites from the other localities fall in separate
fields, with slight overlapping. Most frequent

values of the former lie between 91 and 93'in
,
contrast, that of the latter lie between 88.0
and 90.5 (Fig. 1).

According to Rhodes and Dawson (1975)
and Suwa et al. (l975), peridotite nodules

from Lashaine volcano and Samburu have

is suggested by gravity measurement and
seismological studies. There are sufficient
Gregory rift valley to allow a Bouguer gravity

anomaly profile to be drawn (Baker and
Wohlenberg, 1971). An important observation
made by the workers from the University of
Newcastle (e.g. Girdler et al. 1969) is that

superimposed over the general negative
Bouguer anomaly of about 100 mgals there is
a relatively positive anomaly of 30-60 mgals
over the Gregory rift and the presence of a
basic intrusion 20 km wide and 20 km deep
reaching to within 3 km of the rift floor was
postulated. And another important observation made by several workers (e.g. Rodrigues,
1970) was that arrival times at the Nairobi
and Addis Ababa stations are delayed by 2-4
seconds for earthquake waves travelling along
the rift as compared to those travelling across
it. This suggests the presence of a low velocity

zone underlying the lithosphere of the rift
(Baker and Wohlenberg, 1971).

A zone of low density upper mantle

been derived directly from depths of about

beneath the Gregory rift valley is considered

150 and 50 to 70 km, respectively. If so, the

chemical composition of the lithosphere,

to be composed of the strongly depleted
peridotites with high MgO and low A1203,

which mainly consists of peridotite beneath

CaO, Na2O and K2 O.
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Geology of the Yatta Plateau, Kenya

Motoo FUJITA
Department of Earth Sciences, Faculty of Science, Nagoya University
Introduction

three theories on its genesis have been preThe Yatta Plateau in Kenya sented.
(Fig. 1) has
(1) The Yatta Plateau phonolite

been remarked by its hot dispute on the flowed down along an old valley(Gregory,

genetical problem since Gregory (1921) 1921: Walsh, 1963). (2) The phonolite
observed and discussed itasthepioneer. The represents the remains of a larger sheet.
Yatta Plateau is extremely long and narrow The destructive erosion of most of an exand is capped with phonolite. The following tensive sheet has been carried out by the Athi
les
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and Tiva rivers (Shoeman, 1948: Sanders,
1963). (3) It was given by a lateral flow

The Yatta Plateau and the Matuu PIain are
covered with phonolite which is named as the

from the main line of feeding fissures
(Dodson, 1953). However, no positive

(Fairburn, l963).

evidences supporting any of above theories
have been reported.

According to their suggestion by Professor
I.S.Loupekine of the University of Nairobi
and Associate Professor K.Suwa of Nagoya
University, I began my study on geology and
petrology of the Yatta phonolite to elucidate
its genetical problem. I carried out the field

"Kapiti Phonolite" being of Miocene age
riverlava
deposits
found
the
f/prOld
honolite
at two are
points,
near under
Kithimani
y and Mombasa on theand
Yatta
Plateau,
some
S round pebbles are also observed among the
l' flow-foot breccias at several points. This is

{e the first finding of the evidence of river
X ddeoPwOnS.it befOre the Yatta phonolite flowed

work in the northern part of the Yatta

No dykes or plugs that may have been

Plateau for about 60 days when I was study-

feeders for the phonolite were found in the

ing in the University of Nairobi from

Mozambiquian basement rocks around the

September of 1975 to July of 1976.

Yatta Plateau and the Matuu Plain.

More geological details on the phonolite
lava and old river deposits will be described
in below.

General Geology
tvTllhn7e,,...Yatta Plateau, which is about 300 km

in lengtfi and is about 3 to 4 km in width,
stretches in a south-easterly direction froip
bl Doinyo Sapuk to the Galana valley. The

Occurrence of Phonolite

,,'-

,"

.,T.Ue,,ehO,n.O,i`t7,AZ-Z,2,9.r,dabIZC,k,Or.d,e,rkff,ZY,

laltitude of the plateau is about 1,300 m at the

northern end and that at the southern end is

Vphenocrysts of anorthoclase and nepheline.

labout 700 m. It has avery flat ridge and
average inclination is about 3m per km.

The phenocrysts of anorthoclase are columnar
in shape, commonly reach 1 to 3 cm in length
and occasionally up to 8 cm, and sometimes

,ii

Its relative height compared with the Athi
River running on the west of the plateau is
about 200m (Fig. 2). The southern plain of

f,,lz/,"h,aR`k.gs,n,eg',fgl2",,`w,:'gs,.(F,,`,g•,i8{wa.,,---s-fi

Ol Doinyo Sapuk ("Matuu Plain") situates

t,g',ig--"//hi,ip-,"-'e//,l2-/j,g•ghns,arty,,pgrg,ile,i,tfai•6-t-/t.i,:

about l,500 m above sea level.

The basement of this area is formed by
Precambrian metamorphic rocks belonging to

the Mozambique belt. These metamorphic
rocks show a trend which js striking N200W
to N400W and dipping westerly 500 to 700.
Of considerable interest is the fact that the

stretching direction of the Yatta Plateau
and the Athi River is parallel to the trend
of the Mozambique belt.

rN'e''p"H'eline phenocrysts are O.5 to 1 icm in

length and are less than anorthoclase phene
crysts m amount.

The distribution map of the phonolite is
shown in Fig. 4. Near Nguluni on the Matuu
Plain, the phonolite consists of at least two
lava horizons, the lower one being over3m
in thickness and the upper one being about

O.3 m. Around Ol Doinyo Sapuk, however,
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we can recognize only one phonolite lava
horizon and its thickness is slightly variable,

e.g., about 2m, 6m and 8m at Kianzabe,
Kayata and Fourteen Falls respectively.
Flow-foot breccias are observed at every
places and are apparently of massive and
reddish brown coloured concentrates of small
spherical grains with 1 to 2 mm in diameter
and sometimes large pieces of phonolite are
intermingled among the flow-foot breccia.

e
s
L-.L-h"Lnv.aww...Lewl am
Ftg. 3

Penetration twin of anorthoclase phenocryst of phonolite lava (Photo by
M.F.).
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On the Yatta Plateau, two types of

1ike lava, however, grades into continuous lava

i
phonolite lava are recognized,
i.e., one is a
boulder-1ike lava. The continuous lava flow
reaches 10 to 20m in thickness at the edge

and it is impossible to fix any certain
boundary between them. Each boulder being
1 to 2m in diameter and 30 to 50 cm in
thickness is covered with thin weathered

continuous lava fiow and the other is a

of the plateau and extends generally in

material, but the inner features are

parallel to the sides of the plateau. Columnar

completely same as those of continuous lava.

joints are commonly notable, joint blocks

Preferred orientation of anorthoclase

are 2 to 5 m in width, and platy joints being
O.2 to 1 m in thickness are sornetirnes observed at the upper part of lava. No evidence to

phenocrysts of each boulder is almost parallel
to that of the continuous lava in a small area.

This fact suggests that these boulders have
never moved from their original places. Con-

divide the continuous lava into two or more
units was found. Boulder-like lava, about 4
to 8m in thickness, is widely distributed
more than the continuous lava does. Boulder-

sequently, it is considered that these boulders

were formerly joint blocks of the continuous
lava.
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The layer of flow-foot breccia is 2 to 4m
in thickness on the Yatta Plateau and sometimes includes pieces of phonolite, angular

s
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andlor rounded pebbles of basement rocks
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1,270

O12

A

Fig. 6

km

crosses the plateau from west to

east.

1.330

Z

between Kithimani and Mwam-

B

Sectional diagram of the Yatta Plateau.
The location of A-B is shown in Fig.5,

and chips ofchalcedony.

Old River Deposits

I found old river deposits between the
Of considerable interest is the fact that

continuous lava flowed down continuously
1ike a river judging from the distribution
of continuous lava. Fig. 5 shows the distribution map of the continuous lava in the
area between Kathini and Katangi. Northern
Kithimani, the continuous lava extends on
the west side of the Yatta Plateau, but in the

phonolite lava and the basement rock of the
Yatta Plateau. The old river deposit found at
the edge of the plateau near Kithimani con-

sists of pebbles and reaches about 2m in
thickness, and occurs between boulder-like
lava and the basement rocks. Tllh!gsg-pg!2!2!gE-bbl s

matffi gÅëqnqrtzite..qnd.
are 3 to 8cm in diameter, occasionally up
-y"--t.tt.tT'--'.....tr+--v-fi-ptF"F
''
tr6-1-5-6fii.
Their rou-ndness
is well'and
belong's

area from Mwambathana to south the con-

ti6reIligst "D" by Krumbein's classification

tinuous lava occurs on the east side and in

(Krumbein, 1941), and their sphericity is also

B

A

.A..

Fig. 7

Pebbles among old river deposit.

A: collected from Kithimani. Roundness "D" by
Krumbein's classification.

B: collected from Mombasa. Roundness "E".
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not so bad (Fig. 7-A). The old river deposit

positive evidence of river deposit.

found at the eastern edge of the plateau
near Mombasa consists of pebbles and sands
and reaches about 1.5m in thickness, and
rests on the gneissose basement rock. These

In addition, some pebbles are found among
flow-foot breccias at several points. These
pebbles are composed almost of fine-grained
quartzite in the area northern from Katangi.
In the area southern from Katangi, however,

pebbles are composed of fine-grained
quartzite, coarse-grained quartzite, granitic
gneiss, pegmatitic quartz and feldspar, and are

these pebbles are composed of not only

about 1 to 3 cm in diameter and are smaller
than those near Kithimani. Their roundness
is best and belongs to class "E", and their
sphericity is also well (Fig.7-B). The layer
of sands reaching about 40 cm in thickness
is found to occur on the layer of pebbles

quartzite and granitic gneiss. When we

fine-grained quartzite but also coarse-grained

compare the size and roundness of quartzite
pebbles of the old river deposit, the pebbles
occurring in northern part are bigger in size

and worse in roundness than those occurring
in southern part (Fig. 8).

and shows a reverse grading suggesting a

Pebbtes of fine grained quartzite

O Roundness`E' rbesV

1 . •• 'D' rgoodJ
A ., e `C' (not bad)

Pebbles of gneiss
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Roundness and volume of pebbles of old river deposits with respect
to the position of the Yatta Plateau. In this figure, distance is re-

corded frorn the northern end of the Yatta Plateau.

{wl. near Kithimani. ee2. near Mombasa. "3. at Yatta Gap,
southern part than this investigated area.)
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This old river deposit and pebbles found
among flow-foot breccias are considered to
be positive evidence for a former river, which

Preferred Orientation of Anorthoclase
Phenocrysts

Anorthoclase phenocrysts of the Yatta

was running from north-west to south-east
in similar and parallel to the stretching

phonolite show commonly a preferred

direction of the present Yatta Plateau.

show the frequency percentage of the

Fig. 9

orientation (Fig. 9). Table 1 and Table 2

Outcrop of phonolite lava near Ngulu.ni. Anorthoclase
phenocrysts are aligned in a trend of N70 E (Photo by M.F.).

preferred orientation and length of
anorthoclase phenocrysts respectively.
Irrespective of grain-size of anorthoclase
phenocryst, its preferred orientation can be
recognized as shown in Table 1. Variations of
the preferred orientation of my investigated
area are shown in Fig. 4.

On the Matuu Plain near Nguluni, the
preferred orientation is about N700E, but it
changes to N300E to N1 OOE at northern places

end area where it is not aligned in parallel
to the stretching direction. In the southern
Kithimani area, the stretching direction of the

plateau slightly bends and two directions of
the preferred orientation of the phenocrysts
are observed: one is parallel to the bending

direction of the plateau and the other is
parallel to the stretching direction of the
detached area. In the area near Ilika, the

stretching direction of the plateau also

of the plain. On the Yatta Plateau it is general-

slightly bends and the preferred orientation

ly parallel to the stretching direction of the
plateau in main areas, except in the northern

becomes also in parallel to the bending
direction.
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Table 1

The frequency percentage of anorthoclase phenocrysts of the Yatta phonolite

at eastern Thika of northern end of
the Yatta Plateau.
Orientation

<20mm

inlength

Total

29o

29o

3

2

N65E75E
N55E65E

3

2

o
4
4

2

N05W-15W
Nl5W-25W
N25W-35W

phenocryst can not be recognized.

1Omm<tv>50mm

N85W-85E
N75E-85E

N45E-55E
N35E-45E
N25E-35E
N15E-25E
NO5E-15E
N05W-05E

At the branches of the plateau (e.g.,
Katangi, Ndunguni and Kathilani), however,
any preferred orientation of anorthoclase

6
3

Petrography and Petrochemistry of Yatta
Phonolite

Every phonolite samples collected from my
investigated area show almost same features
petrographically. In this section, however,
preliminary observation is only described.
More detailed petrographical description will
be presented in future.

2

4

4

2

o

6

4

3

The phenocrysts of anorthoclase reaching

2

2

about 1.5 cm on average in length show

4

7

generally a preferred orientation. Phenocrysts

17

17

N35W45W

15

13

of nepheline are about O.8 cm in diameter,
and small black spots having about1mm in

N45W-55W
N55W-65W
N65W-75W
N75W-85W

11

10

Total

diameter are also observable. 0fp3e-;g ,1#'4 ,S.'Yrk ' k'
ef?g ... *. ge• ;' •" ,,ie'..frg

12

8

8

8

Microscopically, theautLÅ}IQ"g!.{}isLg.pheno-

3

2

99

99

crysts show sometimes a combination of pericline and albite twinning and zonal texture
(Fig.10), The margin of the anorthoclase is
generally corroded. Phenocryst of nepheline

Table 2 The frequency percentage of Iength of

anorthoclase phenocrysts of the Yatta
phonolite at eastern Thika of northern
end of the Yatta Plateau.

is also corroded. Olivine and opaque form
micro-phenocysts of O.8 mm and O.4 mm in
diameter respectively. The olivine is enclosed

with brown amphibole (kaersutite?) and

Length

9o

<10mm

3

spots with the naked eye. Small laths of felsic

10-15

15

15-20

24

minerals are also included in the crystals of
olivine. There is a sharp distinction ofgrain-

20-25

16

size between the phenocrysts and ground-

25-30
30-35
35-40
40-45
45-50

18

mass.

50<

5

Total

100

3

8
3

5

opaque, and these parts correspond to black

The groundmass is fine-grained and
holocrystalline, and consists largely of alkali
feldspar laths of O.5 to O.8 mm in length, and

shows a trachytic texture. Nepheline laths
occur also as O.3 to O.5 mm in length, but
its volume is about one fourth of alkali

,`x,

4

k

e.)
•s

.} -3
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Fig.10

Photomicrograph of the Yatta phonolite (Specimen

No.MF76012103). Kithimani,

Thika District, Kenya.

A: Penetration twin of anorthoclase phenocryst

Groundmass shows trachytic texture.
B: Anorthoclase phenocryst showing pericline twin.

feldspars. Brown amphibole (kaersutite?),

(MF76011601) collected from the Matuu

green or colourless aegirine and opaque occur
interstitially. Smal1 apatite is recognized as

Plain is roughly similar to that of the Yatta

an euhedral forrn. It is considered that

Plateau phonolite. Na20 content of the
phonolite from the Matuu Plain is lower

nepheline also fills in the space between laths,

than that of the Yatta phonolite, and CaO

for X-ray powder diffraction patterns show

contents is higher than the latter. The Matuu
Plain phonolite has about 199o Ne, O.29o Ol

strong peaks of nepheline with those of
alkali feldspars.

and 8.69o Di in the norrn, the Yatta

Five phonolite samples from the Yatta
Plateau and Matuu Plain were analyzed

phonolites, on the other hand, have about
24-279o Ne, 3-49o Ol and 5-69o Di.

chemically by Dr. R.Sugisaki of Department
of Earth Sciences, Nagoya University. From
these five samples, phenocrysts were removed

as complete as possible before chemical
analysis was performed. In Table 3, the

Summary and Discussion

results of analysis and the norms calculated
by the method ofC.I.P.W. are shown.
All the phonolite collected from the Yatta

results were obtained:

Plateau show uniformity of composition.
They contain about 53-559o Si02 and 14159o total alkalis and they have 24-279o
norrnative Ne and less than 109o Ac in the
norm. The result of analysis of the phonolite

According to my study the following
(1) There are at least two phonolite lava
horizons at the southern Matuu Plain, there
is, however, only one phonolite lava horizon
on the other area of the Yatta Plateau.

(2) Continuous part of the phonolite lava
stretches nearly in parallel to the sides of the
Yatta Plateau.
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Table 3

phonolite and

Chemical data and C.l.P.W. norms of the Yatta

Matuu phonolite.
R. Sugisaki ).

( Analyst :

No.

SampleNo.
Locality

1

2

4

3

5

MF76012103 MF76012303 MF76021407 MF76021606 MF76011601
Nguluni
Kalivu
Katangi
Kithimani
Mombasa
(YattaPlat.)

(ft)
(tt)
54.58%

(tr)

52.809o

(MatuuPlainl

53.989o

Si02
Ti02

52.829o
O.87

O.84

O.85

O.85

O.84

A1203
Fe203
FeO

18.86

19.87

18.53

18.64

18.45

2.10

2.47

3.05

3.46

2.88

3.32

2.91

2.57

2.08

2.66

imo

O.26

O.27

O.28

O.28

O.28

MgO

1.15

1.31

1.36

l.23

1.14

CaO
Na20

1.57

157

1.88

1.65

2.50

9.24
5.00

8.68

8.60

9.73

7.61

K20

5.49

5.53

5.60

5.46

P20s

O.29

O.26

O.28

O.29

O.31

H20(+)
H20(-)

2.59

1.9l

1.98

1.88

3.30

1.14

O.77

1.24

1.12

1.50

9921

100.93

99.64

99.61

100.91

Total
il

ap

53.499o

1.67

1.67

1.67

1.67

1.67

O.67

O.67

O.67

O.67

O.67

or

2950

32.28

32.84

32,84

32.28

ab

23.07

28.32

20.45

15.73

29.89

ne

25.00

23.58

23.86

26.71

18.75

ac

6.01

1.39

7.39

10.16

ns

O.49

-

1.34

-

mt

-

4.93

di

-

2.78

O.69

4.83

6.23

4.17

-

5.05

8.58

2.44

2.44

3.13

2.55

4.41

en

O.90

1.20

1.51

1.31

2.71

fs

1.58

1.19

1.58

1.19

1.45

wo

ol

4.16

2.73

2.77

2.59

O.17

fo

1.41

fa

2.75
2.59

1.91

1.98

1.88

3.30

1.14

O.77

1.24

1.12

1.50

99.23

100.93

99.79

99.76

100.98

H20(+)
H20(-)
Total

1.41

1.32

1.34
1.43

1.27
1.32

O.07
O.10
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(3) Anorthoclase phenocrysts of the

This amount exceeds that of phonolite lava

phonolites align generally in parallel to the

found elsewhere in the world by several

sides of the Yatta Plateau.

orders of magnitude.
(b) High eruption rate. rllhe Uasin Gishu
Plateau is covered with seven phonolite lava

(4) Old river deposits occur under the
Yatta phonolite lava. The old river was
running probably from northwest to southeast in similar and parallel to the stretching
direction of the Yatta Plateau.

(5) No dyke orplughasbeen found in the
Yatta Plateau.

These results suggest that the Yatta phonolite lava has flowed down aiong a forrner
river valley from northwest to southeast. This

conclusion coincides with the suggestions
by Gregory (1921) and Walsh (1963).

The average thickness of the phonolite
lava is about 12m in my investigated area
(northern half part of the Yatta Plateau).
This thickness is about 10 m in the middle

horizons and the most voluminous unit
(horizon) of them has been estimated as
300Å} 50km3 (Lippard, 1973a).
(c) Low viscosity. From the occurrence
of phonolite lava constituting the very flat
and wide plateaux,low viscosity of the lava is
assumed.

(d) Lack of associated rocks. A lack of
quantitatively significant associations ofbasic
and intermediate rocks is observed (Williams,
1970).

These points, especially high eruption rate

and low viscosity are emphasized by the
geological evidences obtained from the Yatta

part of the plateau near Ikusa (Walsh, 1963),
and is 7.5 to 12 m in the southern part of the

plateau phonolite as shown in this paper.

plateau near Voi (Sanders, 1963). From

petrological studies with collected samples to
clarify the petrogenetic problems of the Yatta
phonolite.

these data, total volume of the phonolite
lava of the Yatta Plateau is estimated as

I will carry out my petrographical and

10 Å} 2 km3.

Phonolites erupted in Late Miocene age
(11-13.5 m.y.) formed several plateaux of

Kapiti, Kericho, Kisumu, Uasin Gishu,
Kamasia, Laikipia and Yatta in Kenya and are

named the Plateau-type phonolite, which is

distinguished from Kenya-type or Gwasitype phonolite occurring at Nairobi, Nakuru,

Elgon and others in Kenya (Williams, 1972:
Lippard, 1973b).
The Plateau-type phonolite is very unique
in the Cenozoic volcanic record in the follow-

mg pomts:
(a) Extra-voluminous lava. Total volume
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University and Mr. Y.Yusa of Power

as 25,OOOkm3 by Williams (1972) and
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of the phonolites in Kenya has been estimated
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Some Petrographical Notes on Phonolite, exposed at the Summit of
Uhuru Peak, Mt. Kilimanjaro, Tanzania

Isao SHIIDA and Mitsuo HOSHINO
Department of Geology, College of General Education,

Nagoya University

Introduction

petrographically in this paper.

Mt. Kilimanjaro is one of the volcanoes
swarming along the Eastern Rift Valley of

Petrography and chemistry of phonolite

Kenya and northern Tanzania. Volcanic
activity of Kilimanjaro had taken place during

Pleistocene age in the form of lava eruption

from three main volcanic centres with a
number of parasitic centres. Rocks erupted
are of typical alkali rock series trending from
trachybasalt, through trachyandesite, trachyte

and phonolite, to nephelinite (Downie and
Wilkinson, 1964). The order of lava eruption
and distribution of lavas around Kibo caldera

Megascopically the rock is grey and
scoriatic with large phenocrysts of abundant

greyish anorthoclase with subordinate dark

greenish ferrosalite and sparsed whitish
nepheline. Characteristic short prismatic
anorthoclase phenocryst with rhombic cross
section is usually less than 5 mm, but sometimes it reaches to 15 mm in length. The pre
portion of the phenocrysts to the groundmass
differes greatly even in one rock specimen.

are shown in Fig. 1.

The rock, phonolite, examined in this
paper was collected by the senior of us in

1968 from the summit "Uhuru Peak" (Fig.
2). This lava from which the rock was collect-

ed forms a part of caldera rim and is
designated as Caldera Rim group, which is a
product of the last but one activity in later
Pleistocene age, as shown in Fig. 1. This rock
shows aa-type in appearance.

This rock, in which scattered rhombic
anorthoclase phenocrysts are abundant, is
designated as "rhomb porphyry" in the field.

Under the microscope, phenocrysts of
anorthoclase, ferrosalite, olivine, nepheline
and magnetite are recognized (Fig. 3). Dark

brown basaltic hornblendes are found occassionally as large phenocrysts. These pheno-

crysts are scattered through a porous

In the previous works on Kilimanjaro,

hyalopilitic or hyaline groundmass consisting

petrographical description of rocks, especially
that exposed at the higher places, was scarcely

of brown glass, anorthoclase, ferroaugite,
alkali amphibole, apatite and magnetite.

made, in spite of its importance. It would
therefore be worth while describing the rock

Partly variolitic texture showing radial growth

2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 178-183,

of lath-shaped anorthoclase can be observed.

1977.
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Fig. 1 Geological map of Kibo, Kilimanjaro {after Downie and Wilkinson, 1964).
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Modal analyses were made on two thin
sections and averaged as shown in Table 1.
Only 8.79o of the total volume is occupied

me...""iiwa"si"'/ge31jl/Xl'tt.X.\•iblmere'111'le.,re'j'E"$'de

by the phenocrysts, and 91.39o by the
groundmass. Chemical analysis was performed
on the phonolite eliminating the phenocrysts
as much as possible. Therefore, this chemical
composition roughly represents that of the
groundmass of the rock. Table 1 shows the

':'l'v--t't't-'y'ltt

result of chemical analysis and C.I.P.W.

norm. Low MgO content, low MgO/(FeO+
Fe203) ratio and high Na20 content are
characteristic of this rock. These chemical
and normative data indicate that the rock is
typical alkaline rock.

Fig. 2

Exposure of Uhuru Peak, 5895
metres above sea level. Phonolite
was collected from the lava flow of
the Peak on which the senior author(right) stands up. Mr.Yairi{second

from right), Dr.Kurimoto (second
from left), Mr.Fata Eli, a guide
(left).

"2:-ec=umm
g,•, ww ".

Fig. 3

Photomicrograph of phonolite showing large anorthoclase {bottom), corroded ferrosalite (upper left) and variolitic groundmass
(upper centre} in a glassy matrix. Greyish dirty part indicates
gas cavity. Nicols half-crossed.
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Table 1 Chemical composltlons,

norms and modes of rocks

Oxideswt.%

from Kibo, Kilimanjaro

C.I.P.W.norms
"

I

Si0250.26
Ti021.91
A120319.84
Fe2035.o5

FeO4.13
MnOO.27
Mgoo.go
CaO5.65
Na206.16
K202.55
H20(+)1.94
H20(-)O.47
P20sO.38
Total99.51
MgO!(FeO+Fe20)O.10

50.12
1.24

20.34
5.96
1.88

O.23
2.14
4.23
8.28

Ferrosalite1.1

MagnetiteO.8
Olivine(hyalosiderite)O.2

O.44
O.13

O.84
100.35
O.27

"c,)h

8o
gai

Ferroaugite13.2

Magnetite6.4
Alkaliamphibole3.8

ApatiteO.4
Total100.0

Mt7.323.22
Il3.632.36
ApO.701.99
I.Systematicname:latite(K121).Locality:
FurtwtinglerPeak,O.5krnwestfromUhuru

Peak.Modeisnotgiven.(Downieand
Wilkinson,1972)

NephelineO.2

Glass36.5

Wo2.744.00
EnDi1.885.263.427.42

I.Phonolite(1-68102101c)examinedinthis
paper.'Systematicname:phonolitictephrite.(Analyst:M.Hoshino)

BasaltichornblendeO.2

Anorthoclase31.0

An18.955.96
Ne7.7025.23

4.-19

Mode

Anorthoclase6.2

Or15.0924.76
AbF37.9271.9623.5054.22

8es

Ev
pt
s9o
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Systematic classification of the volcanic
rock$ based on the three norrnative parameters, colour index, feldspar ratio and feld-

spathoid content is adopted by Downie and
Wilkinson (1972) to classify the Kilimanjaro
volcanic rocks. Accoridng to this classifi-

cation, the rock examined in this paper
belongs to phonolitic tephrite.

Downie and Wilkinson (1972) gave one
chemical datum of the volcanic rock, which
belongs to the same lava unit from which the

rock examined by us was collected. MgO
content, MgO! (FeO + Fe2 03 ) ratio, Na2 0
content and K20 content are considerably
higher in the rock examined by Downie and
Wilkinson than in the rock examined by us
(Table 1). This chemical difference is partly
due to the inhomogeneity even within a same
lava unit and is partly due to the difference
of sample preparation: whole rock composition including the phenocrysts or groundmass
composition excluding them.

X-ray methods may indicate that submicroscopic unmixing of two feldspars, plagioclase
and potassium feldspar, has partially taken
place. Partial analysis on anorthoclase from
the Uhuru Peak is presented by Leedal (1952)
as Na2 O 7.89o and K2 O 3.99o. From his data,
the chemical composition of the anorthoclase
is calculated as Ab68 An 1O Or22.

Nepheline exhibits euhedral, short prismatic crystal up to 10mm in length. This
mineral occurs not only as phenocrysts, but
also as inclusions in large anorthoclase phenQ
crysts. Under the microscope, it is optically
negative and has refractive indices, e=1.534,

co=1.539, and has poor cleavage. Hamilton
and Mackenzie (1960) demonstrated the dia-

gram giving approximate composition of
nepheline in the ternary system (nephelinekalsilite-quartz) from the reflection angles 2e

for (2022) and (2130). According to their

diagram, the nepheline examined has a
composition Ne76 Ks19 Qz5 for (2022)
reflection and Ne79 Ks15 Qz6 for (2130)
reflection.

Phenocrysts
Anorthoclase crystal is euhedral and short

prismatic. Fine grating twinning on (100)
is common. The length varies greatly from O.5

mm to 15mm. Large phenocryst often
includes rounded nepheline, ferrosalite and

Ferrosalite is euhedral, slender prismatic
or short prismatic and rarely corroded. The
length varies from O.2 mm to 10 mm. Optical
properties are as follows:or=1.698, 6=1.71O,

7=1.727, 2V(+)=580"-590, r > v, cAZ on
(OIO)=420. The colour is pale greenish

brown glass. Optical properties are as follows:
or=1.537, B=1.542, •)f=1.545, 2V(-)=500 -- 520,

without sensible pleochroism.

r> v. Despite the zonal structure, remarkable

Olivine is not clearly identified to the
unaided eyes in the hand specimen, but is
prominent under the microscope. It shows

variation of the optic axial angle is not
observed within an individual grain. Composition inferred from the optic axial angle

gives (Ab+An) 83e-84 Or 17N16. The angular
difference between 2e(201) of anorthoclase

and 2e(1010) of quartz as an internal
standard (Bowen and Tuttle, 1950) gives the
composition (Ab + An) 78 r- 8•1 Or 22 •- 19.
This slight discrepancy between the compositional ranges obtained from the optical and

corroded form and the size varies from O.5mm
to 1.5 mm. Optical properties are or=1.715,

7-a=O.039, the latter was determined by
means of Berek compensator, 2V(-)=790,
r > v. From optical data it's composition
is a hyalosiderite variety (Fo60 Fa40). The
coloUr is pale yellowish in thin section.

Basaltic hornblende rarely occurs as
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euhedral slender prismatic phenocryst with

prismatic. Groundmass minerals described

the length of 1.5 mm. Nearly straight
extinction on (OIO), strong pleochroism:

above are less than O.2mm in size and
embedded in pale brownish glass with

X=pale yellow, Y=reddish brown, Z=dark

n=1.521.

brown, and 710(-) of the optic axial angle
hornblende.

The occurrence of anorthoclase both as
phenocryst and as groundmass mineral is
of special interest. From this study, the
phenocrystic anorthoclase was found to be

Groundmass
Groundmass feldspar is in most cases

the senior of us expresses his deep thanks.
Precise chemical compositions of anorthoclase
and associated other minerals are now under

acicular anorthoclase with 2V around 500 (-),

study by means of EPMA and will be

but some mesostatic feldspar showing the

appeared in a separate paper.

agree with the optical properties of basaltic

2V ranging from 850(+) to 900(+) may
be oligoclase. Greenish rounded pyroxene
has a 2V ranging from 500(+) to 550(+),
presumably belongs to ferroaugite variety.
Rarely elongated pyroxene shows larger 2V
(-) 770 tv 860, positive elongation and nearly

straight extinction, presumably belongs to
eulite variety of orthopyroxene. Amphibole

exhibiting a strong pleochroism of deep
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Vermiculite-like Macroscopic Layer Silicates from Kenze Forest and Kioo Forest,

Southem Machakos, Kenya
Shigeji MIYAZAKI
Department of Earth Sciences, Faculty of Science, Nagoya University

Introduction

The accumulated field evidence suggests
that vermiculite is an alteration product of

biotite, and this is supported by numerous
experimental studies. Nevertheless there still

remains some disagreement about the origin
of vermiculite and the process of its formation. Macroscopic vermiculite occurs in four
types of host rocks; (1) ultramafic and mafic
rocks; (2) gneisses and schists; (3) carbonate
rocks; and (4) granitic rocks (Bassett, 1963).

In southern Machakos area about 90 km
south-east of Nairobi vermiculite-like miner'
als occur at Kioo Forest and Kenze Forest as
books in pegmatites and as slips andlor books
in vermiculitized biotite masses enclosed with
gneisses and schists (Baker, 1954). The clarification of the mineralogical characters of these

minerals has been studied in order to contribute toward revealing the origin of vermiculite and the process of its formation.

Mode of occurrence
Vermiculite-like macroscopic layer silicates

reported in this paper occur on the slops of

Kenze Forest and Kioo Forest about 15 km
north of Sultan Hamud Station, Machakos
District. The rocks exposed in the area mainly

consist of gneisses and schists ofMozambique

Metamorphic Belt. The Opete (or Upete)
dome filled with granitoid gneiss (Baker,
1954) is 4 km north-east ofKenze Forest and
5 km north of Kioo Forest. The western part

2nd Prelim. Rep. Afr. Studies, Nagoya Univ., 184-193,

of Kenze Forest is composed of biotite gneiss
and biotite-muscovite schist which were cut

by pegmatites. The metamorphic rocks strike
to the NNW direction and"dip profoundly to
the west.

The rock containing vermiculite-like minerals forms an elongated mass along the strike

of the enclosing gneisses and has a length
several times as large as its width which is
about 5 meters. The `vermiculite' rock is
bounded sharply by gneisses and pegmatites
which are inter-tongued each other. The rock
chiefly consists of weathered biotite slightly
to almost entirely altered into vermiculite-like

mineral associated with anthophyllite, hornblende, feldspar and garnet, and has remarkable foliation. Quartz, feldspar and a small

amount of apatite are the constituents of
pegmatitic veins which cut the `vermiculite'
rock and run parallel to its elongation. There
are also a number ofvein-like masses over the
hill and they chiefly consist of weathered
biotite with quartz. The weathered biotite

forms books and!or slips about 1 cm in
diameter and several mm in thickness. Four
specimens (SM760204-10, -11, -12 and -13
from which samples A,B,C and D were separated respectively) were collected from the
western wall of the excavation in the `vermiculite' rock directly hung over by biotite gneiss

2 meters in thickness and covered with a
pegmatite several 10 cm in thickness. Very
little soil is developed on the surface of the

pegmatite whose feldspar has been weathered
into kaolinite. Specimen SM7602041O is from

1977.
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the bottom of the wall and sampling points of

specimen SM760204-11, -12 and -13 are 1,2
and 3 meters upward from the bottom respectively, and besides the latter is from the
vicinity of the boundary between the `vermiculite' rock and the gneiss.

The pegmatite on the northern slop of
Kioo Forest contains quartz, kyanite, oligo-

clase, tourmaline, garnet, biotite and its

weathered equivalence with secondary
chlorite. This kyanite-bearing pegmatite
changes gradually into staurolite-bearing one
consisting of quartz and staurolite with accessories of weathered biotite, garnet, ilmenite,

hematite and secondary chlorite (Miyakawa

ray diffraction patterns of some samples after
the separation and light grinding in an agate

mortor show very weak reflections of anthophylite andlor hornblende, which are con-

sidered to have little or no effect on
the subsequent discussion. Some pulverized
samples were washed with IN-MgCl2 solution

and boiled in IN-CaC12,KCI and NH4N03
solutions to obtain Mg-, Ca-, K- and NH4saturated forms respectively Some were also
pre-heated at certain temperatures for one
hour. The wet chemical analyses were carried

out for samples A, B, C and D. KBr pressed
disks of samples were prepared to record infrared absorption spect.ra. Calculated X-ray

and Suwa, 1975). These pegmatites may

diffraction data for Reichweite g"1 ofbiotite!

possibly have some connections with granitoid gneiss of the Opete dome. The Kyanite-bearing pegmatite approximately 2 meters in
width is a very irregular body which in some
places sends tongues and stringers into sur-

vermiculite interstratified minerals are based

on the theory introduced by Kakinoki and
Komura (1952) and aplied by Sato (1965).

rounding micaceous gneisses and schists
(Temperley, 1953). Weathered biotite (sample

Results and discussion

E separated from specimen SM76020701)

C7iemical Analyses

forms large books in the pegmatite. Chlorite

occurs in crystals from less than 1mm to

Chemical compositions of weathered

2.5 cm in diameter which are usually found as
books and slips associated with vermiculitelike minerals and quartz. Sometimes chlorite
surrounds kyanite and garnet crystals and intrudes into cleavage planes of kyanite. Sample

biotite are listed in Table 1 with values of
exchangeable cations. The proportion ofions

F separated from specimen SM76020701 is

ly increased from sample A to D, whereas

a book consisting, of chlorite layers and

K2 O content is on the decrease.

interstratified mineral layers associated with

is calculated on the basis of the anionic
composition 22 (O). The water content and
the ratio Fe3'1(Fe2' + Fe3') have progressive-

AII exchangeable Mg2' is allotted to the

quartz, and sample G also separated from

interlayer site and non-exchangeable Mg2' is

specimen SM76020701 forms books composed of chlorite with quartz and without

assigned to the octahedral position. Both
exchangeable and non-exchangeable Ca2',

interstratified minerals.

Na' and K' are allotted to the interlayer site.

Leaving H" incorporated in the 02- frameExperimental

Samples A, B, C and D were carefully
handpicked to separate weathered biotite. X-

work (Barshad and Kishk, 1969) out of
consideration, the interlayer and octahedral
charges decrease from sample A to D.
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Table 1. Chemical analyses and structural formulas of weathering products of biotite

Si02

Ti02

N203
Fe203
FeO

MnO
MgO
MgO
CaO
CaO
Na2O
Na20

K2O
K2O

(fixed)

(exch.)
(fixed)
(exch.)
(fixed)

37. 84
2, 22
14. 84
9. 42
4. 91
O. 14
15. 99
O. 84
O. 78
o. o6

O. 38

(exch.)•

tr.

(fixed)

5. 44
O. 13
4. 46
2. 15
99. 60

(exch.)

H20"
H2OTotal

Sample D

Sample C

Sample B

Sample A

37. 97

37. 85

2. 09
15. 27
11. 03
2, 21
O. 29
15. 44
1. 01
O. 37
O. 21
O. 28

L 53

38. 77

L68

15. 49
12. 49

14. 76
12. 00
O. 29
O. 14
12, 67
1. 81
O. 39
O. 52
O. 11
tr.
0. 72
O. 05
8. 27

1. 32
O. 17
14. 85

1. 14
O. 44
O. 47
O. 33
tr.

tr.

2. 91
O. 09
5. 76
4. 49

4. 15
O. 11
5, 55
3, 12
99. 10

7. 76
99. 94

99. 33

Numbers of ions on the basis of 22(O).
si

al
al
Ti

Fe3'
Fe2'

Mn
Mg
Mg"
Ca

Na

K

H20**
(FO
elJ?/(Fe

2++ Fe3" )

5. 55
2, 45
O. 12
O. 25
1. 04
O. 60
O. 02
3. 50
O. 18
O. 13
O. 11
1. 04
1. 23
4. 00
O. 63

}8 OO

5.

96 }8

t

O. 28
O, 23

O. 34
O. 17

o.

04
63

o.

19

I

1. 23

5. 46
O, 27
O. 04

1. 40

L 39

2,

5. 53

O. 16

1. 46

O. 22
O. 09
L 19
O. 08
O. 80

O. 14
O. 09
O. 57

O. 82

-2. 45
+O. 72

-2, 38
+O. 89

Interlayer

+ 1. 77
+ O. 04

+ O. Ol

+L 50

basis

2,

o.

1. 05

04
02
90
41

o.

15

o.

03

o.

15

6.

21

4.

oo

OE

97

of 22(O).

-2. 37
+O. 86
+1. 44
-O. 07

Analyst :K. Suzuki
* :AII exchangeable Mg2' is allotted to the interlayer site.
** : No. of water molecules per formula unit, corresponding to total water content less

amount required for 4(OH).

o.

o.

3. 09
4. 00
O. 90

2, 28
4. 00

Tetrahedral
Octahedral

5. 39

O. 02
3. 30
O. 25

3, 41

Charges on the

Net

g ggls ,,

g ggls oo

04
74
+1. 30
Å}o. oo
- 2,
+ o.

OO

5. 17

O. 74
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Infrared Absorption Spectra

cm'i. The absorption near 460 cm-i arises
principally from in-plane vibrations of the
octahedral ions and their adjacent oxygen
layers, and these vibrations couple to give
modes which are described as M-O stretching
or Si-O bending (Farmer, 1964). The ratio of
absorbance in Table 2 becomes lesser from

Infrared absorption spectra (Table 2) of
samples A,B,C and D are very much similar to
each other, having five main absorption bands.
Bands with maxima near 3400 cm-i identified

as OH stretching vibrations, 1640 cm-i and
690 cm-i which are assigned to OH bending
vibrations correspond to hydroxyls involved
in hydrogen bonds to surface oxygen and to

sample A to E, which results from the
increment of water content. This trend is in
accord with the result of chemical analyses.

other loosely adsorbed water molecules
(Farmer, 1974; Marel and Beutelspacher,

The absorbance ratio of sample E is intermediate between those of samples C and D.

1976). Si-O stretching vibrations lie near 1000

spectra of weathering products of biotite

Table2. Data of infrared absorption

Sample A

Sample C

Sample B

Sample E

Sample D

number (logl./I)

numbei (logl./I)

Wave Absorbance Wave Absorbance Wave Absorbance
number (loglo/I)
number (logl.II) number (logl.II)

(cm-i)

(cm-1)

(Cm-i)

34 10 Ei== O. 322

3430 Ei=O.237

3420 Ei-

O. 285

3420 Ei= O.502

3420 Ei=O.323

O. 098

1640 O. 166

1640 O. 108

1010 E2= O. 980

1015 E2== O. 709

Wave Absorbance Wave Absorbance

(cm-') (cm-')

1640 O. 096

-l640 O. 074

1640

1000 E2= 1. 432

1010 E2= O. 821

1010 E2- O. 820

690 O. 139

690 O. 074

690

O. 094

685 O. 151

690 O. 082

460 E3= O. 764

465 E3= O. 485

465 E3=:= O. 503

470 E3= O. 561

470 E3=O.435

2. 88

E2/ Ei= 1. 95

E2/Ei=2. 20

1. 76

E3/ Ei= L 12

E3/Ei =1. 35

E2/ Ei= 4, 45

E2/ Ei == 3. 46

E3/Ei= 2. 37

E3/ Ei ::= 2. 05

E2/EIL
E3/E1-

X-ray Diffraction

The b parameter increases with the increment of numbers of octahedral Fe2' and
decreases with that of octahedral Fe3' for trioctahedral mica-type layer silicates (Brindley,

much conspicuous. Three basal reflections are

recognizable in lower angle region for each
air-dried preferred-oriented sample, i.e., the
25-30A refiection having weak intensity, the
14.5A reflection and that in the range be-

1961). This tendency among samples A,B,C

tween 10.2A and 12.IA. For some samples,

and D is shown in Table 3, though it is not

the 14.5A reflection splits into 16A and 14A
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treatment and to 14.6-14.7A in wet condition. On the contrary, Mg-saturated samples
demean themselves differently; the reflection

10.3, 10.5 and 10.7A respectively. Mg-vermiculite collapses to 10A and some sorts of
smectite to 14.3-12A by means of this treatment (Sudo, 1974). The basal spacing ofMgvermiculite neither expands with glycolation

by ethylene glycol treatment and, for all
samples, it shifts to 14.2-14.3A by glycerol

in the 10.2A-12.IA region shifts towards

nor swells in wet condition as that of smectite

higher angle region, which may be due to the
depletion of exchangeable interlayer K' . Ca-

does. Samples A, B, C, D and E have ceased
rehydration at 3000C, where sample D has the

and K-saturated forms of sample A show the
14.9 and 10.3A reflections, which shift to
15.8 and 10.2A by ethylene glycol treatment
and to 15.2 and 10.2A in wet condition respectively. Mg-saturated samples A,B,C and D
treated withNH4N03 have reflections at 1O.3,

reflection at a little higher angle region com-

Table 3. X-ray diffraction data

pared with A,B and C. These five samples are
identified as interstratified minerals whose
components are biotite and vermiculite, associated with vermiculite as a segregated phase
in the very same book andlor slip.

of weathering

products of biotite, and chlorite

Sample A
Preferred

Random

onentatlon

orientation

d(A)
27
14. 5

10. 2

GL

EG

Air-dried

I

d(A)

I

RH1OO

I d(A)

d(A)

Pre-heated Pre-heated
Pre-heated

at 3000C at 4500C at 6000C

I d(A)

I

d(A)

I d(A)

I

vw

16.7
m 14.
2)Ptw
vw 14. 3

m 14.7
s 10.2

s 10.2 s 10.2

m
m

vs 10.3

10. 3

vs 10.2

vs

(Mg-form)
Air-dried

EG

16.4 m

GL

RH1OO

Pre-heatend Pre-heated AN

at 2000C at 5000C

I

14. 5
10. 2

s

5. 03
3. 60
3. 37
2. 88
2. 62
2. 52
2. 43
2. 18

2. 017
1. 677
1. 5351
1. 440

26 vw

14.6
m
10. 8

lg: 2),h vg 1,21 8,, vw lt• 2),hvg l8I g),h th

d(A)

) ,h m 10. 0

m 10. 3

s

vw
W
s

W
W
W
vw
W

m

W
W
W
m 1. 365 vw
b.=9.2106

(Ca-form)
Air-dried

14. 9

EG
vs 15.8

RHIOO

vs 15.2

vs

Pre-heated

Air-dried

at sooOc
9. 6

m 10.3

EG
vs 10.2

RH1OO
vs 10.2

vs

Pre-heated
at sooOc•
10.1

vs
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Table 3. rcontinuedJ

Sample B

Preferred orientation

EG

Air-dried

27
vw
14. s)Sh . •14. s
10. 7b m 10. 6
(Mg-form)
Nr-dried

28. 0

GL

RH1OO

Random

Pre-heated Pre-heated

Pre-heated

at 3000C at 4500C

at 6ooOc

14.6 m

m 14.2
m 10.2

EG

10.6b m

m 14.7 w

4. 61 vw

m 10.6bw 10.3

GL

RHIOO

vs 10.2

vs 3, 40 m

vs 10.2

Pre-heated Pre-heated

at 3000C at 4500C

3, 19 m
2. 62 m

2, 43 vw

Pre-heated

C 2. 17 vw

o
at 600

2. 02 vw
1. 68 vw

vw
. I21g)pt.ee i4.3 . i4.7 w i4.4

1. 5306 w

14. 5

lo. g)Sh

orientation

bo =9• 1836

m

m io.6b w iLo)Shm iio21gib VvWw io.s

s 10.1

s 10.3

m
Table 3.

Sample C

Random

Preferred orientation

EG

Air-dried

27
14. 5
12. 0

GL

bm16.29
vw
26 w
2
W
s 14.2
s 12.1
ll.3

w 14.2 m

m IL8 m

vw

RHIOO

Pre-heated Pre-heated

Pre-heated

at 3000C at 4500C

at 6ooOc

28. vw

26 vw

11.6 vw

10.1 vs

10.0 vs

(Mg-form)

Air-dried EG

27 w
30
16. 6

GL

RHIOO

Pre-heated Pre-heated

at 2000C at 5000C

26 m

14.5 m

m 29 vw 29 vw
m 14.2 m
14.7 w

125 m 13

W 12. 1 m

12.0 m

12. 3b w

onentatlon

27 b w
14.5 m
12.1 m

14.6 m
12,1 m
10.2 m

rcontinuedl

mu

4. 62 w
3. 41 m
2, 88 w
2. 63 w
2, 42 w
2. 03 w
L 674 w

1. 5300 w
b. =9, 1800

14. 5

)sh

10.0 m

10. 5

m
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(continuedY

Tab[e 3.

Sample D
Preferred

EG

Air-dried

vw 30

28

16. 3

14. 5
12. 1

vs 14.4
m 12. 1

GL

vw 28

RHIOO

Random

orientation

Pre-heated

Pre-heated

Pre-heated

at 3ooOc

at 45oOc

at 60oOc

orientation

27

vw

14. 5

vs

vs 14.3
m 11.9

14.6 vs

vs

m 12,2 w

GL

EG

9. 9

RHIOO

m

vw16.3
30vsvw

27.

vw

14. 4
12. 6 b

vs

14. 3

vs

12, 2

v'w

w l3.0 vw

9. 8

9. 8

s

m

9. 5

3. 60
3. 47
2. 88
2. 65
2. 55
2. 39
1. 67

W

w 26
16. 4

vs 14.6
w 12.9

14. 6
12. 8

Pre-heated

14. 6

s

12. 5

m

W

Pre-heated

Pre-heated

at lsoOc

at 3ooOc

at 6ooOc

9.6b m

EG
16. 4

4. 74

10. 7

m

w 26

EG

Air-dried

W

26

W

14. 6
12. 8

m
m

RHIOO
27

W

vw 14.5
vw 12.8

vs

W

s 9.8

s

14. 5
12. 6

m
m

14. 8
12. 8

m
m

Sarnple G

vw 30

7. 9
7. 1

5301b w

bo=91806

Randomorientation

Preferred orientation

14. 3
12, 7

vw
vw
W
vw

vs

Sample F

27

W

s

(Mg-form)

Pre-heated

10. 2

Air-dried

A)I

at 5ooOc

s

Heferred orientation

EG

25

m
W
m

7. 2
4. 80

1.
14. 5

Sample E
Air-dried

] re-heated

at 20oOc

28

vs

12. 1

(Mg-form)
Air-dried

vW

s 14.4
m l2.6

vw 7.9
vs 7.2
s 4. 74

GL
vw 29
vW
s 14.3
m 12,6

w 7.9

vs 7,2

s 4. 74

RHIOO

vw 27 vw
s 14.3 m
m 13.0 w

vw

vs 7.1 s
s ---•-••--

ma

d(A)

OOI

14. 18

91

O02
O03
O04
O05

7. 077
4. 715
3. 540
2, 833

1OO

----------l--}---

O07

2. 023
----------t------

060
EG : ethylene glycol treatment.

RHIOO:in wet condition. sh:

GL :glycerol treatment.

shoulder. b:broad.

IFi

I

47
100
92

36
52
12
--------

3

151

93
.

70

--------

1.5393

AN :NH4N03treatrnent.

bo=92353
dooi=: 14. 155
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chlorite is identified by means of its diffrac-

Table 4 shows calculated X-ray diffraction

ction data as (Mg3.gFeo.7AliA) (Si2.6Ali.4)
Oio (OH)s with O.5 excess Fe2' in the hydroxide sheet (Brindley, 1961; Oinuma et al.,
1972). Although octahedral cations are not
evenly distributed between the silicate layer
and the hydroxide sheet (Shirozu and Momoi,

data with the probability WB and Pv v , where
subscripts B and V mean biotite--like layer and
vermiculite-like layer respectively and symbol
Ws is defined as the probability of finding S
layer at any position and PsT as the transition
probability that T layer succeeds S layer. WB

1972), the chlorite is regarded as a hydrother-

becomes smaller from sample A to D, whereas
Pvv does not vary in zero value and the segregated phase of vermiculite is produced. WB
may decrease up to O.5, thus the tendency
towards ordered interstratification develops

mal product from biotite and other minerals
in the pegmatite.
IZ,'

s•-

I

"

with the increment of the proportion of
oxidized structural iron (Gilkes, 1973). Sam-

ple E from Kioo pegmatite is similar in

:

;?-sfQS

iN
iN
II
l

..... ;1:,I

become large to approach the vermiculite

Se)"m

Q-

point, where Pvv=1 and WB=O. The sche-

!
[

shown in Figure 1.
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characters to samples A,B,C and D, though the
occurrence is different. Finally Pvv seems to

:
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Fig.1. Schematic characteristics
vermiculite via
biotite to
erals.

ray diffraction data are listed in Table 3. The
Table4. Calcuiated

i

1

Degree
of Weathering

Sample G is macroscopic chlorite whose X-

i

81

I

stratified Biotite/Vermiculite Layers

I

suE

9•,

8:

8:

s• "i?

l sil

-qH

i

Olxx

9 xNx x!aj 7s

1

eql

sC1

ei

Alternation of Chlorite Layers and Inter-

-

of weathering of
interstratified min-

X-ray diffraction data

Correlation between

Vermiculite

Interstratified minerals

Biotite

:

:

calculated and

No. 2

No. 1

No. 3

No. 4

No. 5

observed X-ray

No. 7

No. 6

diffraCtion data

WB=O.60 WB=O.46 WB=O.OO
WB=1.00 WB:=:O.98 WB=O.85 WB=O.63
Pvv=O.OO Pvv=O.OO Pvv=o.oo pvv:-o.oo Pvv=o.oo Pvv:=O-25 Pvv=1.00
d(A)

I d(A)

I d(A)

I d(A)

I d(A)

27.0 w 26.0

I d(A)

I d(A)

m 24.7 m
14.6 vs

10.2 vs 10.9
10.17 vs

s 12,O

s 12.1

s 12.6

s

I

Nos2 + 7 =-= Sample

A

Nos.3 + 7 =- Sample

B

Nos.7 + 4 E Sample C
Nos.7 + 5 ! Sample

D

Nos.7 + 6 i Sarnple

E

192
It is noteworthy that the alternation of

one m accord with the increase in the nurnber
of vermiculite layers as a segregated phase.

chlorite layers and interstratified biotite/
vermiculite layers even in a single book of

Chlorite from Kioo Forest was formed by

sample F is discernible with the naked eye. It

hydrothermal action. In such a case that the

may be deduced that the hydrothermal alteration of biotite to chlorite terminated incompletely and some biotite layers which is now
recognized as interstratified mineral Iayers
remained within chloritized books, since it is
hardly conceivable that some chlorite layers

have altered into interstratified biotite!
vermiculite layers.

chlorite is an alteration product of biotite, the

action left some biotite layers intact which
have been preferably weathered within chloritized books.
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Introduction
Palaeomagnetic survey in Africa has covered

collected at the Premier mine (25042'S,
28032'E), the Montrose pipe (25046'S,

an extensive span of geological time over
2,OOOm.y. and the pole positions relevant

28033'E), and the National pipe (25048'S,
28033'E). Cretaceous kimberlites were sam-

to this continent are subsequently traced back

pled at the Wesselton mine (28046'S,

from the middle Precambrian to the Quaternary (McElhinny et al., 1968; Creer, 1970).

(29026'S, 25000'E). The local geomagnetic

Throughout these investigations, informations

obtained from kimberlites are not many. The
formation of kimberlites, however, is featured

24051'E) and the Koffyfontein mine
field around the sampling sites was approximately D = 3430, I = (-)630 and F = 32,OO07
(Hermanus Magnetic Observatory, 1961).

by its origin at a deeper part of the upper

mantle, quick upheaval through the upper
mantle and crust and rapid rate of cooling
near the surface. Accordingly, remanent

pretorLas,iZ".e.7/':g.

magnetization might have been acquired
through a short period of time and it would
be regarded as thermoremanent magnetization

Kimber[eY o" wesselton

-Koftyfontein

Durban

of volcanic rock.

In September 1973, the International Conference on Kimberlite was held in Cape Town.

35'S

200E

which offered an opportunity to visit several
diamond mines in South Africa and to collect
oriented samples of kimberlites. This report

Fig. 1

Collecting

Middle

Sites

30"E
of kimberlites examined

Geology
Five' kimberlite sites in South Africa of

these rocks.

different age, mode of emplacement, type and
degree of crustal contamination were selected

sites

for this palaeomagnetic study. Fig. 1 shows

Precambrian kimberlites were

2nd Prelim. Rep. Afr. Studies, Nagoya Univ.,

300s

Cape Town

One of us (K. S.) attended the Conference
and joined the accompanied field excursion

describes results on the measurements of
natural remanent magnetization (NRM) of

25' S

JohannesburgkNational

these kimberlite sites.

194-198, 1977.
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(1) P7emier mine, 38 km east of Pretoria

The kimberlite pipe of the Premier mine
contains inclusions of Waterberg quartzite and

is cut by a thick sill of post-Waterberg
diabase. The geochronologic data give an age

ed kimberlite: (a) a dark basaltic kimberlite

with a glassy matrix, (b) hard, dark grey,
basaltic kimberlite, (c) two types of kimberlite breccia with different sizes of inclusions.

One sample of variety (a) on the surface

of 1,750Å}10m.y. and a minimum age of

level was collected for this study.

1,115Å}15 m.y. (Allsopp et. al., 1967. Recent

(4) Wesselton mine, 10 km SEE ofKimberley

Rb-Sr age determinations by Barrett and
Allsopp (1973) indicate that grey kimberlite

is 1,250m.y. and brown kimberlite may even
be as old as 1,400 m.y.

The kimberlite pipe of the Premier mine
measures 860 X 400 metres on surface, closing
into 820 Å~ 330 metres on the 538 metre level
by an average dip of 85 degrees.

Wesselton is one of the five major kimberlite pipes in the immediate vicinity of Kimberley. The kimberlites intrude rocks of the

Karroo System, which overlies lavas of the

Ventersdorp System with intervening
quartzite horizons. Ventersdorp System over-

lies underlying Basement rocks consisting
mainly of granitic and amphibolitic gneiss.

Kimberlites have intruded in at least three
distinct phases corresponding to the brown,

According to Allsopp and Barrett (1975), the

grey and black varieties.

m y.

Two samples of grey kimberlite on the 500

radiometric age of the Wesselton pipe is 84Å}3

The surface area of the pipe is 103,750 m2 .

metre level were collected for this study.

The rocks occupying the pipe can be divided

(2) Montrose pipe, 7 km south of the P7emier

into three groups based on textural and

mine

The Montrose kimberlite pipe measures
about 95 metres in diameter and consists ofa
barren core and a more diarnondiferous rim.
The kimberlite is intruded into quartzite and
shales of the Transvaal System and a diabase
sill of post-Transvaal age, and consists of a
dark grey kimberlite breccia containing very
few large inclusions.

One sample of this kimberlite breccia on
the surface level was collected for this study.

(37 National pipe, 11km south of the
Ilremier mine

The National kimberlite pipe measures 70
metres in diameter and is intruded into the

quartzites of the Transvaal System and a
diabase sill of post-Transvaal age. The pipe
contains the following varieties ofunweather-

petrographical characteristics.

Group l is all non-fragmental varieties of
kimberlite, Group 2 is intrusive breccias containing variable amounts of xenolithic material, and Group 3 is volcanic breccias having
an agglomeratic or tuffaceous appearance.

Two samples of Groups 1 and 3 kimberlites
on the 600 metre level were collected for thi's
study.

(5) Koffyfontein mine, 80km south of
Kimberley
The location of the Koffyfontein, Ebenhae-

zer and Klipfontein kimberlites aiong a
NW-SE Iine suggests that their emplacement
was controlled by a linear zone of weakness

trending in this direction. Both Wagner
(1914) and Williams (1932) have suggested
that the three occurrences are linked below
surface by a kimberlite dyke.
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The kimberlites intrude rocks of the

of collecting samples in mines. After the

Karroo System, which directly overlies Pre-

measurements of NRM, the specimens were

cambrian granite gneiss.

subjected to alternating field demagnetization. All of NRM was stable, the directions
showing a little change less than 50 in the

Roughly circular in shape the Koffyfontein
pipe has a diameter of about 365 metres. A
number of narrow kimberlite dykes (10-50
cms wide), in the wail rock adjacent to the
Koffyfontein pipe, strike directly towards
Ebenhaezer.

peak field of 200 Oe. The intensities of
magnetization decreased approximately by
309o of the initial values in the same field. It is

seen that the magnetizations are also stable on

heating up to 3000C. This behaviour is often
observed in volcanic rocks which maintain

One sample of this narrow kimberlite dyke
was collected for this study.

primary thermoremanent magnetization smce
their formation.

The age of rocks, the results of measure-

Magnetic measurements

The NRM was measured by an astatic
magnetometer. The accuracy of measurements was high but errors on the orientation

ments of RM and the virtual geomagnetic
poles calculated from the measurements are
summarized in Table 1.

would be as much as 30 due to the difficulties

Table 1

Results of measurements and virtual geomagnetic poles

RM After AC demag. in 200 Oe
Site

Premier

Age

mlddle PC

Magnetization

of NRM

Incl.

K.

e95

o
171

o
-3

589

2.5

7.6 x

158

-2

316

2.9

9,O

Decl.

lo'4emulcc

Virtual

pole

171W 62S

1250 m.y.Å}

Montrose

middle PC

193

11

373

2.7

8.2

National

middle P{

185

- 58

1410

2.0

130

Wesselton

Cretaceous
84+3 m.y.

341

-69

7877

O.9

250

339

-• 73

602

3.7

2,9

347

- 63

899

1.7

13.5

Koffyfontein

Cretaceous

166W
118W
147W
128W

tion and it is possibly thermoremanent
magnetization as suggested by Jones (1968).

26S

63N

136W 56N
125W 71N

Discussions

Remanent magnetization is proved to be
stable to both AC and thermal demagnetiza-

56S
66S

(I) Middle P7ecamhrian kimberlites from
I)7emier mine, Montrose pipe and 7Vational pipe
The present results show that the magneti-
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zation of kimberlites collected from 500

form three groups and these groups appear to

metre level of the Premier mine is directed to

(1710, -30) and (1580, -20). A 70-80 metre

be related to the stratigraphic position of the
sites in the succession. Though there has been

thick post-Waterberg diabase sill cut across

no trial on the age determination of the

the pipe and wall rock between mainly 380

Montrose and the National pipes, this result
indicates that the kimberlites from the Montrose and the National pipes are classified to
the middle Precambrian intrusion and that the

and 450 metre levels and has an overall dip of
15 degrees to the north-east. The effect of the

sill has been to metamorphose the kimberlite
bdth above and below, and this metamorphic
effect is apparent for a distance of some 25

metres for petrography and of some 200
metres for geochronology from both the
upper and lower contacts (Barrett and
Allsopp, 1973). The distance between the
lower contact of the sill and the 500 metre
level of the pipe is about 50 metres and the
samples used jn this study is consjdered to be
thermally affected by the sill.

Jones (1968) has reported that the rhean

Montrose kimberlite may coincide with the
Premier kimberlite in age and the National
kimberlite may be older than the Premier and
the Montrose kimberlites.

(2) Cretaceous kimberlites from Wesselton
and Koffyfontein mines

The present results on Wesselton and
Koffyfontein kimberlites indicate that the
both data coincide each other. Wesselton
mine has a same situation with the De Beers

direction of stable RM of kimberlites collected at 890 feet level of the Premier mine to be

mine as one of the five major kimberlite pipes
in the immediate vicinity of Kimberley and as

1860 and -240 and that the direction of the
post-Waterberg diabase sill to be 1830 and

a same Cretaceous kimberlite. McFadden

-3o.

magnetism of the Cretaceous kimberlite of

The present results nearly coincide with
that of the post-Waterberg sill. This coincidence in the direction of NRM is, therefore,

(1973) has announced a precise result on the
the De Beers mine as stable component alines

to D=3320 and I=-730.

The present results on Wesselton and

explained by the secondary heating of

Koffyfontein kimberlites are in agreement

kimberlite at the time of intrusion of the sill.
It is interesting to note that the pole position
for the Premier lies close to the upper horizon

with the direction of the De Beers kimberlite
and the virtual pole position is roughly the
same as that average value for Cretaceous rock

of the Waterberg succession.

of Africa (Creer, 1970).

A significant difference in the direction
between the Montrose and the National pipes
is seen. The RM of the Montrose and that of
the National pipes coincide with the upper
horizon and the lower horizon of the Waterberg succession, respectively. The direction
for the Montrose pipc nearly coincides with

that for the Premier mine. According to
Jones and McElhinny (1 967), the directions of

magnetization of the Waterberg succession

Acknowledgements - This work was supported in part by the Grant-in-Aid for Scientific

Research of the Mjnistry of Education,
Science and Culture, for which we would
like to record our thanks. We are also
indebted to Mr. T. Agata of Nagoya University for his kind advice to the ore micro-

scopy.

198
References
ALLSOPP, H.L., Burger, A. J. and van Zyl, C. {1967): A minimum age for the Premier kimberlite pipe yielded by
biotite Rb-Sr measurements, with related galena isotopic data. Earth P/anet. Sci. Lett.. 3, 161-166.

ALLSOPP, H.L. and BARRETT, D.R. (1975): Rb-Sr age determinations on South African kimberlite pipes. Phys.
Chem. Earth, 9, 605-617.

BARRETT, D.R. and ALLSOPP, H.L. {1973): Rubidium-strontium age determinations of South African
kimberlite pipes. ExtendedAbstract. /ntern. Conf. on Kimberlites. Cape TovLtn. 23-25.
BROCK, A. and PIPER, J.D.A. {1972): lnterpretation of Late Precambrian palaeomagnetic results from Africa.
Geophy. J. R. astr. Soc.. 28, 139-146.
CREER, K.M. (1970): Review and interpretation of palaeomagnetic data from the Gondwanic continents. Proc.

2nd Gondvvana Symp. /UGS, Cape Tovvn and Johannesburg. 55-72.

HERMANUS MAGNETIC OBSERVATORY {1961): Geomagnetic secular variation observations in Southern
Africa. Department of Lands, Republic of South Africa.

JONES, D.L. and McELHINNY, M.W. (1967): Stratigraphic interpretation of paleomagnetic measurements on
the Waterberg Red Beds of South Africa. J. Geophy. Res.. 72, 4171-4179.
JONES, D.L. {1968): Paleomagnetism of the PremierMine Kimberlite. J. Geophys. Res..73, 6937-6944.

McELHINNY, M. W. BRIDEN, J.C. JONES, D,L and BROCK, A. {1968}: Geological and Geophysical
implications of paleomagnetic results from Africa. Rev. Geophys.. 6, 201-238.

McFADDEN, P.L. {1973): A palaeomagnetic study of the De Beers Diamond Mine. ExtendedAbstract. /ntern.
Conf. on Kimber/ites, Cape Tovvn. 221-223.

WAGNER, P.A. {1914): 7rhediamond fields ofSouthernAfrica. Transvaal Leader, Johannesburg. Reprinted
1971, Struik {Pty) Ltd., Cape Town. 355 pp.
WlLLIAMS, A.F. {1932): Thegenesis of the diamond. 2vols. Ernest Benn, Ltd., London, 636 pp.

199
List of publications on African peology

1963

X SUWA, K., Geological excursion of north-east Africa. naonthlyAfrica. 3, Nos.5-10.
ee SUWA, K., Geology of Ethiopia. IVagoya Jour. Geot..18, 13-25.

1964

ou SUWA, K., Geological excursion of north-east Africa. Mon th/y Africa. 4, Nos.1 and 3.
ee SUWA, K., African Rift Valley. LxZlorld Geography. 13. 320-322.

1965

" SUWA, K., Geology of Egypt and Sudan. A/agoya Jour. GeoL. 20-21, 34-48.

1966

MATSUZAWA, 1., A study on the formation of the African Rift Valley. Jour. Earth Sci.. Atagoya
Univ.. 14, 89-115.
MIZUTANI, S. and SUWA, K., Orthoquartzitic sand from the Libyan desert,Egypt. ibid. 137-149.
SUWA, K., Maximum microcline in Aswan granitic rocks, Egypt. ihid. 116-136.
ee' SUWA, K. and UEMURA, T., Geology of the African Rift Valley and the Olduvai Gorge. Jour. Afr.
Studies. 3, 18-48.
' SUWA, K., Precambrian of Africa (1)., Earth Science rChikyu Kagakul. 84, 39-48.

1967

ee-

MATSUZAWA, l., Some considerations on the formaiton of the African Rift Valley. Jour. Afr.
Studies. 4. 1-24.

" SUWA, K., Precambrian of Africa (ll). Earth Science rChikyu Kagakul. 21, 32-44.

1968

"ou

SUWA, K., Precambrian of African Continent-geology and mineral resources. Jour. Afr. Studies. 6,

25-51.

1969

AOKI, H., Gravity measurements of Rift Valleys in Tanzania. Jour. Earth Sci.. Atagoya Univ.. 17
{special volume}, 169-188.

MATSUZAWA, 1., Nagoya University African Rift Valley Expedition(NUARVE} in 1968. ibid.
1-1O.
MATSUZAWA, 1., Formatien of the African great rift system. ibid. 11-70.

MIYAKAWA, K., SUWA, K., and SHIIDA, I., Metamorphic rocks of the North Pare Mountains,
Tanzania. ibid 97-106.

MIZUTANI, S.' and YAIRl, K., Tectonic sketch of the Mbeya area, southern Tanzania. ibid. 107-124.

SUWA, K., OSAKI, S., OANA, S., SHIIDA, 1., and MIYAKAWA, K., lsotope geochemistry and
petrology of the MbeyaEcarbonatite, south-western Tanzania, East Africa. ibid. 125-168.
YAIRI, K. and MIZUTANI, S., Fault system of the Tanganyika Rift at the Kigoma area, western
Tanzania. ibid 71-96.

'

1970

ce SUWA, K., Six months of geoiogical studies in Africa during 1969-1970. Gakuiutsu-gepporMonthly
Rept. Sci. ResearchJ. 23, 46-55.

1971

' MATSUZAWA, 1., On Africa. Jour. Afr. Studies, 11, 1-8.
" MIYAKAWA, K., Recenttrends of African studies in Japan-geology. ibid. 9-15.
' SUWA, K., Field studies in Africa-geological researches. ibid. 49-58.
ce SUWA, K., Earth scientific characteristics of African Rift Valley. Llllortd Geography Seminor. 5,

73-91. DaimyodoPub.Co.
1972

W SUWA, K., African Rift Valley andvoicanism. Geography. 17. 7-14.
be SUWA, K. and YAIRI, K., African Rift Valley Research Expedition{2nd). Gakufutsu-gepporMonth/y
Rept. Sci. ResearchJ.. 25. 548-554.

1973

SUWA, K., OANA, S., WADA, H., and OSAKI, S., lsotope geochemistry and petrology of the
African carbonatites. 1 st International Kimberiite Conference, extendedabstract. 297-300.

SUWA, K., YUSA, Y., and KISHIDA, N., Petrology of peridotite nodules from Ndonyuo Olnchoro,
Samburu district, central Kenya. ibid. 301-304.

200
1974

ee"

ADACHt, M., The Mesozoic group near Mombasa, Kenya. Jour. Afr. Studies. 14, 14-20.

" SHIOZAKI, H., Mineral resources of Africa {1). Atagoya Jour. GeoL. 30, 2-10.
ceX SHIOZAKI, H., Mineral reso• urces and mining affairs of East Africa. Jour. Afr. Studies. 14, 73-81.
'ce

1975

YAIRI, K., En echelon pattern of the East African Rift System. Jour. Afr. Studies. 14, 21-46.

SUWA, K., OANA, S., WADA, H., and OSAKI, S., fsot6pe geochemistry and petrology of African
carbonatites. Phys. Chem. Earth, 9, 735-746(Pergamon Press).
SUWA, K., YUSA, Y., and KISHIDA, N., Petrology of perjdotite nodules from Ndonyuo Ojnchoro,
Samburu distiict, central Kenya. ibid. 273-286{Pergamon Press>.

ADACHI, M. and YAIRI, K., Sedimentological notes on the Bukoban orthoquartzite {late Precambrian)•around Kisii, Kenya. Ist Pre/im. Rep. Afr. Studies. Atagoya Univ.. 3-5.
ADACHI, M., Sole markings from the Mazeras sandstones (upper Triassic),northwest of Mombasa,

Kenya. ihid. 17-20.
ADACHI, M. and YAIRI, K., Preliminary report on the carbonatitic clasts in Tertiary sediments from

the eastern Kavirondo Rift Valley, Kenya. ibid. 26-28.

BIYAJIMA, •K., SUWA, K., and MIYAKAWA, K., Mantled gneiss dome in the Mozambique belt

around Machakos area, Kenya. ibid. 6-13. . . '
KAGAMI, H., Maragori granite in Tanganyika craton. ihid. 14-16.'

KAGAMI, H., ADACHI, M., YAIRI, K. and MATSUZAWA, 1., The rocks constituting the Mozam-

,bique belt in the northeast district of Lake Victoria. ibid. 6-13. ' ' '
MIYAKAWA, K. and SUWA, K., An occurrence of staurolite from the Kioo pegmatite, Machakos
District, Kenya. ibid. 52-54.
SHIBATA, K., Preliminary geochronological study on metamorphic rocks frorfi Taita Hills, southern

Kenya. ibid. 72-75.
SHIOZAKI, H., Fuchsite from Kibingi, Kenya. ibid. 70-71.
SUWA, K., Plagioclases in anorthosites. ibid. 55-59.
SUWA, K. and AOKI, K., Reverse pleochroism of phlogopites in kimberlites and their related rocks

from South Africa. ibid, 60-64.
SUWA, K., YUSA, Y. and KISHIDA, N., Petrology of peridotite nodules from Ndonyuo Olnchoro,
Samburu District, central Kenya (abstract). ihid. 65-59. '
SUWA, K., OANA, S., WADA, H. and OSAKI, S., tsotope geochemistry and petrology of African
carbonatites (abstract). ibid. 81-84,

UEDA, Y., MATSUZAWA, l. and SUWA, K., Potassium-argon age determinations on the Tanzanian
igneous and metamorphic rocks. ibid. 76-80.
YAIRI, K., Geometry and mechanics of en echelon faulting Vvith applications to the East African

Rift System. 'ibid. 29-38. '

YAIRI, K., Fault pattern and crustal extension of the Kavirondo Rift Valley in relation to a bifur-

cating rift model. ihid. 39-43.
YAtRl, K. and KATO, Y., Throw varjation of normal fa,ults arranged en echelon. ibid. 44-51.

GOTO, T., OHNO, 1. and SUMINO, Y., The determination of the elastic constants of naturalalmandine-pyrope garnet by rectangular parallelepiped resonance method. Jour. Phys. Earth.

1976

oHNo2,4i.,i 4F9r5g 5v6'i6ration of a rectanguiar para"eiepiped crystai and its appiication to determination

of elastic constants of orthorhombic,crystals. Jour. Phys. Earth, 24, 355-379.
ve S.UWA, K., Anorthosites and their plagioclases. Jap. Assoc. nainera/. Petrol. Econ. GeoL. Spec. Paper

No.1{Progress in Research on Rock Forming Minerals), 215-242.
SUWA, K., Precambrian anorthosites and their plagioclases. 25th Intern. Geol. Cong.. Abstract.

Vol.1 21.

'

ee ln Japanese
'ec

In Japanese with English abstract

